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RE:  Scientific Update 
 
Quarter 1, 2017 
 
Dear Colleague: 
 
This portfolio has reprints of our published science, validating the unique material advantages of silicon 
nitride in spinal fusion.  All of the attached papers reflect scientific advancements and discoveries by 
Amedica scientists.   
 
Silicon nitride is a bioactive surface.  Our material is made by reaction bonding silicon with nitrogen, 
with trace amounts of yttria and alumina ceramic.  During sintering, a bioactive glass phase is expressed 
at the surface.  This promotes bone healing that is necessary for fusion.  Also, we have data showing 
that the bone adjacent to our spinal implants is a silicon-substituted hydroxyapatite, a formulation that 
enhances calcium deposition in new bone, and speeds fusion.   
 
We have data showing that silicon nitride is osteoinductive; the material induces stem cells to 
differentiate into osteoblasts that express hydroxyapatite, when compared to control materials such as 
alumina ceramic, and titanium. 
 
Large animal data have shown that bone healing into porous silicon nitride occurs as early as 4 weeks, 
when compared to porous titanium.  Please note that while the porous version of silicon nitride is 
available for sale in Europe, it is not cleared by the U.S. FDA yet.   
 
Several papers attest to the bacterial resistance of silicon nitride, and demonstrate the multifactorial 
mechanism of action whereby such antimicrobial behavior manifests. 
 
In addition to spine surgery, we are developing different compositions of silicon nitride for us in the 
dental, and total hip replacement industries, and others. 
 
We have additional scientific data in submission, and I will update this document as those publications 
materialize. 
 
Thank you for your support of Amedica.  As our surgeon, you always have direct access to me.  We 
welcome your thoughts and ideas, as we continue an exciting journey of discovery with the goal of 
improving patients’ lives. 
 
Sincerely, 
 
B. Sonny Bal, MD MBA JD PhD 
President and CEO 
Amedica Corporation  
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In Situ Spectroscopic Screening of Osteosarcoma Living Cells on
Stoichiometry-Modulated Silicon Nitride Bioceramic Surfaces
Giuseppe Pezzotti,*,†,‡ Bryan J. McEntire,§ Ryan Bock,§ Wenliang Zhu,∥ Francesco Boschetto,†,⊥

Alfredo Rondinella,†,⊥ Elia Marin,† Yoshinori Marunaka,‡ Tetsuya Adachi,⊥,# Toshiro Yamamoto,⊥

Narisato Kanamura,⊥ and B. Sonny Bal§,¶
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‡Department of Molecular Cell Physiology, ⊥Department of Dental Medicine, and #Department of Immunology, Graduate School of
Medical Science, Kyoto Prefectural University of Medicine, Kamigyo-ku, Kyoto 602-8566, Japan
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ABSTRACT: Osteosarcoma cell viability, proliferation, and differ-
entiation into osteoblasts on a silicon nitride bioceramic were examined
as a function of chemical modifications of its as-fired surface. Biological
and spectroscopic analyses showed that (i) postsintering annealing in N2
gas significantly improved apatite formation from human osteosarcoma
(SaOS-2) cells; (ii) in situ Raman spectroscopic monitoring revealed
new metabolic details of the SaOS-2 cells, including fine differences in
intracellular RNA and membrane phospholipids; and (iii) the enhanced
apatite formation originated from a high density of positively charged
surface groups, including both nitrogen vacancies (VN

3+) and nitrogen
N−N bonds (N4

+) formed during annealing in N2 gas. At homeostatic
pH, these positive surface charges promoted binding of proteins onto an
otherwise negatively charged surface of deprotonated silanols (SiO−). A
dipole-like electric-charge, which includes VN

3+/N4
+ and SiO− defective

sites, is proposed as a mechanism to explain the attractive forces between transmembrane proteins and the COO− and NH2+

termini, respectively. This is analogous to the mechanism occurring in mineral hydroxyapatite where protein groups are
specifically displaced by the presence of positively charged calcium loci (Ca+) and off-stoichiometry phosphorus sites (PO4

2−).

KEYWORDS: silicon nitride bioceramic, surface treatment, nitrogen vacancies, hydroxyapatite formation, SaOS-2 cells

1. INTRODUCTION

As scientific research continues to reveal fine details of the
ultrastructural organization of human cells, patients suffering
from bone diseases are benefiting from new repair strategies
that utilize materials with improved bioactivity.1 Hydroxyapatite
is the most widely used bioceramic clinically because it is
among a group of biomaterials that promote faster healing. It
has been the object of intense research for its ability to promote
bone integration through rapid cell proliferation.2−5 Recent
electrical polarization studies performed on hydroxyapatite
substrates have shown that a permanent residual charge of an
opposite sign can positively influence the response and activity
of cells.6−8 This effect is closely interfaced with crystal
stoichiometry, which has been shown to play a pivotal role in
overall cell activity. Restricting dehydration of OH− ions in the
apatite lattice improves protonic conductivity, whereas partial
dehydration produces an increased concentration of vacancies
that detrimentally affects protein adhesion.9−11 In the chemistry
of natural calcium phosphates, a new concept of “nomadic

polarization” (i.e., the electrical charge caused by protonic
mobility due to partial dehydration of the OH− sublattice) is
key in elucidating the positive effect of an electrical dipole on
the biological response of cells. However, stoichiometric
stabilization of synthetic apatites represents a formidable
challenge as demonstrated by the number of contradictory in
vitro and in vivo results.12−17 Localized charge fluctuations
continuously occur at the surface of hydroxyapatite in the
biological environment in response to its ongoing chemical
transitions. Indeed, the persistent swing in the formation of
positively- and negatively charged sites is the main driving force
in promoting hydroxyapatite formation at this biomaterial’s
surface. Nevertheless, it is also the physical reason behind the
difficulty in obtaining stable chemical functionalization of
synthetic apatite surfaces.18
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In a previous paper, an alternative synthetic bioceramic,
silicon nitride (Si3N4), was proposed as a primary candidate for
bone restoration.19 Chemical modifications of its surface led to
the favorable and stable formation of a balance of positively and
negatively charged off-stoichiometric sites (i.e., N vacancies and
N−N bonds versus silanol groups (SiO−), respectively), leading
to enhanced in vitro cell adhesion and apatite formation. This
phenomenon is analogous to the way defective Ca+ and PO4

2−

sites perform in synthetic hydroxyapatite.20 However, the
covalent nature of the Si−N bond in Si3N4 bestows an
environmental stability that synthetic apatites cannot achieve
because of the strong ionic bonding of the phosphate and
hydroxyl groups to calcium ions.
This paper describes the in vitro response of osteosarcoma

(SaOS-2) cells to chemically modulated Si3N4 surfaces after
long-term (7 day) exposure. Cell attachment and proliferation
were quantitatively monitored by conventional optical micros-
copy, and cellular metabolic activity was screened in situ by
Raman spectroscopy. Prior studies revealed that annealing of
polished Si3N4 samples in a high-temperature nitrogen
atmosphere (i.e., N2-annealed) greatly enhanced cell adhesion
and hydroxyapatite mineralization.19 The level of apatite
formation on the N2-annealed discs was found to be more
than 6 times the amount observed on untreated samples. Given
the results of this prior research, the aim of the present study
was to examine the same Si3N4 series of samples previously
investigated but now using rougher as-fired versus polished
surfaces. As-fired surfaces are representative of actual
orthopedic devices currently used as intervertebral spacers in
spinal fusion surgery.21 This added investigation was under-
taken with two specific goals: (i) to confirm improved
osteoblast differentiation and proliferation on as-fired Si3N4
due to the N2 treatment and (ii) to elucidate the mechanism(s)
behind the observed improvements. These objectives were
realized by employing in situ Raman spectroscopy to examine
changes in cellular metabolism. Cataloging specific spectro-
scopic signatures or markers of metabolic activity and
developing a mechanistic understanding of cellular responses
are essential to improving clinical treatment strategies for
advanced spinal or bone graft implants.

2. EXPERIMENTAL PROCEDURES
Materials and Surface Treatments. The Si3N4 samples used in

the present study were produced by Amedica Corp., (Salt Lake City,
UT, USA) using conventional ceramic fabrication techniques. The
material contained minor fractions of Y2O3 and Al2O3 as sintering aids.
The resulting microstructure exhibited a bimodal granular population,
consisting of a minor fraction of relatively large acicular ß-Si3N4 grains
embedded in a finer grain matrix. The sintering additives resulted in
thin grain boundaries and multiple grain junctions composed of either
amorphous or crystalline silicon-yttrium-aluminum-oxynitride (SiYA-
lON), respectively. Details on the processing of this Si3N4 have been
published elsewhere.22 Surfaces of as-fired Si3N4 samples were
subjected to one of the following treatments: (i) wet chemical etching
by hydrofluoric acid (5% HF solution for 45 s), which was intended to
etch out surface SiO2 stemming as a passivation layer, (ii) oxidation
treatment upon exposure to ambient atmosphere at 1070 °C for 7 h,
and (iii) nitrogen heat treatment at 1400 °C for 30 min under 1−2 psi
of filtered N2 gas. The chemical etching and oxidation treatments
could be considered as antithetical to each other, conspicuously
eliminating or greatly enhancing the amount of glassy silica at their
respective sample surfaces. In terms of surface termination species, the
concentrations of amine and hydroxyl groups at the Si3N4 surface were
pushed to the nitride and oxide ends of the nitride-oxide spectrum,
respectively. The high-temperature N2-atmosphere treatment was

employed to maximize the surface density of amine relative to
hydroxyl groups. All samples were prepared as disks with diameters
and thicknesses equal to 12 and 1 mm, respectively. For comparison
testing, disk samples were also made of biomedical Ti with the same
dimensions and similar surface roughness characteristics. The overall
roughness, as measured by laser profilometry, differed within a
relatively small range (Ra = 2.5 ± 0.22 μm) among all of the studied
surfaces. Therefore, the influence of Ra among different samples was
not considered to be a significant uncontrolled variable within this
study.

Cell Culture and Characterizations. The SaOS-2 human
osteosarcoma cell line was selected for this study because it has
been widely used in other bone cell differentiation, proliferation, and
metabolism research and because these cells are known to be capable
of rapid bone production.23,24

The cells were first cultured and incubated in an osteoblast-inducer
medium consisting of 4.5 g/L of glucose DMEM (D-glucose, L-
glutamine, phenol red, and sodium pyruvate) supplemented with 10%
fetal bovine serum. They were allowed to proliferate within Petri
dishes for 24 h at 37 °C. The final SaOS-2 concentration was equal to
5 × 105 cell/ml. The cultured cells were then deposited on the top
surface of each of the variously treated Si3N4 and Ti disks, all of which
were previously sterilized by exposure to UV light. In the cell adhesion
tests, cell seeding took place in an osteogenic medium, which consisted
of DMEM supplemented with the following nominal amounts: 50 μg/
mL of ascorbic acid, 10 mM β-glycerol phosphate, 100 mM
hydrocortisone, and 10% fetal bovine calf serum. All samples were
incubated for 7 days at 37 °C. The medium was changed twice during
the incubation period. Cell attachment tests were repeated three times
(n = 3) for each investigated sample. The arithmetic average of the
three tests were then plotted to compare differences. The presence or
deficiency in the receptor activator of NF-kB ligand (RANKL), a
membrane-bound protein cleaved into soluble sRANKL by metal-
loproteinase 14, was used as a probe to test for the propensity to form
osteoclasts. sRANKL and OPG were quantified in cell conditioned
media using the R&D System ELISA kits MTR00 and MOP00,
respectively, according to the manufacturer’s instructions. Titration of
free sRANKL was computed by the difference between the equivalent
weight of sRANKL and OPG obtained from the ELISA assays,
assuming 1:1 as the reactive normality of sRANKL:OPG ratio. Human
recombinant sRANKL (Peprotech, Cat. #310-01) was used for the in
vitro osteoclastogenic assay.25 Insulin-like growth factor 1 (IGF-1) is
essential for apatite growth and differentiation processes,26,27 and it is a
modulator of bone growth through endocrine/paracrine and autocrine
mechanisms. IGF-1 signaling was used as a probe for measuring cell
proliferation and differentiation efficiency. Human IGF-1 ELISA
(RayBio; RayBiotech, Inc., Norcross, GA) was employed to measure
IGF-1 in the osteosarcoma cell culture supernates. Prior to measuring,
samples were incubated for 1 h at room temperature. Then, 100 μL of
streptavidin solution was added followed by 45 min of incubation at
room temperature. This was followed by the addition of 100 μL of
TMB one-step substrate reagent and incubation for 30 min at room
temperature. Finally, 50 μL of stop solution was added. Optical density
results at 450 nm were read immediately after these preparation
procedures. sRANKL and IGF-1 tests were both repeated twice on
each individual sample, and their arithmetic averages were plotted.
Because two identically prepared samples for each type of material
were tested, the total number of tests per each type of material was n =
4. Data for hydroxyapatite formation, sRANKL, and IGF-1 experi-
ments were expressed as means ± one standard deviation. Statistical
analyses were performed according to the unpaired Student’s t test or
according to one-way analysis of variance (ANOVA). A value of p <
0.05 was considered statistically significant.

Surface Characterizations. Scanning electron microscopy (SEM)
was carried out on the as-fired Si3N4 surfaces before and after
chemical/heat treatments using a field emission gun scanning electron
microscope (FEG-SEM) (Quanta, FEI, Hillsboro, OR). Micrographs
were collected using secondary and backscattered electron detectors.
The microscope was equipped with an energy dispersive X-ray
spectroscopy (EDS) device for elemental mapping. All samples were
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sputter-coated (108auto, Cressington, Watford, UK) with a thin
(∼20−30 Å) layer of gold. Samples were imaged using an accelerating
voltage of 10 kV at working distances of 7−10 mm and spot sizes of
4−4.5 mm. Laser-scanning micrographs of the sample surfaces after 7
days of exposure to SaOS-2 cells were collected by means of a 3D
laser-scanning microscope (VK-X200 K Series, Keyence, Osaka, Japan)
using a 150× objective lens with a numerical aperture of 0.9. The
supplied software allowed for the calculation of the surface roughness
in accordance with ISO 4287:1997.
Raman Spectroscopy. Three types of Raman instruments were

used in the study. The Raman spectra of the Si3N4 samples before the
cell adhesion tests were recorded in backscattering mode using a triple
monochromator (T-64000, Jobin-Yvon, Horiba Group, Kyoto, Japan)
and an excitation source emitting at 532 nm (Nd:YVO4 diode-pumped
solid-state laser; SOC JUNO, Showa Optronics Co. Ltd., Tokyo,
Japan) operating with a power of 200 mW. An objective lens with a
numerical aperture of 0.5 was used to both focus the laser beam on the
sample surface and collect the scattered Raman light. A pinhole
aperture of 100 μm was adopted while employing an objective lens
with a magnification of 100×. Averages of 30 Raman spectra collected
at random locations were used to compare the treated Si3N4 samples.
The collected Raman bands were analyzed and compared with respect
to their spectral location and full width at half-maximum (FWHM).
Raman analyses of the grown apatite and osteoblast metabolism before
and after 7 days of exposure to the various disk surfaces were
performed by means of a LabRAM HR800 (Horiba/Jobin Ivon,
Kyoto, Japan) operated in microscopic measurement mode with
confocal imaging capability in two dimensions. The light source was a
HeNe laser operating at 633 nm with a power of 10 mW. A
holographic notch filter was incorporated into the system to enable
acquisition of Raman spectra with conditions optimized by the
manufacturer for high sensitivity. The Raman emission was monitored
by a single monochromator connected to an air-cooled charge-coupled
device (CCD) detector (Andor DV420-OE322; 1024 × 256 pixel).
The acquisition time was fixed at 10 s. Spectral deconvolution into
Lorentzian bands was performed by means of commercially available
software (Origin 9.1, OriginLab Co., Northampton, MA, USA). An
average of 20 Raman measurements was obtained at different random
locations from as-cultured SaOS-2 cells and from SaOS-2 cells
deposited onto various disk surfaces. In situ Raman microscopy images
were collected on living SaOS-2 cells using a dedicated instrument
(RAMANtouch, Nanophoton Co., Osaka, Japan) with a 20×
immersion-type optical lens. This spectroscope allowed ultrafast
imaging of up to 400 spectra simultaneously, thus collecting maps in
a time faster than the movement of the cells. The excitation source was

at 785 nm, and the spectral resolution was 1.2 cm−1 (spectral pixel
resolution equal to 0.3 cm−1/pixel). As the software attached to this
latter equipment automatically provided average spectra on selected
areas, Raman spectra from SaOS-2 cells on different substrates were
compared by averaging them over ∼103 measurements per each
sample.

3. RESULTS AND DISCUSSION

Characterizations of Modulated Si3N4 Surfaces and
SaOS-2 Cell Adhesion. Panels a−d in Figure 1 show FEG-
SEM micrographs of as-fired, HF-etched, thermally oxidized,
and N2-annealed samples, respectively. A comparison among
the differently treated samples revealed that acicular grains
abundantly grew over the free surfaces of all samples.
Moreover, the morphologies of their surfaces did not
significantly differ among the samples. However, one peculiar
feature that could be noted in the N2-annealed sample was the
presence of brighter areas in the backscattered FEG-SEM
micrographs typically <400 μm2 in size. This enhanced electron
scattering arose from the presence of a larger amount of heavier
yttrium elements (spot B in Figure 1(d)) as compared to the
matrix (spot A in Figure 1(d)), which was also confirmed by
EDS analyses (cf. Figure 1(e) and (f) for spots A and B,
respectively). The larger amount of yttrium was accompanied
by a significant increase in oxygen and a slight increase in
aluminum to form a SiYAlON lattice. The average contents of
Y element by XPS analyses on differently treated Si3N4 surfaces
were 0.1, 0.1, 1.3, and 2.1 at. % for the as-fired, HF-etched,
thermally oxidized, and N2-annealed samples, respectively. A
complete list of elemental fractions on differently treated
sample surfaces was published in a previous report.22

Three rather intense Raman bands (located at approximately
180.1, 201.4, and 234.5 cm−1) were emitted by all samples
(Figure 2(a)). These bands represent the E2g, Ag, and E1g
vibrational modes of the skeletal Si−N bonds in ß-Si3N4,
respectively.28,29 The as-fired and HF-treated samples pre-
sented similar Raman spectra, but the HF treatment increased
the relative intensity of the Ag band with respect to the E2g and
E1g doublet as compared to the as-fired sample. The relative
intensity of the E2g and E1g bands remained unchanged upon
HF etching, and no appreciable shift could be detected for any

Figure 1. Backscattered FEG-SEM micrographs of (a) as-fired, (b) HF-etched, (c) thermally oxidized, and (d) N2-gas annealed Si3N4 samples (note
the brighter areas emphasized by white contours). (e, f) Elemental analyses by EDS at spots A and B, respectively, as labeled in (d).
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band. No significant broadening occurred in any constituent of
the Ag-E2g-E1g triplet upon chemical etching. The morpho-
logical changes observed in the Raman skeletal triplet collected
from the thermally oxidized sample were also subtle, including
almost no variation in relative intensity, an appreciable band
shift toward lower wavenumbers only for the E2g band, and
minimal broadening only for the E1g band. Conversely, the
morphological variation of the skeletal triplet in the N2-
annealed sample was more evident with respect to the other
treated samples. All Raman bands clearly broadened and
significantly shifted toward lower emission frequencies. Panels
b and c in Figure 2 summarize the spectral shift (Δω) and
broadening (ΔFWHM) trends for the Raman S−N skeletal
triplet as recorded for the investigated series of Si3N4 samples.
The observed broadening and shift of the triplet were clearly
related to alterations of the near-surface stoichiometry.30 In the
confocal optical mode adopted within this study (i.e., the laser
collimated on the sample surface), the Raman probe had an in-
depth penetration of approximately 5 μm, thereby detecting a
form of ß-SiYAlON in the N2-annealed sample. This structure
was also verified by EDS analyses (cf. Figure 1(f)). The present
data confirm previously performed X-ray photoelectron spec-
troscopy analyses, which revealed that the N2-annealed material
had the highest amount of Al and Y among the set of examined
samples.22

A Raman line map taken as a function of the in-depth axis of
the N2-annealed samples showed the disappearance of both
band broadening and shift, suggesting that the ß-SiYAlON
compound formed to a depth of approximately 10 μm below
the free surface. This newly formed phase was peculiar to the
N2-annealed sample. In other words, according to the present
Raman and microscopy findings, annealing in N2 gas
environment promoted the regrowth of an off-stoichiometric

β-SiYAlON surface phase, which is the compound responsible
for the observed (shifted and broadened) Raman triplet. A
comparison of 30 Raman spectra taken at randomly selected
locations on the material surface revealed that this ß-SiYAlON
phase was always present, although it was more abundant in
some areas of the surface (cf. point B in Figure 1(d) with EDS
spectra of Figure 1(f)). The observed frequency shifts are
mainly the result of changes in force constants, which are in
turn related to variations in interatomic distances and bonding.
In SiYAlON compounds, silicon and nitrogen are partly
substituted by aluminum/yttrium and oxygen in the ß-Si3N4
network, respectively.31,32 As these elemental substitutions
result in an incremental degree of structural disorder in the ß-
Si3N4 structure, they give rise to a decrease in the force
constant of the Si−N bonds. This decrease is responsible for
broadening of the Raman bands and their shift toward lower
frequencies. As discussed later, the enhanced structural disorder
caused by the formation of negatively charges sites (i.e., AlSi

− or
YSi

−) and nitrogen vacancies (VN
3+) leads to the formation of

N−N bonds (with a + charge) to re-establish electrical balance.
Note that this process does not seem to take place equally for
samples annealed in air, as indicated by the less pronounced
broadening and shift of the S−N skeletal triplet. Figure 3
provides laser-scanning microscopic images of the as-fired, HF-
etched, thermally oxidized, and N2-annealed samples in (a−d),
respectively.

As seen, all of the investigated samples showed a high degree
of cell attachment. However, the N2-annealed sample presented
a larger number of spots with significantly pronounced apatite
formation (i.e., ≥200 μm in depth). This study tentatively
identified these locations as originating from the SiYAlON
phase. These areas were compositionally identical to point B in
Figure 1(d) and (f) by FEG-SEM and EDS analyses. Highly
resolved optical images of the osteosarcoma cells during in situ
apatite formation are shown in Figure 4(a) and (b). The
micrograph in (a) demonstrates the strong tendency of SaOS-2
cells to merge into large agglomerations on the Si3N4 surface.
Hydroxyapatite appeared as circular areas with dark gray
centers (cf. nodule in the micrograph (b)). The dark gray core
in the cells represents a grown hydroxyapatite nodule and initial

Figure 2. (a) The Raman triplet of E2g, Ag, and E1g emissions from the
skeletal Si−N bonds in ß-Si3N4 for the as-fired sample and for samples
subjected to different surface treatments (see insets). (b, c) Average
data and related standard deviations are plotted of spectral shift, Δω,
and broadening, ΔFWHM, respectively, of the Raman triplet in the
investigated series of Si3N4 samples. These two parameters refer to
shift and broadening with respect to the as-fired sample. This latter
(reference) sample showed Δω = 180.48 ± 0.08, 201.27 ± 0.09, and
223.88 ± 0.01 cm−1 for the E2g, Ag, and E1g bands, respectively, and
ΔFWHM = 3.74 ± 0.21, 5.59 ± 0.26, and 2.95 ± 0.28 cm−1 for the
E2g, Ag, and E1g bands, respectively.

Figure 3. Surface of the (a) as-fired, (b) HF-etched, (c) thermally
oxidized, and (d) N2-gas annealed Si3N4 disks observed under the
laser-scanning microscope and related quantifications of grown
hydroxyapatite levels.
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stage for the formation of an osteoid on mineral nodules. At
this time, it is merely speculated that these locations correspond
to the newly formed SiYAlON phase, and further evidence for
this assertion will be provided in a forthcoming report.
Confirmation of the formation of the apatite phase was
provided by a Raman spectrum collected in situ exactly at the
center of the gray nodule shown in Figure 4(c). In the
spectrum, the strongest band observed arose from P−O
stretching of the PO4

3− tetrahedra in the hydroxyapatite
crystalline structure. It is labeled as ν1 and is located at around
960 cm−1.33 The weak shoulder at higher frequency is also
related to P−O stretching but arises from a hydroxyapatite
fraction with a more disordered and faulted structure (i.e., with
lower crystallinity). Moreover, the corresponding ν1 band of
the CO3

2− molecules could be clearly resolved at ∼1045 cm−1.
Raman bands from osteoblasts were also visible, which included
DNA-related vibrations at lower frequencies, strongly over-
lapped amide III bands, lipid, and amide I bands at increasing
frequencies. A detailed discussion of the Raman bands detected
from osteoblasts will be provided in the next section. Figure
4(d) summarizes the process of hydroxyapatite formation,
which starts from osteoblast differentiation and aggregation on
ß-SiYAlON (stage I), successive hydroxyapatite nodule
formation (stage II), and further apatite growth, which might
eventually grow to become osteoids incorporating osteocytes
(stage III).
Panels a−c in Figure 5 statistically summarize the amount of

hydroxyapatite formation (i.e., as measured by 3D laser
scanning microscopy, in terms of the volume of hydroxyapatite
per unit area), the propensity to form osteoclasts (i.e., through
free sRANKL assessments), and cell proliferation and differ-
entiation efficiency (i.e., through IGF-1 concentration),
respectively. These data were compiled for the surface
modulated Si3N4 samples after 7 days of exposure to SaOS-2
cells and compared to results from a biomedical Ti-alloy
concurrently tested under exactly the same conditions. As

already discussed in the context of Figure 3(d), the plot in
Figure 5(a) confirmed that the N2 gas annealed samples had
the highest amount of hydroxyapatite formation among the
tested series. This was followed by the as-fired samples, which
showed a 40% lower amount of hydroxyapatite on their surface.
As already mentioned, this change was correlated with the
presence of the ß-SiYAlON phase. Note that the N2-annealed
Si3N4 material exhibited a 100% increase in the amount of
hydroxyapatite as compared to Ti alloy under the same
experimental conditions. The oxidized and HF-etched Si3N4
samples showed statistically insignificant differences in
hydroxyapatite formation between each other and in compar-
ison with the Ti alloy. However, the Ti-alloy sample
experienced a higher amount of free sRANKL as compared
to all of the tested Si3N4 samples (Figure 5(b)). The free
sRANKL data indicate that, independent of surface treatment
conditions, the Si3N4 surfaces represented an environment in
which SaOS-2 cells could selectively differentiate into
osteoblasts. A higher degree of cell differentiation into
osteoblasts and the formation of hydroxyapatite were noted
for all of the Si3N4 materials as compared to the Ti alloy.
Additionally, the IGF-1 concentration did not statistically differ
among the series of tested Si3N4 samples. However, all IGF-1
values for the Si3N4 samples were statistically higher than that
of the Ti alloy (Figure 5(c)). IGF-1 is a peptide that peculiarly
functions in an endocrine/paracrine and autocrine manner in
most tissues. In hard tissue, it regulates cell metabolic demands
in bone remodeling. Higher IGF-1 concentrations stimulate
cells to proliferate and differentiate.27 Consistent with the free
sRANKL results, the IGF-1 data probed the metabolic
propensities of the SaOS-2 cells and demonstrated the potential
of Si3N4 as a biomaterial for bone repair.

In Situ Raman Spectroscopy on Living SaOS-2 Cells.
Among existing methods for in situ monitoring of cell activity,
Raman spectroscopy is uniquely suitable for examining cell
metabolism. It avoids the unwanted effects of labeling, which is

Figure 4. (a, b) In situ highly resolved optical images of the osteosarcoma cells during confluence in the early stage of exposure to the Si3N4 substrate
and successive hydroxyapatite formation at a later stage. (c) Raman spectrum taken with the probe centered at the dark gray feature, which confirms
apatite phase formation. (d) Schematic diagram summarizing the process of hydroxyapatite formation, starting with osteoblast differentiation/
aggregation (I), followed by hydroxyapatite formation/growth (II) and osteocyte entrapment (III).
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essential in fluorescence-based spectroscopy. Consequently,
vibrational spectroscopy represents a promising approach in the
study of cell biology, specifically for chemical analyses,
quantification of metabolic effects, and imaging. In this study,
vibrational spectroscopy as applied to SaOS-2 cells presented
new spectroscopic observations, which relate to their adhesive
and proliferative behavior on Si3N4 surfaces. In situ monitoring
of osteosarcoma cells on the as-fired and N2-annealed Si3N4
substrates gave the best performance in terms of cell
proliferation and apatite formation. However, differences
between those two treatment conditions were subtle. For
instance, Figure 6(a) shows an in situ collected and
deconvoluted average Raman spectrum of the osteosarcoma
cells after 7 days of exposure to a Si3N4 substrate. In this
spectrum, several bands, which unequivocally belong to
inorganic molecules, were clearly distinguished as follows: (i)
the previously discussed S−N skeleton triplet of ß-Si3N4 at 182,
203, and 226 cm−1 (E2g, Ag, and E1g, respectively),

26 and (ii)
O−P−O symmetric bending, asymmetric bending, and
symmetric stretching of the hydroxyapatite formed through
cell activity at 427, 586, and 947/961 cm−1, respectively.33 All

of the remaining bands are associated with osteosarcoma cells,
although some of them were partially hidden by overlapping
hydroxyapatite vibrations. Note that the presence of bands
associated with collagen eliminates the possibility that these
observations are simply a process of apatite biomineralization in
an osteogenic medium. Regarding the vibrational emissions
from inorganic (i.e., Si3N4 substrate and hydroxyapatite) and
organic (i.e., cells) molecules, a list of spectral locations and the
physical origins of the observed Raman bands are given in
Table I. This list is correlated with the labels in Figure 6(a) and
includes references for band assignments. A quick screening of
the list revealed that DNA-related vibrational contributions
appeared at around 670, 827, 1071, and 1339 cm−1 (cf. bands
labeled as 10, 13, 20, and 24, respectively).34−39 Bands from
amino acids could be clearly identified from proline (cf. bands
14 and 15 at 856 and 896 cm−1, respectively),37,40,41 tyrosine
(cf. bands 14 and 29 at 856 and 1613 cm−1, respectively),42

phenylalanine (cf. bands 18 and 19 at 1002 and 1037 cm−1,
respectively),36 and tryptophan (cf. bands 12, 24, and 29 at 754,
1339, and 1613 cm−1, respectively).36,37,39,40,42 Raman
emissions from lipids appeared at 552 and 613 cm−1 (cf.
bands 7 and 9 related to cholesterol and cholesterol ester,
respectively),34 and bands from phospholipids appeared at 730,
1125, 1310, 1364, 1447, and 1658 cm−1, respectively (cf. bands
11, 21, 23, 25, 27, and 30, respectively).34,39,40,43−45 In
particular, band 11 at 730 cm−1 belongs to phosphatidylserine,
an important component of the cell membrane.34 Additional
Raman bands were attached to atomic bonds but did not locate
any specific molecular species or structure, which are as follows:
bands 5 (454 cm−1),46 6 (505 cm−1),46 22 (1254 cm−1),37,47 26
(1402 cm−1),48 and 31 (1691 cm−1),44,49 which were generated
from phenyl ring torsions, C−OH3 torsions of methoxy groups,
amide III, CH3 bending of methyl bonds in the membrane, and
CO stretching/amide I, respectively.
There was a wealth of hidden information embedded in the

spectrum of Figure 6(a) related to the metabolic status of the
osteosarcoma cells. However, not all of the observed bands
were obviously available for spectroscopic analyses due to
overlapping hydroxyapatite bands. Besides the strong O−P−O
symmetric stretching band of hydroxyapatite at ∼961 cm−1,
triply degenerated P−O asymmetric stretching bands in the
interval 1000−1100 cm−1 strongly overlapped O−P−O
symmetric stretching in DNA and phenylalanine bands.
Moreover, the triply degenerate O−P−O asymmetric bending
band of hydroxyapatite at 586 cm−1 was embedded in a
composite spectral area, which also included additional bands
of hydroxyapatite at frequencies up to 630 cm−1. This overlap
impeded the possibility to quantitatively use the relatively
strong band at 613 cm−1 (band 9) as a marker for cell
cholesterol. Similar arguments apply to bands 5 and 6 at
frequencies just above the O−P−O symmetric bending of
hydroxyapatite, which involved overlaps between hydroxyapa-
tite emissions in the interval 400−500 cm−1 and emissions
originating from phenyl ring C−OH3 torsions.
Notingher et al.50,51 were the first to suggest using the 813

cm−1 Raman peak corresponding to the phosphodiester bond
(O−P−O) in RNA as a measure of the level of cell
differentiation. In this Raman spectral zone, the nucleic acid
actually emitted a doublet located at 784 and 813 cm−1.50 In
their studies, Notingher et al. showed that the intensity of the
813 cm−1 RNA band was compared to that of the symmetric-
ring-breathing band of phenylalanine, which was detected at
1005 cm−1.50,51 They found a significant decrease in the

Figure 5. (a) Hydroxyapatite formation as measured by 3D laser
scanning microscopy. (b) Propensity for osteoclast formation as
measured by concentration of free sRANKL. (c) Efficiency of cell
proliferation and differentiation as measured by IGF-1 concentration.
Data refer to 7 days of exposure of SaOS-2 cells to the series of
surface-modulated Si3N4 samples in comparison with a biomedical Ti
alloy (cf. labels). Statistical validation by Student’s t test is shown in
the inset to each figure.
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concentration of nucleic acids during cell differentiation as
reflected in a gradual disappearance of the 813 cm−1 RNA
Raman band with respect to a constant emission from
phenylalanine. The high concentration of RNA in undiffer-
entiated cells was correlated to similarly high concentrations of
nontranslated RNA in their early stages of embryogenesis as
reported by other authors using standard cell biology
techniques.52,53 With progressing embryogenesis, the non-
translated RNA was reactivated via polyadenylation to
synthesize specific proteins required for cell differentiation.
Therefore, the smaller intensity of the Raman peak of RNA
found in differentiated cells resulted from RNA translation to
produce specific proteins needed for differentiation. The
reduction in RNA with progressive cell differentiation was
also found by a number of authors for various types of
cells.54−60 Figure 6(b) shows a similar result for the current
Raman experiments using SaOS-2 cells. The RNA doublet at
784 and 813 cm−1 conspicuously disappeared after one-week
exposure to Si3N4, whereas it was strongly apparent in the as-
cultured cells. This latter spectrum was in good agreement with
similar work using SaOS-2 cells by Brauchle et al.61 Notingher
et al.51 adopted the 1005 cm−1 phenylalanine peak as a
reference band for quantitatively assessing the relative Raman
intensity of the RNA band. However, in the current
experiments, this reference band was fully embedded in the
P−O asymmetric stretching zone of the hydroxyapatite phase
grown by the SaOS-2 cells and, therefore, unresolvable (cf.
Figure 6(a)). Schulze et al.62 proposed to normalize the nucleic
acid band at 784 cm−1 to the neighboring band from symmetric
breathing of tryptophan at 757 cm−1. In the present study, this
latter band at 754 cm−1 was resolved as a high-frequency
shoulder to the broad lipids band (phosphatidylserine) at 730
cm−1. The intensity of the 754 cm−1 band was the same as that
detected in as-cultured cells (cf. Figure 6(b)). Consistent with

the removal of the RNA doublet at 784 and 813 cm−1 from the
spectrum of the Si3N4-exposed SaOS-2 cells was the concurrent
disappearance of the band located at 875 cm−1 (cf. location
marked with one asterisk in Figure 6(b)). Also, this band at
higher frequencies belonged to DNA/RNA.42 Accordingly, the
disappearance of the Raman RNA bands also occurred upon
osteogenic differentiation of SaOS-2 cells. Consequently,
Raman spectroscopy captured full cell differentiation by
indicating a nucleic acid to protein ratio nearly equal to zero
(i.e., the 784 to 754 cm−1 band intensity ratio). This result was
consistent with the sRANKL data of Figure 5(b), and it
confirmed that SaOS-2 cells quickly and fully experienced
osteogenic differentiation when exposed to Si3N4.
Another feature, which could be noticed in comparing the

Raman spectra collected from as-cultured SaOS-2 cells and
after one-week exposure to Si3N4 was an apparent shift toward
higher frequencies of the phospholipid emission (i.e., 718 to
730 cm−1, cf. location marked with two asterisks in Figure
6(b)). A number of different lipid membrane structures
strongly contributed to this part of the spectrum, and the
Raman analysis provided insight into the composition of these
phospholipids detected in situ. This examination was carried
out by concurrently monitoring the spectral zones at around
1439 and 1655 cm−1, although in the latter zone there were
strong overlaps with Raman bands from proteins. The result of
this phospholipid spectral analyses should be interpreted in
terms of lipidomics notions, which link the roles of lipids to the
process of cell division.63,64 The relatively strong band at
approximately 718 cm−1 observed in the as-cultured SaOS-2
cells can be assigned to the symmetric C−N stretching mode of
the choline group65,66 and can be used as a specific marker for
only one member of the glycerophospholipids, namely,
phosphatidylcholine (PC). Conversely, it was previously
mentioned that the band at 730 cm−1 (band 11) mainly arises

Figure 6. (a) In situ collected and deconvoluted (average) Raman spectrum of the osteosarcoma cells after 7 days of exposure to a Si3N4 substrate.
Measurement conditions are given in the inset, and labeling refers to Table I. (b, c) Enlargements are given of the spectrum in (a) for two specific
spectral zones at 700−900 cm−1 and 1400−1700 cm−1, respectively. Comparison is made with the average Raman spectrum of as-cultured
(substrate-unexposed) SaOS-2 cells. Numbers in brackets are in cm−1 units.
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from another glycerophospholipid, namely, phosphatidylserine
(PS). The comparison between Raman spectra for as-cultured
and Si3N4-exposed SaOS-2 cells shown in Figure 6(b)
demonstrates a strong reduction of PC in favor of PS upon
exposure to Si3N4. Indeed, this dramatic change in the
glycerophospholipid structure of the SaOS-2 cell membrane
was consistent with the RNA band disappearance, which
indicates progress in cell cytokinesis and proliferation.
Phospholipids in biological membranes obey an asymmetrical
distribution between the inner and outer leaflets of the lipid
bilayer.67,68 Aminophospholipids (e.g., phosphatidylethanol-
amine (PE) and phosphatidylserine (PS)) are located in the
inner leaflet, whereas choline-containing phospholipids (e.g.,

phosphatidylcholine (PC)) mainly stem from the outer leaflet.
An increase in intracellular Ca2+ due to cell activation induces a
rapid bidirectional transport of phospholipids, which ultimately
results in exposing PE and PS on the cell surface at the expense
of PC.67,69,70 This peculiar metabolic change explains why a
strong PS Raman band was detected upon cell activation due to
the active influence of the Si3N4 substrate and, concurrently, a
significant weakening of the PC band. Note that PE and PS
might have both migrated to the cell surface. However, PE,
unlike PS, lacks any peculiar Raman fingerprint as compared to
other lipids and therefore could not obviously be resolved. The
conspicuous intensity reduction of the PC Raman band at
approximately 718 cm−1 following exposure to Si3N4 reflected
an important metabolic process step in the structural variation
of lipids at activated cellular membranes. This process could be
monitored by Raman spectroscopy using the peculiar marker
for cell activation, which entailed assessing the relative intensity
decrease of the PC band at 718 cm−1 versus the increase of the
PS band at 730 cm−1. Partial confirmation of the above
reasoning regarding membrane lipids was obtained by closely
observing the evolution of the spectral zone between 1350 and
1700 cm−1 subsequent to Si3N4 exposure as shown in Figure
6(c). This wavenumber interval contains two main bands
strongly associated with lipids and phospholipids, labeled as
bands 27 and 30 in Figure 6(a). In a recent paper, Hsu et al.66

measured the Raman spectra of four pure membrane lipid
compounds, namely, PC, PE, PS, and phosphatidylinositol (PI)
on commercially available (bulk) samples. All spectra showed
similar features but also some differences. The main difference
was the band at 715 cm−1, which was only found in PC (i.e.,
symmetric C−N stretching of the choline group). This band
was used in the above discussion on membrane lipid
metabolism.
Another difference was the relative intensity of the bands at

1439 and 1655 cm−1, shown in Figure 6(a) as bands 27 and 30,
respectively. When recorded on bulk lipid compounds, the
Raman intensity ratio of band 27 to band 30 (simply referred to
as I27/I30, henceforth) was >1 in PC and PI, whereas it
distinctly displayed values <1 in PE and PS. The comparison
between spectra collected on as-cultured cells and cells after
one-week exposure to Si3N4 (given in Figure 6(c)) showed I27/
I30 ratios ∼0.5 and close to 1, respectively. This result is
consistent with growth in PC and is supported by the strong
increase in Raman intensity found for the PC band at 730 cm−1

(band 11). Note, however, that bands 27 and 30 generally arise
from CH2 bending and CC stretching, respectively.
Consequently, an unknown intensity increase can also be
attributed to the presence of proteins. The protein contribution
to the increased intensity of band 30 is likely given the higher
intensities of the adjacent bands 28 and 29, which are of protein
origin, particularly when comparing as-cultured versus Si3N4
exposed cells (cf. Table I). Nevertheless, the spectroscopic data
obtained between 1350 and 1700 cm−1, if not unequivocally
supportive, is at least not contradictory to values observed in
the lipid vibrational region at lower frequencies.
Panels (a−d) in Figures 7 represent Raman maps that

visualize the in situ formation of hydroxyapatite by the living
SaOS-2 cells after one-week exposure to differently treated
Si3N4 samples (cf. labels in inset). In Figure 7(e), Raman
spectra (i.e., averaged over the respective images) are shown in
the zone of the O−P−O symmetric stretching of hydrox-
yapatite at ∼961 cm−1 (ν1) and of emissions related to triply
degenerated P−O asymmetric stretching in the interval 1000−

Table I. List of Spectral Locations and Physical Origins for
the Raman Bands Labeled in Fig. 6(a) along with the Main
References for Each Band Assignment

label

spectral
location
(cm−1) assignment ref

1 182 β-Si3N4 (E2g) 28
2 203 β-Si3N4 (Ag) 28
3 226 β-Si3N4 (E1g) 28
4 427 hydroxyapatite O−P−O symmetric

bending
33

5 454 phenyl ring torsion 46
505 C−OH3 torsion of methoxy group 46

7 552 cholesterol 34
8 586 hydroxyapatite O−P−O asymmetric

bending
33

9 613 cholesterol ester 34
10 670 ring breathing of guanine in DNA 35
11 730 phosphatidylserine 34
12 754 tryptophan symmetric breathing 36, 37, 39
13 827 O−P−O asymmetric stretching in

DNA
36, 37

14 856 C−C stretching of proline ring and
ring breathing in tyrosine

40, 41

15 896 C−C skeletal stretching of proline in
α-helix

37

16 947 hydroxyapatite P−O symmetric
stretching

33

17 961 hydroxyapatite P−O symmetric
stretching

33

18 1002 symmetric ring breathing in
phenylalanine

36

19 1037 C−H in-plane bending in
phenylalanine

36

20 1071 O−P−O symmetric stretching in DNA 38
21 1125 C−C stretching acyl backbone in lipids 39
22 1254 amide III in β-sheet, α-helix, and

proteins
37, 47

23 1310 CH2 twisting in lipids 43
24 1339 CH2/CH3 wagging and twisting in

tryptophan/DNA
39

25 1364 CH3 symmetric stretching in
phospholipids

44

26 1402 CH3 bending of methyl bond in the
membrane

48

27 1447 CH2 bending of proteins and lipids 45
28 1558 N−H bending and C−N stretching

amide II
45

29 1613 CC stretching in tyrosine and
tryptophan

42

30 1658 CC stretching in lipids and amide I
in α-helix

40

31 1691 CO stretching and amide I 44−49
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1100 cm−1. The intensity of the strong ν1 band scaled with the
amount of hydroxyapatite formed. Furthermore, the scaling rate
among different samples was in agreement with data acquired
from quantitative laser-scanning microscopy, as shown in
Figure 5(a). Accordingly, improved SaOS-2 cell adhesion and
proliferation on the N2-annealed samples was confirmed by two
independent techniques. Because of overlapping emissions
from organic and inorganic molecules and the relatively low
spectral resolution allowed by fast Raman in situ screening (i.e.,
±2 cm−1) on living cells, no significant differences could be
detected in the morphology of the main hydroxyapatite band
among the different samples. Although the output of the in situ
Raman mapping shown in Figure 7 did not add new physical
insights to the physics of SaOS-2 cell activity with respect to
what was already discussed in the context of Figure 6, the
Raman maps vividly visualized and quantitatively captured the
extent of hydroxyapatite formation among different substrates.
This Raman mapping method also shows great potential for
future time-lapse experiments.
Although not explicitly included in Table I, there are

additional Raman bands located in the so-called CH region at
frequencies in the interval 2800−3050 cm−1. An important
peculiarity of these bands is that vibrations from inorganic
molecules do not affect this spectral zone. The observed Raman
bands cumulatively arising from chemical bonds only belong to
organic molecules such as nucleic acid, proteins, and lipids. The
triplet at ∼2850, 2956, and 2960 cm−1 represents CH2
symmetric stretching (νss), CH3 asymmetric stretching
(νas

(1)), and out-of-plane chain-end antisymmetric CH3
stretching (νas

(2)), respectively.34,71,72 This high-frequency
zone was screened for additional spectral fingerprints among
different samples. This effort revealed overlapping in situ maps
of organic molecules and hydroxyapatite (i.e., as shown in
Figure 7), which enabled a comparison of composite features

among the treated materials. Panels a−c in Figures 8 show
overlapping maps of organic and inorganic molecules (in green

and orange, respectively) for as-fired Si3N4, N2-annealed Si3N4,
and Ti-alloy samples, respectively. The area subtended under
the 961 cm−1 band of hydroxyapatite and the CH-related
Raman emission in the spectral region 2830−3050 cm−1

indicate the presence of zones rich in both inorganic and
organic molecules, respectively. Moreover, similar to the case
for hydroxyapatite, the Raman emission in the CH region
(compared in Figure 8(d) for the three samples above) was
directly proportional to each material’s hydroxyapatite for-
mation rate with the observed highest intensity occurring for
the N2-annealed sample. However, the proportions were only
in rough agreement with data in Figure 5(a). In addition, no
significant morphological change among the different samples
was detected when comparing Raman spectra collected in the
interval 2800−3050 cm−1.
In conclusion, two main characteristics of living SaOS-2 cells

were spectroscopically monitored in situ in a noninvasive and
nondestructive way, namely, their ability to proliferate and
differentiate into specialized cell types and their capacity to
grow hydroxyapatite on synthetic substrates. The output of this
in situ Raman study strengthened the results of hydroxyapatite
volume, sRANKL, and IGF-1 tests shown in Figures 5(a−c),
respectively. Proliferation, differentiation, and apatite-growth
are very important properties in regenerative medicine. They
were all quite pronounced on each Si3N4 substrate in general
while being maximized on N2-annealed Si3N4.

Mechanism of Interaction between Cells and Si3N4
Surfaces. The various Si3N4 treatments described herein
resulted in surface modifications that can be rationalized
according to physical chemistry notions. Electron microscopy

Figure 7. Raman maps visualizing in situ deposition of hydroxyapatite
by SaOS-2 cells after one-week exposure to (a) as-fired, (b) HF-
etched, (c) thermally oxidized, and (d) N2-gas annealed Si3N4 disks.
The Raman maps represent the in situ monitored living cells while
active on their respective samples. (e) Average Raman spectra in the
zone of the O−P−O symmetric stretching of hydroxyapatite at ∼961
cm−1 and emissions from triply degenerated P−O asymmetric
stretching in the interval 1000−1100 cm−1.

Figure 8. Overlapped maps of organic and inorganic molecules (in
green and orange, respectively) for (a) as-fired Si3N4, (b) N2-annealed
Si3N4, and (c) Ti-alloy samples. (d) Raman emission in the CH region
(2830−3050 cm−1) collected on different samples showing the highest
intensity for the N2-annealed sample. Because the morphology of the
Raman spectra in this region was conspicuously constant for different
samples, only the most intense (collected on the N2-annealed sample)
and the least intense (on the Ti-alloy sample) Raman spectra are fully
shown in (d), whereas only maximum intensities are indicated for the
intermediate samples.
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and elemental analyses demonstrated the formation of a new
SiYAlON phase for N2-annealed samples. Its presence
coincided with the enhanced cell proliferation and apatite
formation areas on the sample surfaces. According to significant
broadening of the Raman triplet arising from S−N skeletal
vibrations, this SiYAlON phase was rich in yttrium and nitrogen
vacancies. Si4+ and N3− were partially replaced by Y3+ or Al3+

and O2−, respectively. However, the pristine hexagonal
structure of ß-Si3N4 survived, but its chemical formula became
Si3−3(m+n)/4AlmYnOxN4−2x/3, with average m, n, and x values
equal to 0.051, 0.021, and 0.166, respectively.22 According to
previously published cathodoluminescence spectroscopy stud-
ies on nonstoichiometric SiYAlON, defect-related emission
bands show stronger intensities than those of pure Si3N4.

19,32

These trends were confirmed in the present study. In particular,
the N-vacancy-related band showed greatly enhanced emission,
which indicates the presence of a large concentration of N-
vacancies with a 3+ charge. This increase in VN

3+ was enhanced
by the formation of negatively charged defects AlSi

− or YSi
−.

Moreover, substitutions of Al or Y on Si sites also resulted in
the abundant formation of the N−N bonds, N4

+. Conversely,
HF etching of Si3N4 conceivably consumed the thin layer of
amphoteric silica but did not significantly affect the
stoichiometry of the bulk material. This was demonstrated by
an invariance of the Raman emission as compared to pristine
samples. Interestingly, high-temperature annealing of Si3N4 in
air did not result in the same off-stoichiometry drift as N2-
annealing despite the well-known decomposition mechanism
that forms N2 gas and surface SiO2.

73 Indeed, the recorded S−
N skeletal Raman triplet, as emitted from the air-annealed
sample, showed negligible broadening in comparison to the as-
fired sample. Paradoxically, an abundance of nitrogen in the
annealing atmosphere promoted the formation of a surface
phase richer in nitrogen vacancies than annealing in air. It
should also be noted that no detachment of solid fragments
from any of the investigated Si3N4 substrates occurred during
cell exposure. However, in a previously published paper,74 a pH
buffering effect by the Si3N4 surface in acidic medium was
reported, which involved the release of Si(OH)4 and NH4

+

ions.
The observed deficiency in RANKL revealed a low

propensity for osteoclast formation in all of the Si3N4 samples
as compared to that for the tested Ti alloy (cf. Figure 5(b)).
This demonstrated the affinity of Si3N4 for osteoblast cell
attachment independent of surface chemistry modifications.
Moreover, the higher values of IGF-1 detected in all of the
Si3N4 samples confirmed their superior ability and efficiency in
regulating metabolic bone formation. However, although both
the RANKL and IGF-1 data indicated that all of the Si3N4
samples possessed biologically friendly surfaces, they both failed
to demonstrate any statistically meaningful difference among
the samples. Because RANKL and IGF-1 probed the initial
stage of cell differentiation and the last stage of apatite growth,
respectively, these data simply demonstrated that the SaOS-2
cells behaved similarly on all Si3N4 samples. Therefore, a
different reason is needed to explain the observed enhanced
growth-rate of hydroxyapatite on the N2-annealed samples.
An examination of the intermediate motility of the SaOS-2

cells as a function of surface chemistry was performed. Cell
adhesion and detachment represent the elementary and
dynamic process steps of cell migration. The former step has
a fundamental influence on cell migration because cells must
attach to the substrate to successively form lamellipodia. Cells

adhere to substrates through their integrins, which are
contained in multiprotein structures referred to as focal
adhesions. Cell migration then requires the formation of new
adhesion points at the cell’s leading edge along with their
simultaneous release at the trailing edge.75 The formation of
new adhesion points is driven by actin polymerization, and
subsequently, cell lamellipodia are stabilized by focal
adhesions.75,76 Cell motility is thus directly influenced by the
formation of focal adhesions. This study reported improved
SaOS-2 cell adhesion and spreading on negatively charged
Si3N4 surfaces possessing dispersed deprotonated silanols and
positively charged off-stoichiometric sites. The results are seen
as confirmation that surface chemistry plays a major role in
cellular response. For cells to be able to migrate, polarization
must first occur, followed by protrusion, traction, and
disassembly. When cells extend their lamellipodia, cell polarity
plays a key role. A charge difference between the front and back
of the cell is required.75,77 Integrin molecules in contact with
the substrate at the cell back-end are first recollected into the
cytoplasmic side of the cell by endocytosis and then transported
by the endocytic cycle through the cell toward its front. This
kinetic process is followed by the formation of a new substrate
attachment site via binding by fibronectin. Concurrently,
intracellular signals are also generated, which lead to internal
transport of integrin molecules.78 This cyclic process provides
“integrin-feet” to the cell and leads to its high motility. The
present data suggest that a composite surface-charge environ-
ment promotes SaOS-2 cell motility and subsequent pro-
liferation. Indeed, integrin function has been found to be
critically dependent on the concentration of divalent cations on
hydroxyapatite surfaces.79 Higher concentrations of calcium
cations give rise to enhanced ligand binding of the integrin
receptors and stimulation of integrin-mediated activation.80 In
other words, positively charged spots/areas on an otherwise
negatively charged surface favor adhesion of fibronectin,
promote the attachment of osteoblasts, and trigger cell
motility/proliferation.81,82

From a physical chemistry viewpoint, the present findings for
Si3N4 can be critically compared to the functional groups in
hydroxyapatite, Ca10(PO4)6(OH)2. Hydroxyapatite is com-
prised of positively charged pairs of crystal calcium ions (C-
sites) and clusters of six negatively charged oxygen atoms
associated with triplets of crystal phosphates (P-sites). At
physiological pH, C-sites, P-sites, and neutral hydroxyls are
distributed in fixed dipolar patterns on the crystal surface.83−85

An initial electrostatic attraction is generated as amino groups
are attracted to P-sites but repelled by C-sites, and vice versa for
carboxyl groups.20,86,87 This dipolar surface-charge condition is
a precursor to the formation of stronger coordination
complexes. For the case of phosphoryl groups on proteins,
the interaction with positively charged sites is even stronger
than carboxyls,88 and an extremely strong binding force has also
been found for phosphoproteins.89 For silicon nitride, the
silanol group, SiOH, is widely distributed on the amphoteric
SiO2 surface layer and is neutral in charge but tends to
deprotonate at physiological pH to SiO−. The presence of VN

3+

and N4
+ sites with positive charges, which form at the SiYAlON

surface, alter surface-charge density and create a dipolar
environment with electrostatic attractions similar to C-sites
and P-sites in hydroxyapatite. Panels (a) and (b) in Figure 9
provide schematic illustrations of these interactions for Si3N4
and Ca10(PO4)6(OH)2, respectively. The cell/substrate inter-
action mechanism given in Figure 9(a) substantiates differences
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in apatite formation between differently treated Si3N4 samples
as shown in the first Results and Discussion section. Its
formation is a consequence of enhanced cell motility and
proliferation.
Panels (a−c) in Figure 10 present a proposed model of the

studied Si3N4 surfaces and their related charges at physiological
pH. In (a), the HF-etched “clean” surface is diagramed. For this
surface, neutral amine groups (-NH2) prefer to accept protons
and stay as protonated amino groups (-NH3

+), thereby
decreasing the surface’s overall negative charge. In (b), the
thermally oxidized treatment produces an amphoteric SiO2
layer that remains negatively charged by deprotonated silanols
(SiO−). This treatment condition produced the largest overall
negative surface charge.22 Finally, the N2-annealed surface is
shown in (c). Although its average charge is also negative, it has
coexisting and intermixed -NH3

+ and SiO− complexes coupled
with positively charged VN

3+ and N4
+ sites. An additional model

is shown in Figure 10(d), which summarizes the previously
described process of cell protrusion on the N2-annealed
material, including modulation of its surface charge by positive
VN

3+ and N4
+ sites and by negative deprotonated silanols, SiO−.

In an early study by Kue et al.,90 the biocompatibility of
Si3N4 was assessed in vitro using human osteoblast-like MG-63
cells. They demonstrated that reaction-bonded Si3N4 was
biocompatible because it facilitated the propagation of
functional human bone cells in vitro but cautioned that further
work was necessary to demonstrate its full potential as an
orthopedic biomaterial. Later, Mazzocchi et al. confirmed the
biocompatibility of Si3N4 ceramics and further investigated
their surface wettability characteristics and chemical stabil-
ity.91,92 Bal and Rahaman recently published a comprehensive
review paper providing background information and data on

Si3N4 bioceramics.21 Their review presented and discussed
material properties, preclinical bench tests, and clinical results
for reconstructive and spinal applications, which should be of
particular interest to engineering and medical professionals.
More recently, Ilyas et al. reported “bone-like” formation by
human periosteal cells on PVD films consisting of SiOx/
Si(ON)x overlays on oxidized Ti surfaces.93 The enhanced
osteogenesis and biomineralization they observed was
attributed to surface nitrogen incorporation, but no explanation
was given for this phenomenon. The present study compli-
ments and is in line with these previous reports. However,
unlike the prior studies, the current work describes the physical
reasons behind Si3N4’s exceptional biocompatibility and its
favorable cell adhesion/proliferation characteristics. Further-
more, it provides new insights into the importance of
stoichiometric surface chemistry in optimizing biomaterials
for effective bone repair.

4. CONCLUSIONS
The results of this study demonstrated that chemically
modulating as-fired Si3N4 surfaces by incorporation of both
positive and negative charges greatly improved the in vitro
behavior of SaOS-2 cells in terms of cell viability, proliferation,
and differentiation into osteoblasts. Over a 7 day testing period,
all of the examined surface-modulated Si3N4 samples supported
cell differentiation, attachment, proliferation, and apatite
formation. However, samples exposed to a high-temperature
thermal cycle in a N2 gas atmosphere produced 40 and 100%
increases in apatite formation when compared with as-fired
Si3N4 and a biomedical Ti alloy, respectively. The N2-annealed
samples formed a peculiar SiYAlON phase on their surface,

Figure 9. Diagrams of interactions between cells and (a) Si3N4 or (b)
Ca10(PO4)6(OH)2. VN

3+ and N4
+ sites with positive charges occur

upon SiYAlON formation at the Si3N4 surface as C-sites and P-sites
form in hydroxyapatite. In (a), Y and Al ions are omitted for the sake
of simplicity.

Figure 10. Diagrams of the Si3N4 surface structures and related surface
charge at physiological pH: (a) positively charged HF-etched “clean”
surface with protonated amino groups, -NH3

+, (b) negatively charged
(thermally) oxidized surface with amphoteric SiO2 terminated with
deprotonated silanols, SiO−, and (c) mix-charged N2 annealed with
both negatively charged SiO− and positively charged -NH3

+/VN
3+/N4

+

sites. (d) Diagram showing the cell protrusion mechanism
hypothesized for the N2-annealed sample, including surface charge
modulation at off-stoichiometric sites and deprotonated silanols. In all
diagrams, Y and Al ions are omitted for the sake of simplicity.
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which contained an abundance of positively charged N-
vacancies and N−N bonds. At the molecular level, these sites
modulated the overall negative surface charge developed by
deprotonation of amphoteric silanols at physiological pH. In
situ Raman spectroscopy revealed a significant increase in
SaOS-2 metabolic activity as a result of the plus-charge spots
chemically induced onto the overall negative Si3N4 surface. A
comparison between Raman spectra collected on as-cultured
SaOS-2 cells and on the same cells after one-week exposure to a
Si3N4 substrate revealed clear indications of greatly enhanced
proliferation and cytokinesis, such as the disappearance of
peculiar RNA bands and the enhancement of bands from
choline-containing phospholipids in the cell membrane. An
electrical charge mechanism was proposed for the increase in
cell metabolic activity, which was related to enhanced adhesion
and adsorption of transmembrane proteins and migration of
membrane phospholipids. In summary, suitably modifying the
stoichiometry of Si3N4 surfaces through the formation of plus-
charged sites enhanced cell metabolism and opened the
possibility of promoting faster healing in a new generation of
high-performance bone repair devices.
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Abstract
As a relatively new biomaterial, silicon nitride (Si3N4) is currently used as an arthrodesis device in the cervical 

and thoracolumbar spine, and it is under consideration as a bearing material in total joint arthroplasty. In this paper, 
the development and validation of the manufacturing processes used in the production of Si3N4 biomedical implants 
are presented and discussed. Manufacturing was conducted in a facility specifically dedicated for this purpose using 
processes designed to yield net shape intervertebral spinal spacers by conventional dry-pressing, CNC machining of 
components in the green state, sintering, and hot isostatic pressing. These manufacturing methods were industrialized 
using Taguchi fractional factorial experimental designs, followed by implementation of statistical process controls. The 
roles of various processing parameters including raw materials, pressing, and firing conditions (i.e., time, temperature, 
and pressure) are elucidated. For these devices, it was demonstrated that acceptable physical, mechanical, and 
dimensional properties were consistently obtained from carefully designed and statistically controlled processes.

Keywords: Bioceramic; Process validation; Silicon nitride; Taguchi 
methods

Introduction
Silicon nitride (Si3N4) is a relatively new man-made material. 

Synthesized in 1859, it was first manufactured into useful refractory 
shapes in the 1950s-60s, but was not extensively developed as an 
engineered ceramic until the 1980s [1-4]. Since then, it has garnered 
considerable attention because of its unique combination of excellent 
room- and high-temperature mechanical strength, toughness, 
oxidation, and thermal shock resistance [1, 5-15]. Si3N4 is currently 
used in demanding mechanical applications involving high loads, 
wear, and corrosion [16]. However, until recently, it was not widely 
considered appropriate for medical devices. Early researchers 
erroneously assumed that Si3N4 was not biocompatible in spite of a lack 
of adverse biologic reactions during long-term in vivo exposure [17-
20]. Also, Si3N4 was considered to be an exotic expensive raw material 
requiring difficult fabrication steps. Conversely, oxide-based ceramics 
including alumina (Al2O3), zirconia (ZrO2), and zirconia-toughened-
alumina (ZTA), were presumed to be less expensive than Si3N4. 
Although they were developed earlier and are now extensively used 
in total joint arthroplasty, processing of medical devices from oxide 
ceramics utilizes similar manufacturing equipment and process steps as 
Si3N4 and their respective raw material costs do not differ substantially 
[21-23]. Finally, it was believed that oxide ceramics (ZrO2 and ZTA 
in particular) provided improved performance over their non-oxide 
counterparts. However, in terms of strength and toughness, Si3N4 has 
comparable properties to medical-grade ZrO2 or ZTA, and it is ~2-3 
times superior to medical-grade Al2O3 [24]. In addition to high strength 
and fracture toughness, Si3N4 has other unique properties that make it 
attractive for demanding orthopaedic applications including inherent 
phase stability, low wear, scratch resistance, hydrophilicity, improved 
radiographic imaging, and bacteriostasis [25]. It has been cleared by the 
US FDA and EU regulatory agencies for implantation as intervertebral 
spacers for stabilization of the cervical and thoracolumbar spine. It 
is also being developed for reconstructive applications (i.e., hip and 
knee arthroplasty) but has yet to receive regulatory clearance for these 
purposes. A photograph of current and future implantable medical 
devices made from Si3N4 is shown in (Figure 1). Manufacturing of 
these devices has been performed in a dedicated production facility 
specifically engineered for this purpose. In accordance with current 

good manufacturing practice (cGMP) regulatory guidelines, both 
the facility and the fabrication processes were subjected to rigorous 
validations [26]. Presented within this paper are summarized results of 
these validation studies for Si3N4 biomedical implants.

Materials and Methods
Raw materials

The overall silicon nitride composition was fixed (i.e., 6 wt.% 
Y2O3, 4 wt.% Al2O3, 90 wt.% Si3N4), but it is similar to commonly 
developed and currently used silicon nitrides in industrial applications 
[27-29]. Two sources of silicon nitride raw powder were examined 
within the validation study: Ube SN-E10 (Ube Industries, Tokyo, 
Japan) and Starck M11 HP (H. C. Starck, Goslar, Germany). Their 
respective material specifications are provided in (Table 1). Note that 
the properties of these two silicon nitrides are quite similar, but their 

 
Figure 1: Representative spinal and reconstructive implants produced from biomedical Si3N4. 
(Courtesy: Amedica Corporation).

Figure 1: Representative spinal and reconstructive implants produced from 
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synthesis methods differ considerably. Ube SN-E10 is prepared from 
high purity silicon diamide and ammonia, whereas Starck M-11 HP 
is prepared by nitriding silicon metal. The other two major inorganic 
raw materials were Y2O3 (Grade C, H. C. Starck, Goslar, Germany) and 
Al2O3 (Baikowski XRC-UFX-MAR, Malakoff, TX USA).

Manufacturing processes 

A flow diagram of the Si3N4 manufacturing operations for spinal 
fusion devices is shown in (Figure 2). Batching involved accurately 
weighing appropriate amounts of each raw material along with 
deionized water, dispersants, binders. These constituents were charged 
into attrition mills (Q2 and Q6 Attritors, Union Process, Akron, 
OH USA) equipped with high purity (99.95%) Si3N4 milling media 
[30]. Following milling, spray drying was performed using standard 
industrial dryers (Mobile Minor and SD-6.3, GEA Niro, Søborg, 
Denmark) to convert the liquid slurry to a dry powder [31]. After spray 
drying, classification of the spray dried powder was performed by 
passing the material through vibratory screen separators (Sweco ZS24, 
Florence, KY USA). The classified powder was then blended with a 
press lubricant in a twin shell V-blender (Laboratory Model, Patterson-
Kelly, East Stroudsburg, PA USA). Dry-pressing of the conditioned 
spray dried powder was the next process step [32,33]. Uniaxial and 
isostatic equipment (TPA-30, Dorst America, Bethlehem, PA, USA, 
and CP-083, Avure Technologies, Columbus, OH, USA, respectively) 
were used for this purpose at pressures ranging from ~100 MPa to ~300 
MPa. Pressure was adjusted for each powder lot to obtain a targeted 
green density and linear shrinkage. Typically, green densities in excess 

of 50% were generally required to effectively achieve densification 
during firing. Green machining of the pressed blanks was subsequently 
performed using programmed CNC vertical machining or turning 
centers (OM1, VF2, and OL1, Haas Automation, Oxnard, CA, USA) 
[34]. Laser etching and engraving of the machined components were 
performed next using high-powered Nd-YAG equipment (FOBA G5 
Laser Marker, Alltec GmbH, Selmsdorf, Germany). These operations 
provide the green ceramic with a rough surface to ultimately aid in 
osseointegration of the spinal spacer, and to mark each component 
with lot and part numbers for regulatory traceability. Organic additives 
were decomposed and removed from the ceramic during a thermal 
treatment in batch kilns. This operation was performed either in air or 
in N2 (ModelCESVN06, Thermal Tek, Concord, North Carolina, USA, 
or Model 121224, Centorr Vacuum Industries, Nashua, NH, USA, 
respectively). For air-firing, temperatures did not exceed about 750°C 
to prevent reactive decomposition of the ceramic [35]. Decomposition 
is obviously suppressed when firing in nitrogen. In either case, organic 
compounds were decomposed and removed at temperatures between 
about 450°C to 600°C for time periods of about 2 hours. Subsequent 
to binder removal, parts were subjected to higher temperature bisque 
firing in nitrogen at temperatures up to 1200°C for 1 to 2 hours. Pre-
sintering of the Si3N4 was the next firing step. All Si3N4 raw materials 
contain a certain amount of oxygen as a native impurity, generally 
less than about 2%, in the form of silicon-dioxide (SiO2). During 
high temperature firing, some of this oxygen is converted to silicon-
monoxide (SiO) gas. While researchers have determined that oxygen 
is necessary to obtain appropriate densification and high strength, 
too much oxygen can degrade properties [36]. Removal of excess SiO2 
during pre-sintering decreases the amount of the intergranular glass 
phase, which has a resultant beneficial effect on mechanical properties 
[37]. In an oxygen depleted environment or in the presence of carbon, 
silicon-monoxide gas, SiO (g), is generated in accordance with the 
following series of reactions [38-43].

2Si3N4 (s) + 3O2 (g) → 6SiO (g) + 4N2 (g)                                           (1)

This reaction (i.e., Equation 1) occurs under reducing conditions 
when residual oxygen is present.

2SiO2 (s) →2SiO (g) + O2 (g)

2Si3N4 (s) + 3O2 (g) → 6SiO (g) + 4N2 (g) 

Si3N4 (s) +3SiO2 (s) → 6SiO (g) + 2N2 (g)                                          (2)

The foregoing reactions (i.e., Equation 2) occur under reducing 
conditions when SiO2 is present; and the next series of reactions (i.e., 
Equation 3) are possible under reducing conditions when carbon is 
present.

2SiO2 (s) → 2SiO (g) + O2 (g)

2C (s) + O2 (g) → 2CO (g)

SiO2 (s) + C (s) → SiO (g) + CO (g) 

CO (g) + SiO (g) → SiC (s) + O2 (g)

SiO2 (s) + C (s) → SiC (s) + O2 (g)

2Si3N4 (s) + 3O2 (g) → 6SiO (g) + 4N2 (g)

2Si3N4 (s) + 3C (s) + 3SiO2 (s) → 3SiC (s) + 6SiO (g) + 4N2 (g)     (3)

Pre-sintering was generally conducted at temperatures between 
1400°C and 1600°C for up to 2 hours. Sintering was the next, and 
perhaps the most important firing step. Densification and the 

Properties SN E10 M11 HP
N (wt.%) >38.0 >38.5
O (wt.%) <2.0 <1.5
C (wt.%) <0.2 <0.2
Cl (ppm) <100 N/A
Fe (ppm) <100 <10
Ca (ppm) <50 <10
Al (ppm) <50 <50
Co (ppm) N/A <50
Cu (ppm) N/A <50

ß/(α+ß) (wt.%) <5 <10
Specific Surface Area (m2/gm) 12.2 15.7

Particle Size (µm)
D90 1.2 1.77
D50 0.52 1.16
D10 0.28 0.67

Table 1: Physicochemical properties of Si3N4 raw materials.
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Figure 2: Manufacturing process flow diagram for production of biomedical intervertebral 
spinal spacers from Si3N4.Figure 2: Manufacturing process flow diagram for production of biomedical 

intervertebral spinal spacers from Si3N4.
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(2) Pressing – pressure 

(3) Pre-sintering – temperature and time

(4) Sintering – temperature and time

(5) HIPing – temperature, time, and pressure.

The remaining parameters were pre-determined and held constant 
based on prior industrial experience, peer reviewed literature, or from 
small Taguchi fractional factorial screening experiments [49]. Larger 
Taguchi experiments were then designed and conducted to evaluate 
and correlate interactions between the selected CPPs [50]. Taguchi 
experimental designs and methodologies are particularly efficient 
in determining important parameters, and in robustly controlling 
manufacturing processes [51,52].

Results and Discussion
Process validation studies

Following several screening experiments, a number of larger 
surface response studies were designed and conducted. These were 
directed at exploring interactive effects between the identified CPPs. 
Two of the studies are presented here as examples:

(1) An L8 study correlating raw material, pre-sintering, and 
sintering conditions.

(2) An L18 study testing the effects of binder composition, HIPing, 
and sintering conditions.

The experimental designs for these two studies and results are 
shown in Tables 2a and 3a, respectively, with their corresponding 
ANOVAs presented in Tables 2b ~ 2c and 3b ~ 3c, respectively. 
For each experiment, standard flexural test bars were prepared and 
characterized for density and flexural strength. Analyses of Variance 
(ANOVA) were then conducted to determine the significance of the 
results using F-statistics at p values ≤ 0.05.

For the L8 design, the results provide an interesting comparison 
between the two Si3N4 raw materials. There appeared to be substantial 
benefit from using Ube SN-E10 over Starck M11-HP in the chosen 
validation range. While the best HIPed densities of the two materials 
were essentially equivalent, strength results were ~240 MPa higher 
when using Ube SN-E10. The best average strength obtained using 
Starck M11-HP was ~750 MPa, whereas the best data from Ube SN-
E10 was ~1,075 MPa. Note that Ube SN-E10 has a much broader 
processing window, particularly with respect to sintering temperature. 
The range of HIPed densities for SN-E10 was between 3.243 and 
3.259 g/cc, (range of 0.016), whereas Starck M11-HP provided data 
between 3.201 and 3.256 g/cc (range of 0.055). Theoretical density 
for these compositions was calculated to be 3.271 g/cc based on the 
rule of mixtures. Consequently, observed data ranged from 97.86% 
to 99.54% of this theoretical value. Differences between maximum 
and minimum HIPed densities for the Ube SN-E10 and Starck M-11 
materials were less than 1.74%. The corresponding average strengths 
for Ube SN-E10 ranged from 994 MPa to 1,090 MPa (range 96 MPa) 
whereas Starck M-11HP ranged from 611 MPa to 748 MPa (range of 
137 MPa; (Table 2a). For sintered density, all four experimental factors 
were statistically significant within the L8 ANOVA, but the greatest 
contribution came from the raw material source, followed by sintering 
time, then pre-sinter condition, and finally sintering temperature (cf., 
Table 2b). The observation that sintering time is a more important 
variable than temperature is desirable from a processing viewpoint. 
Time can be precisely determined and controlled, whereas temperature 

irreversible α →ß phase transformation simultaneously occurred during 
this heat-treatment cycle [44]. The microstructure of the material 
evolved from equiaxed primary α-phase particles and ~50% open 
porosity to interlocking needle-like ß-phase grains and <5% closed 
porosity [45,46]. Components were fired in nitrogen in a batch furnace 
with a slight N2 overpressure (+ 13.7 kPa), or in a continuous furnace 
at ambient pressure under flowing N2 (Centorr Vacuum Industries, 
Nashua, NH, USA), or in a hot-isostatic press (HIP) (QIH-21 Avure 
Technologies Columbus, OH) at pressures ranging from about 0.7 
MPa, to 10 MPa. After sintering components to closed porosity, 
hot-isostatic pressing (HIPing) was performed to remove residual 
pores from the fired bodies and to coarsen the ß-Si3N4 grains within 
the microstructure. Coarsening improves their interlocking behavior 
which translates to increased fracture toughness. The sintering and 
HIPing conditions explored within this study included temperatures 
of between 1650°C to 1800°C, times of up to 3 hours, and pressures 
between ~100 MPa and ~200 MPa.

At the end of the process, components were inspected for 
density by an Archimedes method (i.e., ASTM C-373) using a typical 
analytical balance (XS205, Metler Toledo, Columbus, OH, USA). 
They were then proof-tested in specially designed fixtures using a 
compression testing machine (5567, Instron, Norwood, MA, USA). 
Proof-testing involved axially loading each part to a pre-determined 
limit based on finite element analyses or other analytical or empirical 
methods. Proof-testing has been effectively used to eliminate defective 
components in other biomedical ceramics [47]. Following proof-
testing, a detailed microscopic visual inspection was conducted, 
(Stereomicroscopes, Zeiss Inc., Ontario, CA, USA), which in turn was 
followed by dimensional inspection using either a semi-automated 
visual measuring system (Smartscope MVP 200, OGP, Rochester, NY) 
or a coordinate measuring machine (CMM, Contura, Zeiss, Brighton, 
MI, USA). Mechanical testing was performed using standard test 
bars (3 mm x 4 mm x 45 mm) in accordance with ASTM C-1161 and 
ASTM E-399 for 3-pt. flexural and fracture toughness measurements, 
respectively. Scanning electron microscopy (SEM) was carried out 
using a field emission gun scanning electron microscope (FEG-SEM) 
(Quanta, FEI, Hillsboro, OR, USA). All samples were sputter-coated 
(108 auto, Cressington, Watford, UK) with a thin (~20 to 30Å) layer 
of gold. Samples were imaged using an accelerating voltage of 10 kV 
at working distances of 7-10 mm and spot sizes of 4-5 mm. Analysis 
of variance was utilized to determine statistical significance for all 
measureable physical and mechanical properties, using sample sizes of 
n ≥ 5 for density measurements and n ≥ 20 for strength determination.

Process validation methodology

While effective process validations address every vital step of 
the manufacturing process, from a practical standpoint, the effort is 
typically limited to the most critical process parameters (CPPs, i.e., 
those having the greatest impact on the safety or efficacy of the finished 
medical device). An assessment of the Si3N4 manufacturing process 
indicated that there were 14 major steps, with ~45 potential CPPs, 
and +80 possible alternative conditions. Clearly, this was too many 
to be easily and systematically evaluated within the validation study. 
Consequently, a process failure modes and effects analysis (PFMEA) 
was performed to down select and rank only those CPPs considered 
to be most important [48]. Its completion resulted in the following 
prioritized production operations and parameters requiring detailed 
investigation:

(1) Raw materials – Si3N4 
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fluctuations of up to ± 40°C may occur, but will likely still produce 
a quality product. The L8 ANOVA for flexural strength indicated that 
the only governing factor was raw material (cf. Table 2c). All other 
variables were insignificant when compared with experimental error. 
SEM photographs of contrasting microstructures for the two raw 
materials processed under identical conditions are shown in Figures 
3a and 3b. While quantitative analyses of grain size and distribution 
were not performed, differences in mechanical properties between 
the Ube SN-E10 and Starck M-11 compositions were self-evident 
from their respective microstructures (cf., Figures 3a and 3b). The 
estimated average grain size for the Starck M-11 composition was 
approximately 2x that of the comparable Ube SN-E10 composition, 
which is the principal reason for its lower strength [11]. It is believed 
that the agglomerated nature of the Starck M-11 powder was the reason 
for the larger observed grain size (cf., Table 1). Even though it had an 
intrinsic surface area that was comparable to the SN-E10 powder (cf., 
Table 1), the M11 raw material required extensive milling to reduce 
it to its primary particles. Under comparable milling conditions, the 
Ube powder proved to be superior. However, it has also been shown 
that powders possessing higher starting ß-phase contents can also 
cause exaggerated grain growth, which results in lower strengths [53]. 
Based on the output of this L8 study, preferred conditions for raw 
material, pre-sintering, sintering time, and temperature included use 

of Ube SN-E10 powder, incorporation of a pre-sintering step, and 
sintering at a lower temperature for a shorter time. Given the selection 
of these conditions, expected physical and mechanical properties for 
biomedical Si3N4 were: average density ≥ 3.25 g/cc (i.e., >99.4%); and 
average flexural strength above 1,000 MPa.

For the larger Taguchi L18 experimental array, the Ube SN-E10 
raw material was exclusively employed. The experiment examined 
both the nominal and a range of conditions (high and low) for 
binder composition, pre-sintering, sintering, and HIPing. Note 

Figure 3: Representative microstructures of dense Si3N4 prepared using different raw materials 
under the following conditions: Pre-sinter – off; Sintering temperature – low; Sintering time – long; 
(a) Ube SN-E10 and (b) Starck M11-HP. 

Figure 3: Representative microstructures of dense Si3N4 prepared using 
different raw materials under the following conditions: Pre-sinter – off; 
Sintering temperature – low; Sintering time – long; (a) Ube SN-E10 and (b) 
Starck M11-HP. 

Raw
Material Pre-Sinter Sintering 

Temp.
Sintering 

Time
Sintered

Density (g/cc)
HIPed

Density (g/cc)
Flexural Strength 

(MPa)

Starck M11-HP
On

Low Short 3.086 ± 0.008 3.202 ± 0.007 611 ± 52
High Long 3.202 ± 0.009 3.256 ± 0.005 748 ± 143

Off
Low Long 3.123 ± 0.005 3.213 ± 0.012 623 ± 108
High Short 3.069 ± 0.012 3.201 ± 0.010 639 ± 88

Ube SN-E10
On

Low Short 3.171 ± 0.014 3.251 ± 0.002 1,050 ± 147
High Long 3.225 ±0.013 3.259 ± 0.006 994 ± 148

Off
Low Long 3.187 ± 0.007 3.251 ± 0.004 1,090 ± 150
High Short 3.168 ± 0.011 3.243 ± 0.003 1,076 ± 149

Sample Sizes:  For density, n = 5 to 20; For strength, n = 21 to 28.

Table 2a: Taguchi L8 experiment examining the effects of raw material, pre-sinter condition, sintering temperature and time on physical and mechanical properties of 
biomedical Si3N4.

Source SS df MS F P % Contribution
Raw Mat'l 0.2557 1 0.25569 2400.629 0 40.49%

Sinter Temp 0.0328 1 0.03283 308.27 0 5.20%
Sinter Time 0.2056 1 0.20565 1930.776 0 32.57%
Pre-Sinter 0.0664 1 0.0664 623.437 0 10.52%

AB 0.0029 1 0.00285 26.765 0 0.45%
AC 0.0336 1 0.03362 315.678 0 5.32%
AD 0.0114 1 0.01144 107.417 0 1.81%

Error 0.023 216 0.00011 3.64%
Total 0.6315 223

Table 2b: Taguchi L8 ANOVA for sintered density.

Source SS df MS F P % Contribution
Raw Mat'l 8833941 1 8833941 647.025 0 72.00%

Sinter Temp 23206.7 1 23206.7 1.7 0.194 0.19%
Sinter Time 23074.2 1 23074.2 1.69 0.195 0.19%
Pre-Sinter 2569.8 1 2569.8 0.188 0.665 0.02%

AB 174298.5 1 174298.5 12.766 0 1.42%
AC 90398.6 1 90398.6 6.621 0.011 0.74%
AD 172624.5 1 172624.5 12.644 0 1.41%

Error 2949084 216 13653.17 24.04%
Total 12269198 223

Table 2c: Taguchi L8 ANOVA for flexural strength.
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particularly that time was not examined as a part of this study based 
on the prior work. It was held constant for these tests so that effects 
of the remaining parameters could be readily examined. The results 
of this study are presented in Table 3a. ANOVA results are provided 
in Tables 3b and 3c. There are several interesting observations from 
these data. First, all processing conditions gave excellent densities, 
both sintered and HIPed. The average sintered and HIPed densities 
for all conditions were 3.237 g/cc (99.29%) and 3.258 g/cc (99.94%), 
respectively. Second, although there are observable differences in 
flexural strength, preferred conditions provided values comparable 
to those obtained in earlier studies. Note particularly that lower firing 
temperatures gave the best values (i.e., an average of 950 MPa). This 
was likely the result of a reduction in average grain size associated with 
the lower temperature. Weibull modulus and characteristic Weibull 
strength were also compiled from the individual data (not shown). 
Preferred conditions yielded an average modulus value of >10.0 and 
characteristic strength in excess of 1,000 MPa. Several ANOVAs were 
conducted using the flexural strength data of Table 3a, including an 

L18 analysis of all conditions (i.e., Table 3b) and a separate L6 analysis 
which excluded an examination of pre-sintering conditions (i.e., 
Table 3c). These analyses suggested that three of the experimental 
factors were significant (p ≤ 0.05): 

(1) Sintering temperature; 

(2) HIP temperature; and 

(3) Pre-sinter condition. 

There were no observed interactive effects between any of the 
variables. It is especially important to note that HIP pressure (within 
the range studied) and binder composition had essentially no effect. 
The ANOVA of Table 3b for flexural strength suggests sintering 
temperature had the most effect (outside of experimental error). This 
is not surprising, given that most of the microstructural development 
occurs during the early stages of densification. The subsequent hot-
isostatic press operation only eliminates closed porosity and uniformly 
coarsens the microstructure.

Organics Pre-Sinter Sinter Temp. HIP Temp. HIP Pressure Sinter Density (g/cc) HIP Density (g/cc) Flexural Strength (MPa)

No. 1

High in N2
Low Low High 3.234 ± 0.003 3.262 ± 0.006 935 ± 223

Middle Middle Middle 3.237 ± 0.002 3.260 ± 0.005 964 ± 203
High High Low 3.238 ± 0.005 3.262 ± 0.008 796 ± 96

Low in Vacuum
Middle High High 3.239 ± 0.001 3.259 ± 0.013 859 ± 107
High Low Middle 3.241 ± 0.001 3.262 ± 0.003 835 ± 136
Low Middle Low 3.234 ± 0.002 3.260 ± 0.01 958 ± 138

None
High Middle High 3.236 ± 0.003 3.262 ± 0.008 789 ± 202
Low High Middle 3.229 ± 0.003 3.262 ± 0.005 849 ± 193

Middle Low Low 3.236 ± 0.002 3.259 ± 0.004 937 ± 76

No. 2

High in N2
Low Low High 3.234 ± 0.007 3.245 ± 0.003 948 ± 105

Middle Middle Middle 3.238 ± 0.005 3.257 ± 0.010 930 ± 147
High High Low 3.245 ± 0.001 3.250 ± 0.007 825 ± 80

Low in Vacuum
Middle High High 3.240 ± 0.002 3.253 ± 0.010 835 ± 90
High Low Middle 3.243 ± 0.002 3.265 ± 0.004 857 ± 87
Low Middle Low 3.233 ± 0.004 3.268 ± 0.005 983 ± 130

None
High Middle High 3.239 ± 0.011 3.253 ± 0.011 779 ± 117
Low High Middle 3.225 ± 0.004 3.247 ± 0.008 872 ± 74

Middle Low Low 3.236 ± 0.021 3.260 ± 0.006 924 ± 96
Sample Sizes for each condition:  Density, n=5; Flexural Strength, n=25 to 45

Table 3a: Taguchi L18 experiment examining the effects of binder composition, pre-sintering, sintering, and hot-isostatic pressing conditions on physical and mechanical 
properties of biomedical Si3N4.

Source SS df MS F P %  Contribution
Powder Composition 2866 1 2866 0.156 0.693 0.03%
Pre-Sinter Condition 270512 2 135256 7.364 0.001 2.98%
Sinter Temperature 1145100 2 572550.1 31.172 0 12.61%
HIP Temperature 582367.1 2 291183.5 15.853 0 6.41%

HIP Pressure 29418.3 2 14709.2 0.801 0.45 0.32%
BC 0 4 0 0 1 0.00%

BCD 0 8 0 0 1 0.00%
BCE 0 8 0 0 1 0.00%
BD 0 4 0 0 1 0.00%

BDE 0 8 0 0 1 0.00%
BE 0 4 0 0 1 0.00%
CD 0 4 0 0 1 0.00%

CDE 0 8 0 0 1 0.00%
CE 0 4 0 0 1 0.00%
DE 0 4 0 0 1 0.00%

Error 7053180 384 18367.66 77.65%
Total 9083443 449

Table 3b: L18 ANOVA for powder composition, pre-sinter, sinter and hip processes-verification experiment.
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Source SS df MS F P % Contribution
Powder Composition 87.6 1 87.6 0.005 0.945 0.00%
Sinter Temperature 921158.7 2 460579.3 24.908 0 26.52%
HIP Temperature 0 2 0 0 1 0.00%

HIP Pressure 0 2 0 0 1 0.00%
BC 0 4 0 0 1 0.00%

Error 2551791 138 18491.24 73.47%
Total 3473037 149

Table 3c: L6 ANOVA for powder composition, pre-sinter, sinter, and hip processes – verification experiment.

 
 
 

 
Figure 4: Compaction and shrinkage behavior of four production powder lots used for biomedical Si3N4 intervertebral spinal spacers in (a) and (b), 
respectively. 
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Figure 4: Compaction and shrinkage behavior of four production powder 
lots used for biomedical Si3N4 intervertebral spinal spacers in (a) and (b), 
respectively.

Since the observed results of Table 3a suggested that an intermediate 
pre-sinter condition in N2 was preferred, the L6 ANOVA was completed 
to determine which of the remaining factors were important (i.e., Table 
3c). This analysis indicated that sintering temperature was the most 
important factor (p ≤ 0.05). Binder composition, HIP temperature, 
and pressure played no role, and there were no other interactive effects.

The results of these two Taguchi studies confirmed observations 
conducted in the earlier validation tests. Correlation and trend line 
analyses were subsequently performed using data from all of the 
experimental conditions [52]. The results indicated that a fairly broad 
range in sintering temperatures provided adequate flexural strength. 
As expected, the highest predicted strengths (~1,090 MPa) occurred for 
the lowest sintering temperature. 

As the sintering temperature increased, strength decreased 
regardless of other process factors. At a constant and relatively low 
sintering temperature, successively higher HIP temperatures also 
resulted in decreased strengths. Both are likely due to microstructural 
coarsening. The data suggest that the lowest sintering and HIP 
temperatures are preferred, but also indicate that the acceptable 
range was fairly broad (i.e., ± 40°C). There were very little observed 
differences between various HIP pressures. The data suggested that a 
lower HIP pressure is preferred, but the acceptable range is inclusive of 
all conditions studied within the experiments.

Process verification

Final selection of process parameters and ranges were determined 
pursuant to completion of the validation experiments described in the 
previous section. Multiple production powder lots were subsequently 
produced. From the powder lots, both test-bars and actual production 
components were prepared and evaluated to verify the efficacy of 
the selected conditions. Critical outcomes included the attainment 
of required dimensions and tolerances on actual components, and 
achievement of minimum physical and mechanical properties on 
co-processed test-bars. Powder compaction was analyzed for each 
production powder lot, including assessments for green density and 
linear shrinkage at various compaction pressures. Tight controls over 
press density were necessary to meet final dimensional tolerances. 
However, minor differences between various powder lots were 
compensated by slight changes in compaction pressure. Results for 
four production lots are presented in Figures 4a and 4b, respectively. 
These density and shrinkage curves provide important engineering 
information for predicting as-fired part dimensions. Empirical 
relationships correlating green density and shrinkage have been 
extensively investigated and are highly predictable [32,54]. Both 
linear shrinkage and green density can be adequately modeled using 
logarithmic functions of compaction pressure. Note that excellent 
correlation coefficients (>0.99) for these empirical equations were 
achieved. Using the engineering information of Figures 4a and 
4b, specific press parameters and dimensions were chosen for 

green forming operations (i.e., pressing and green machining) of 
intervertebral spinal spacers. Statistical process controls (SPC) were 
implemented on pressed ware and green machined components [55-
57]. Sequentially collected data on the weight and height of each part 
were used to calculate green densities and predict linear shrinkage. 
Tracking of linear shrinkage was used to monitor and adjust the 
pressing operation to ensure appropriate dimensional control over 
finished components. These SPC controls are shown in Figures 5a and 
5b using X-bar R-charts and process capability analyses (i.e., Cp and 
Cpk), respectively. While these controls were used on every lot, only 
one component production work order comprising approximately 250 
individual pieces is shown as a representative example in Figures 5a 
and 5b. When slight out of control conditions occurred (according to 
SPC rules) [58], this information was immediately available to the press 
operator in order to make minor adjustments to either part weight or 
height and bring the process back within control. The Cpk analysis 
demonstrated excellent overall process capability. Target shrinkage for 
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Figure 5: Statistical process control charts and process capability indices for a typical production lot of intervertebral spinal spacers from a biomedical 
Si3N4 in (a) and (b), respectively. 
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Figure 5: Statistical process control charts and process capability indices for a typical production lot of intervertebral spinal spacers from a biomedical Si3N4 in (a) and 
(b), respectively.
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this specific lot was 20.5% at a compaction pressure of ~207 MPa, with 
the range of acceptable shrinkage varying between 20.35% and 20.65%, 
yielding a Cpk value of greater than 1.79 (i.e, a sigma level of~5.4). 
Processes are said to be in good control if their Cpk value is greater than 
1.33. All final component features were then machined or laser etched 
into the pressed blanks, leaving them with the precise amount of green 
stock to shrink to their final dimensions during the firing processes.

While forming operations primarily defined dimensional features 
and tolerances, physical and mechanical properties were the product 
of powder composition and firing processes. Since the composition for 
this Si3N4 biomaterial was fixed, conditions selected for pre-sintering, 
sintering, and HIPing principally determined these characteristics, 
as demonstrated by the validation results given previously. Density, 
flexural strength, and fracture toughness data were compiled from 
co-processed test specimens from production powder lots. Provided 
in Figure 6 are density results compiled from 194 sequentially 
manufactured component batches comprised of 8 different powder 
lots. Component batches are subsets of production powder lots and 
are defined by their unique part numbers. They can range in quantity 
from as small as eight to several hundred pieces; whereas production 
powder lots can range from 150 to 300 kg. Density measurements 
were performed on samples from each component batch, with a 
lower specification limit set at ≥ 3.23 g/cc (98.75%). No component 
batches fell below this minimum, with the average being 3.254 g/cc 
for all 194 batches. Mechanical properties, including flexural strength 
and fracture toughness, were assessed for all powder lots. Figure 7 

presents results from 26 different sequentially produced powder lots. 
Flexural strengths were acquired on all lots, while fracture toughness 
measurements were acquired only for the first ten lots, and sampled 
for selected lots thereafter. Average results for flexural strength and 
fracture toughness were 995 MPa and 10.6 MPa∙m1/2, respectively, with 
the range of individual lots falling within one standard deviation of the 
overall mean. These results demonstrate reasonable repeatability and 
control for mechanical properties within the manufacturing process.

Conclusion
A dedicated and vertically integrated factory established for 

the purpose of manufacturing intervertebral spinal spacers from a 
biomedical Si3N4 was subjected to process validation and verification in 
accordance with regulatory requirements. Efficient Taguchi fractional 
factorial designed experiments were utilized to assess and correlate 
critical process parameters to product properties. Results demonstrated 
that selection of raw materials, particularly the Si3N4 powder source, 
and firing conditions had the most effect on physical and mechanical 
properties, with binder composition and compaction pressure 
affecting dimensional characteristics. Using these experiments, process 
parameters were subsequently selected to provide acceptable and 
consistent results for multiple production powder lots and individual 
component batches. It was demonstrated that the adopted processes 
were capable of achieving tight statistical controls over dimensions 
(i.e., Cpk and sigma level of >1.79 and ~5.4, respectively), with average 
flexural strengths and fracture toughness values of 995 MPa and 10.6 
MPa∙m1/2, respectively. Manufacturing of biomedical Si3N4 ceramics 
has been conducted since 2008 using the processes and parameters 
described herein. 
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Silicon nitride (Si3N4) has a distinctive combination of material properties such as high strength and frac-
ture toughness, inherent phase stability, scratch resistance, lowwear, biocompatibility, hydrophilic behav-
ior, excellent radiographic imaging and resistance to bacterial adhesion, all of which make it an attractive
choice for orthopaedic implants. Unlike oxide ceramics, the surface chemistry and topography of Si3N4 can
be engineered to address potential in vivo needs. Morphologically, it can bemanufactured to have an ultra-
smooth or highly fibrous surface structure. Its chemistry can be varied from that of a silica-like surface to
onewhich is predominately comprised of silicon-amines. In the present study, a Si3N4 bioceramicwas sub-
jected to thermal, chemical, and mechanical treatments in order to induce changes in surface composition
and features. The treatments included grinding and polishing, etching in aqueous hydrofluoric acid, and
heating in nitrogen or air. The treated surfaceswere characterized using a variety ofmicroscopy techniques
to assess morphology. Surface chemistry and phase composition were determined using X-ray photoelec-
tron andRaman spectroscopy, respectively. Streamingpotentialmeasurements evaluated surface charging,
and sessile water drop techniques assessed wetting behavior. These treatments yielded significant differ-
ences in surface properties with isoelectric points ranging from 2 to 5.6, andmoderate to extremely hydro-
philicwater contact angles from�65� to�8�. Thisworkprovides a basis for future in vitro and in vivo studies
which will examine the effects of these treatments on important orthopaedic properties such as friction,
wear, protein adsorption, bacteriostasis and osseointegration.

Statement of Significance

Silicon nitride (Si3N4) exhibits a unique combination of bulk mechanical and surface chemical properties
that make it an ideal biomaterial for orthopaedic implants. It is already being used for interbody spinal
fusion cages and is being developed for total joint arthroplasty. Its surface texture and chemistry are both
highly tunable, yielding physicochemical combinations that may lead to enhanced osseointegration and
bacterial resistance without compromising bulk mechanical properties. This study demonstrates the ease
with which significant changes to Si3N4’s surface phase composition, charging, and wetting behavior can
be induced, and represents an initial step towards a mechanistic understanding of the interaction
between implant surfaces and the biologic environment.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Silicon nitride (Si3N4) is a non-oxide ceramic that exhibits sev-
eral unique properties making it attractive for various orthopaedic
applications [1–5]. It can be produced with a fully dense
microstructure, composed of fibrous interlocking grains, a material
referred to as being in situ toughened, which exhibits an optimal
combination of wear resistance, flexural strength and fracture
toughness for total joint arthroplasty [6–9], or as highly porous
constructs used in bone scaffolds and arthrodesis devices
[10–12]. Si3N4 is biocompatible [13–19], exhibits excellent

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2015.08.014&domain=pdf
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radiographic visibility as a partially-radiolucent material [4,20,21],
and has decreased bacterial activity compared to polyetherether-
ketone (PEEK) and titanium [22,23]. Si3N4 was first used as a spinal
implant in a small clinical trial in Australia in 1986 [17]. However,
since 2008, it has been routinely used as spinal fusion cages, with
in excess of 24,000 implantations to date and few reported adverse
events [24]. Dense, highly polished bearings made from Si3N4, for
potential use in total joint arthroplasty, have also been developed
and tested [4,25,26], although they are yet to be cleared for this
purpose by regulatory agencies.

Much like native metal surfaces, Si3N4 develops a surface passi-
vation layer due to its thermodynamic instability in oxidizing or
moist environments, which has been directly observed to be
�3–5 nm in thickness [27]. The reactions governing its formation
are given by the following equations [28]:

Si3N4ðsÞ þ 3O2ðgÞ ! 3SiO2ðsÞ þ 2N2ðgÞ DG 298 �K ¼ �1922 kJ
mol
ð1Þ

Si3N4ðsÞ þ 6H2OðlÞ ! 3SiO2ðsÞ þ 4NH3ðgÞ DG 298 �K ¼ �565 kJ
mol
ð2Þ

However, the surface chemistry of Si3N4 is more complex than
these equations would indicate because the near-surface region
is composed of Si–N, Si–N–O, and Si–O bonds [27,29–33]. Its com-
position transitions from nearly pure Si–N in the bulk, to interme-
diate Si–N–O, and finally Si–O as the oxide layer thickens,
becoming chemically equivalent to silica (SiO2) at the surface.
When exposed to air or moisture, Si–N bonds, predominately as
„Si3N, react to form both charged (Si–NH3

+, Si–OH2
+, Si–O�) and

neutral (Si–NH2, Si–OH) functional groups [30,34–37]. Accepted
forms of the chemical reactions that produce these surface moi-
eties are [30,35]:

Si3NðsÞ þ 2H2OðlÞ ! Si� NH2ðsÞ þ 2Si� OHðsÞ ð3Þ

Si� NH2ðsÞ þH2OðlÞ ! Si� OHðsÞ þ NH3ðgÞ ð4Þ
The existence of these on-going reactions is readily apparent to

those who work with finely divided Si3N4 powders due to the
pungent presence of ammonia gas. In water, the predominant
functional groups, Si–NH2 and Si–OH, dissociate via acid-base
reactions as follows [35,38,39]:

Si� OHþ2ðsÞ $ Si� OHðsÞ þHþðaqÞ ð5Þ

Si� OHðsÞ $ Si� O�ðsÞ þHþðaqÞ ð6Þ

Si� NHþ3ðsÞ $ Si� NH2ðsÞ þHþðaqÞ ð7Þ
The protonation of a silanol group (Eq. 5) is unlikely to occur

except in highly acidic environments, leaving Eqs. (6) and (7) as
the principal reactions at homeostatic pH. These reactions can be
driven forward or backward by manipulating the pH of the envi-
ronment (i.e., changing the concentration of H+ and/or OH�). The
pH at which a material displays zero net surface charge is its iso-
electric point (IEP), and is indicative of an equal balance of
positively- and negatively-charged surface sites [40]. At a pH
greater than the IEP, a material will exhibit net negative charge,
while the opposite occurs at a pH below its IEP. Surface charging
is often characterized via indirect measurement of zeta potential
(f-potential, or f) in the case of fine particulate matter, or stream-
ing potential in the case of bulk surfaces [41]. Pure Si3N4 has an IEP
of �9.3–9.7 owing to the high concentration of amine (Si–NH2)
sites on its surface [31,42]. Since the amine sites are not readily
reduced, a negative surface charge is seldom observed on pure
Si3N4. Conversely, pure SiO2 exhibits an isoelectric point of 2–3
owing to the highly-favorable surface reduction reaction (Eq. (6))
[43]. It has been shown that Si3N4’s IEP will shift from that of the
pure nitride (�9) to that of pure silica (�2) as the surface oxide
layer thickens [31,37]. Therefore, measuring the IEP of a Si3N4

material is one method to estimate oxide layer thickness and the
balance between surface amine and silanol groups.

While extensive surface characterization of a-Si3N4 particles
[27,30,31,33,37], Si3N4 films [29,44], and b-Si3N4 whiskers
[45,46], has been performed, few data are available for the type
of material used in this study – a bulk b-Si3N4 doped with alumina
(Al2O3) and yttria (Y2O3). The Al2O3 (5.5 mol percent) and Y2O3

(3.7 mol percent) are added as sintering aids.
Si3N4 has been historically difficult to densify without employ-

ing additives, typically either magnesia (MgO) or a mixture of
Al2O3 and Y2O3 [7,8,47]. During sintering, these additives react with
Si3N4 and residual SiO2 to form a liquid phase. Upon cooling, the
liquid solidifies as either an intergranular glass or crystalline silicon
yttrium aluminum oxynitride (SiYAlON). Liquid phase sintering
allows for engineering of Si3N4’s microstructure for improved
fracture toughness by dissolution of isotropic a-phase Si3N4

particles which then precipitate as elongated b-phase grains. These
elongated grains are oriented stochastically and enable interface
debonding and crack bridging mechanisms responsible for a
crack-length dependent toughness increase [7–9,47]. The presence
of these additives further convolutes Si3N4’s surface chemistry due
to formation of hydrolyzed Al–OH and Y–OH functional groups at
regions where grain boundaries intersect the exposed surface.
Charging of these sites in an aqueous environment occurs similarly
to Si–OH as follows [39]:

Y � OHþ2ðsÞ $ Y � OHðsÞ þHþðaqÞ ð8Þ

Y � OHðsÞ $ Y � O�ðsÞ þHþðaqÞ ð9Þ

Al� OHþ2ðsÞ $ Al� OHðsÞ þHþðaqÞ ð10Þ

Al� OHðsÞ $ Al� O�ðsÞ þHþðaqÞ ð11Þ
IEPs for the dopants have been reported to be �8–9 for Y2O3

[48], �9 for a-Al2O3 [43,48,49], and 6–7 for a silica-rich silicon
oxynitride [50]. The IEP of the intergranular glass likely lies some-
where in-between, and will skew the material’s IEP relative to pure
Si3N4 accordingly. The material’s phase composition, essentially
100% b-Si3N4 for the material studied here, and exposed crystallo-
graphic habit also influence surface chemistry (with respect to
amine and silanol functional sites) due to the concentration and
spacing of exposed surface atoms. As a result of a combination of
these phenomena, Si3N4 immediately develops a surface charge
when placed in a biological environment, and is covered by a layer
of ions and proteins. Furthermore, it is well-known that topogra-
phy plays a significant role on the formation of this adsorption
layer and, thus the response of cells in vitro and in vivo [51–56].
For instance, texturing has been employed as a means to improve
bone growth onto titanium [52,54], and certain metal oxide passi-
vation layers have demonstrated direct bone on-growth [53,55].
Surface composition also has an effect. Complex interactions are
observed for certain resorbable materials (e.g., hydroxyapatite, bio-
glass, etc.) which promote bone growth [54,56,57]. Hydroxylated
surfaces of TiO2, Ta2O5 and SiO2 have been shown to induce apatite
formation at biologic pH both in vitro and in vivo [58,59] through a
proposed mechanism that relies upon the material’s surface
exhibiting negative charge at homeostatic pH. Additionally, attrac-
tion and adhesion to surfaces by bacteria and other cells have been
interpreted using the so-called extended Derjaguin and Landau,
Verwy and Overbeek (DLVO) theory [60,61] which accounts for
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additional interactions, such as hydrogen bonding, in addition to
van der Waals and double layer interactions as described by tradi-
tional DLVO theory [40,62,63]. Understanding of charging behavior
and other surface chemical properties engendered by processing
and subsequent surface treatment will enable a mechanistic eval-
uation of anti-bacterial and osteointegration behaviors. Once the
root mechanisms of these behaviors are understood, the material’s
surface can be engineered for resistance to bacterial colonization,
osteointegration, or other application-specific properties.

Si3N4 produced by reaction bonding, which contained little or
no additives, demonstrated excellent biocompatibility and bone
on-growth in vivo using a rabbit model [14]. Si3N4 containing
Al2O3 and Y2O3 in similar concentrations to the material studied
here exhibited no cytotoxic response in vitro [2] and excellent bone
on-growth with no observed adverse effects in an in vivo rabbit
model [19]. Furthermore, Si3N4 processed in an identical manner
to the material studied here exhibited decreased surface bacterial
activity in vitro [22], and favorable osteointegration, resistance to
bacterial colonization, and no evidence of cytotoxicity in an
in vivo rat model [23].

The present study was undertaken for multiple reasons: (1) to
gain a deeper understanding of the composition, structure, and
properties of Si3N4 surfaces; (2) to explore and characterize
extreme surface compositions achievable with conventional ther-
mal, chemical, and mechanical treatments (i.e., to maximize sur-
face hydroxyl groups through oxidation or to conversely
maximize the available surface amine groups through HF etching
or heating in a nitrogen atmosphere); and (3) to lay a foundation
for future studies that will explore mechanistic relationships
between exhibited surface properties and previously-observed
anti-infective and osteointegrative behavior.
2. Materials and methods

2.1. Silicon nitride material and sample preparation

The Si3N4 used in the present study was produced by Amedica
Corp., (Salt Lake City, UT), using conventional ceramic fabrication
techniques. In this process, Si3N4 powder (Ube SN E-10, Ube City,
Japan) was mixed with Y2O3 (Grade C, H. C. Starck, Munich, Ger-
many) and Al2O3 (SA8-DBM, Baikowski/Malakoff, Charlotte, NC)
sintering aids and formed at room temperature into a green body
with the required geometry. The green body was then sintered in
a nitrogen atmosphere at a temperature in excess of 1700 �C to
closed porosity and further densified by hot isostatic pressing at
a temperature exceeding 1650 �C and N2 gas pressures of
>200 MPa. The resulting Si3N4 exhibited a two-phase microstruc-
ture consisting of anisotropic b-Si3N4 grains separated by thin
(<2 nm) grain boundaries of amorphous or crystalline yttrium alu-
minum oxynitride or Si(Y)AlON, respectively [64].

The as-fired Si3N4 was divided into two groups. One group was
sectioned into wafers (10 mm � 10 mm � 2 mm) with one major
face left as-fired and the remaining faces ground flat using a
1000 grit diamond-impregnated wheel on a surface grinder (ACC
12-24DX Grind-X, Okamoto Corp., Vernon Hills, IL). This sample
group was designated ‘‘as-fabricated.” The second group was sec-
tioned into wafers of the same geometry with all six faces ground
to the same finish. One of the major faces on each wafer was
lapped using 6 lm diamond (Engis, Wheeling, IL) on a lapping
machine (Lapmaster, Mt. Prospect, IL), and subsequently polished
using colloidal silica (Leco, St. Joseph, MI). This group was desig-
nated ‘‘as polished.” Both wafer groups (as-fabricated and as-
polished) were subjected to ultrasonic cleaning in deionized water
of 17.5 MX cm resistivity (750II, Myron L Company, Carlsbad, CA)
for 30 min to remove contaminants. The wafers were then divided
into sub-groups and subjected to the thermal and chemical treat-
ments described in Section 2.2.

Samples were prepared with modified geometries for Raman
spectroscopy, streaming potential and wetting angle measure-
ments. Rectangular plates with dimensions of
40 mm � 20 mm � 1 mm were used for streaming potential mea-
surement, and circular discs of Ø12.7 mm � 3 mm were used for
Raman spectroscopy and wetting angle determinations. Aside from
deviations in dimensions, the preparation of all samples was iden-
tical to that described above.

2.2. Surface treatment methods

Wet Chemical Etching – It is well-documented that hydrofluoric
acid (HF) can be employed to etch both SiO2 and Si3N4 surfaces
[65–67]. The removal rate of SiO2 tends to be significantly faster
(1–2 orders of magnitude) than that of Si3N4. This allows for
removal of the SiO2 passivation layer without significantly etching
the underlying nitride. It was anticipated that this treatment
should maximize the concentration of amine groups at the surface
by etching away the passivation layer, thus pushing the surface
composition as far to the nitride end of the nitride-oxide spectrum
as possible. Samples were immersed in a 5 wt.% HF solution for
45 s, transferred into a continuously refreshed DI water bath for
30 min, dried under a stream of filtered N2, and stored in a desic-
cator containing hygroscopic media (Indicating Drierite, W.A.
Hammond DRIERITE Co., Xenia, OH) under partial vacuum
(�100 Torr) to slow spontaneous re-oxidation.

Nitrogen Heat Treatment – It was hypothesized that re-
exposing Si3N4 to a N2 atmosphere at high temperatures might
increase the density of surface amines relative to hydroxyl groups.
As a result, this heat treatment was seen as a potential alternative
to the HF etching treatment. Samples were placed in a batch fur-
nace (Centorr Vacuum Industries, Nashua, NH), evacuated to 250
mTorr, then back-filled with filtered N2 (1–2 psi) and subsequently
heated to 1400 �C for 30 min.

Oxidation Treatment – Raider et al. demonstrated that chemical
vapor deposited (CVD) Si3N4 is readily oxidized upon exposure to
ambient atmosphere at 1070 �C [29]. A study by Butt et al. showed
similar results for two commercially-produced Si3N4 powders [32].
This treatment was employed because it was believed that it
should completely oxidize the surface, yielding the maximum con-
centration of hydroxyl groups and pushing the surface composition
as far to the oxide end of the nitride-oxide spectrum as possible.
The 7 h dwell at 1070 �C employed by Raider et al., which was
shown to completely oxidize the studied CVD Si3N4 sample’s sur-
face, was adopted for oxidizing samples using an open-air kiln
(Deltech, Denver, CO).

2.3. Sample characterization methods

Scanning Electron Microscopy (SEM) – SEM studies were car-
ried out using a field emission gun scanning electron microscope
(FEG-SEM) (Quanta, FEI, Hillsboro, OR). All samples were sputter-
coated (108auto, Cressington, Watford, UK) with a thin (�20–
30 Å) layer of gold. Samples were imaged using an accelerating
voltage of 10 kV at working distances of 7–10 mm and spot sizes
of 4–4.5 mm.

Atomic Force Microscopy (AFM) – Two- and three-dimensional
images, and roughness values (average and root mean square) of
each sample were obtained using an AFM (Nanoscope IIIa; Veeco
Instruments Inc., Plainview, NY) over the maximum x–y range
available with the instrument (�13 lm).

X-ray Photoelectron Spectroscopy (XPS) – A spectrometer (Axis
Ultra, Kratos, Manchester, UK) was employed with an Al-ka
monochromatic X-ray source. Low resolution spectrum scans were
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conducted using a pass energy of 160 eV, with a compositional res-
olution of approximately 0.1 atomic percent (at.%). High resolution
scans bracketing peaks of interest were conducted using a pass
energy of 40 eV, which was expected to improve the compositional
resolution to approximately 0.01 at.%. The analysis area was set to
the spectrometer’s maximum (700 lm � 300 lm) in order to aver-
age out differences between the composition within grains and the
intergranular phase. Data obtained were processed using
commercially-available software (CasaXPS, Casa Software Ltd.,
UK). Usage of a low energy electron source and application of ultra-
high vacuum-rated colloidal silver (Ted Pella, Inc., Redding, CA) to
the contact points between the samples and the fixture were
employed to mitigate charging effects. All reported data were
obtained following argon sputtering to remove adsorbed surface
contaminants, at a beam energy of 4.2 keV, gun angle with respect
to sample of 45�, raster area of 3 mm � 3 mm, and a sample cur-
rent of approximately 2 lA.

Wetting Angle Measurements – An optical comparator (2600
Series, S-T Industries, St. James, MN) with built-in goniometer
functionality was used to measure static contact angles of deion-
ized water droplets having fixed volumes (VWR Signature Variable
Volume Pipette, VWR, Radnor, PA) of 25 lL. Both sides of each dro-
plet’s projected image were measured, and at least eight measure-
ments were taken per condition. In the case of untreated, as-
fabricated Si3N4, iterative measurements of the deposited droplets
were carried out over a period of 30 min in an effort to characterize
the transition from Cassie–Baxter to Wenzel states [68].

Zeta Potential Measurements – Streaming potential measure-
ments were performed using an electrokinetic analyzer (SurPASS,
Anton-Paar USA, Ashland, VA). A background electrolyte of 1 mM
HCl, which exhibited a natural pH of 5.5, was used in all experi-
ments. Experiments were divided into two runs. The first run took
measurements across a pH range of 5.5–3 using auto-titration of
0.1 M HCl solution to control pH. The second run used a new solu-
tion of background electrolyte for measurements across a pH range
of 5.5–10 and auto-titration of 0.1 M NaOH solution to control pH.
Each run contained two material samples. Observed streaming
potentials were converted to zeta potentials using the Helmholz-
Smoluchowski equation [41].

RamanSpectroscopy–Raman spectrawere acquiredusing a con-
focal (optical) microprobe at room temperature and a single mono-
chromator (T-64000, Jobin-Yvon/Horiba Group, Kyoto, Japan)
equipped with a nitrogen-cooled 1024 � 256 pixels CCD camera
(CCD-3500V, Horiba Ltd., Kyoto, Japan), and analyzed by using com-
mercially available software (LabSpec, Horiba/Jobin-Yvon, Kyoto,
Japan). The excitation frequency used in the experiment was the
532 nm blue line of an Ar-ion laser operating at a power of
100 mW. The spectrum integration time was typically 30 s, averag-
ing the recordedspectraover three successivemeasurements.Acon-
focal configuration of the Raman probe was adopted throughout all
the experiments, using a 100� objective lens in order to exclude the
photons scattered from out-of-focus regions of the probe. The sam-
ples were placed on an x–y axes motorized stage (lateral resolution
of 0.1 lm), which allowed the collection of maps on the surface.
Moreover, finely tuned z-axis displacements allowed the collection
of spectra at different depths. A signal from a He-Ne lamp was col-
lected throughout all measurements as an internal reference for
Raman peak positions. Raman band parameters were obtained
throughfitting the rawexperimental spectrawithLorentziancurves.

Laser-Scanning Microscopy – Micrographs of the selected sur-
faces were collected by means of a 3D laser-scanning microscope
(VK-X200K Series, Keyence, Osaka, Japan) using a 150� objective
lens, with a numerical aperture of 0.9. The supplied software
allowed the calculation of the surface roughness according to ISO
4287:1997.
3. Results

Surface Topography – Fig. 1 provides SEM images of the various
treated Si3N4 samples. The as-fabricated material exhibited classic
protruding anisotropic, hexagonal b-Si3N4 grains (Fig. 1a). A repre-
sentative cross-section of this microstructure as imaged using a
back-scatter detector is given in Fig. 1b, which shows the presence
of the Y2O3- and Al2O3-rich intergranular phase. When the as-
fabricated material is etched in HF (Fig. 1c), the overall topography
is similar to the untreated case (Fig. 1a) with the exception of etch-
ing damage at the tips of many grains (indicated by white arrows).
The morphology of the as-fabricated surface following the nitrogen
heat treatment (Fig. 1d) appears similar to as-fabricated samples
with the exception of fine particulates between some grains. These
particulates exhibited a much higher average atomic mass than
Si3N4. Similarly, a back-scatter image of polished specimens sub-
jected to the same thermal treatment in N2 (Fig. 1e) shows the
presence of a new phase, also having a higher average atomic mass,
and an absence of the intergranular phase. Finally, specimens sub-
jected to the oxidation treatment (Fig. 1f) show a second phase
(assumed to be the oxide layer), which covers and spans the grains.
AFM images confirmed large difference in surface topography
between as-fabricated and polished samples (Fig. 2). On the other
hand, no marked differences were found among AFM images for
as-fabricated, thermally treated, and HF treated groups. As
expected, roughness (Ra) values determined from AFM showed
marked differences between chemical mechanical polished (CMP)
and as-fabricated surfaces (cf., Table 1). However, small differences
were noted among treated and as-fabricated surfaces. In general,
the as-fabricated and HF-treated samples had higher Ra values than
either of the thermally treated materials.

X-ray Photoelectron Spectroscopy – XPS showed major differ-
ences in surface composition among the treatment conditions
(cf., Table 2). The as-fabricated Si3N4 had N/Si and O/Si atomic
ratios of 1.01 and 0.49, respectively. These ratios corresponded clo-
sely to silicon oxynitride (Si2N2O). In comparison, samples
thermally-oxidized in air exhibited a composition that corre-
sponded to SiO2. When compared to as-fabricated Si3N4, samples
etched in HF or subjected to CMP had higher N/Si and lower O/Si
atomic ratios. Subjecting the polished sample to etching in HF
resulted in little alteration. Except for a higher amount of Al and
Y, the sample thermally treated in N2 showed a surface composi-
tion that appeared similar to that of the as-fabricated material. In
general, the surface of the thermally treated samples had higher
concentrations of Al and Y when compared to samples that were
not thermally treated. The C (1s) peak in the spectra was likely
due to trace hydrocarbons in the spectrometer, impurities result-
ing from the post-fabrication processing, or both. Trace amounts
of elements found in the spectra, such as Na, Mg, Fe, and Ca, were
presumably present because of surface contamination.

Wettability and Contact Angle – The deionized water contact
angle on the CMP surface (47 ± 3�) was significantly lower than
the as-fabricated surface (66 ± 12�), or the surface subjected to
etching in HF (60 ± 13�). Thermal treatments of as-fabricated spec-
imens produced extremely low contact angles (cf., Table 3), either
in air (8 ± 1�) or nitrogen (9 ± 2�). In the case of the as-fabricated
samples, droplets were measured at several intervals over a period
of 30 min following deposition. The contact angle on the as-
fabricated material was found to decrease from 66 ± 12� at deposi-
tion to 30 ± 9� after 30 min (cf., Table 4).

Zeta-Potential – Fig. 3a shows the f-potential as a function of
pH for as-fabricated Si3N4 in an unmodified state, after HF-etch,
and following thermal oxidation, with IEPs of 4.5, 4.7, and 3.1,
respectively. All had negative f-potentials of �45 mV, �50 mV
and �70 mV at homoeostatic pH of �7.4, respectively. Fig. 3b



Fig. 1. Electron photomicrographs of Si3N4 surfaces subjected to varying surface preparations. (Images are secondary electron photos unless otherwise specified). as-
fabricated (a), chemical mechanical polished (back-scatter) (b), HF etched (back-scatter) (c), 1400 �C for 30 min in N2 (back-scatter) (d), chemical mechanical polished
followed by 1400 �C for 30 min in N2 (back-scatter) (e), and 1070 �C for 7 h in air (f).
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provides similar f-potential data for CMP specimens. The as-polished,
HF-etched, and oxidized samples exhibited IEPs of 5.6, 5.4 and �2,
respectively; with negative f-potentials of �45 mV, �40mV and
�120mV at homeostatic pH, respectively.

Raman Spectroscopy – Fig. 4(a) through (d) show the Raman
spectra collected on the polished surfaces of different Si3N4 sam-
ples in the 150–250 cm�1 region (untreated, HF-etched, treated
in N2, and treated in air, in (a), (b), (c), and (d), respectively). The
figure also shows fits of the triplet into sub-bands obtained using
pure Lorentzian curves as trial functions. A line map along the z-
axis, (i.e., with defocusing below the free surface of the sample),
is shown in Fig. 5. The doubled triplet tended to disappear with
focusing below the free surface.

Laser-Scanning Microscopy – Laser micrographs of the polished
surface in untreated, N2, and air-treated states are shown in Fig. 6
(a–c), respectively. As seen in the micrographs, the thermally



Fig. 2. AFM images of the surface of the as-fabricated Si3N4 (a), and after chemical mechanical polishing (b). The peaks in (b) are presumably due to residual particles from the
polishing.

Table 1
Summary of the roughness average (Ra) and the root-mean-square roughness (Rq) of
the Si3N4 materials.

Sample Ra (nm) Rq (nm)

As-fabricated 336 433
Thermal treatment in air 287 369
Thermal treatment in N2 296 373
Etched in HF 341 439
Chemical mechanical polished 9 16

Table 3
Sessile drop contact angle (h) of deionized water on the surface of treated Si3N4

materials.

Sample h (�)

As-fabricated 66 ± 12
Chemical mechanical polished 47 ± 3
As-fabricated, etched in HF 60 ± 13
As-fab, thermal treatment in N2 9 ± 2
As-fab, thermal treatment in air 8 ± 1

Table 4
Sessile drop contact angle (h) of deionized water on the surface of as-fabricated Si3N4

over a duration of 30 min.
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treated samples show a different texture as compared to the
untreated surface, which is especially marked after the N2 thermal
treatments.
Time (min) h (�)

0 66 ± 12
5 59 ± 12
15 48 ± 10
20 41 ± 11
25 35 ± 13
30 30 ± 9
4. Discussion

Surface Topography – The as-fabricated Si3N4 samples exhibited
a surface roughness (Ra) of 336 nm, but this was reduced to <10 nm
after CMP. HF etching of as-fabricated samples had little effect on
roughness, presumably because only the thin SiO2 layer on the pro-
truding grains was removed. Thermal treatments in air or N2

resulted in a reduction in Ra to 287–296 nm due to formation of
oxidation products in the valleys between grains (in air) or migra-
tion of the grain boundary phase to the surface (in air or N2). The
presence of an oxidized phase or particulates between protruding
Table 2
Concentration (in atomic %) of the major and minor elements on the surface of the
Si3N4 samples and their respective calculated N/Si and O/Si atomic ratios. The
theoretical composition based on the batch recipe is also included for comparison
purposes.

Sample Concentration (at.%) Atomic
ratio

Si N O Al Y C N/Si O/Si

Theoretical bulk
composition

39.7 52.9 4.5 1.6 1.1 – 1.33 0.11

As-fabricated 35.1 35.5 17.5 2.1 0.1 9.7 1.01 0.49
HF-etched 31.6 35.2 8.4 0.9 0.1 21.8 1.12 0.27
Thermal treatment in

N2

32.7 33.3 16.6 5.1 2.1 10.3 1.02 0.50

Oxidized 32.7 0.1 57.7 2.9 1.3 5.4 0.00 1.76
Chemical mechanical

polished
38.7 47.2 6.4 1.6 0.8 5.3 1.22 0.17

Polished & HF-etched 42.1 44.2 6.2 1.8 0.6 5.3 1.05 0.15
Polished & oxidized 27.6 2.5 54.6 3.9 4.6 6.6 0.09 1.98
grains in the thermally treated samples was confirmed by SEM
(cf. Fig. 1d–f) and by morphological differences on polished sur-
faces (cf. Fig. 7b and c). The as-fabricated, HF-etched and thermally
treated Si3N4 samples showed columnar surface microstructures
composed of anisotropic grains oriented stochastically (cf. Fig. 1).
Smooth surfaces are required for bearings in hip and knee arthro-
plasty because conforming surfaces result in higher contact area
between components and hence lower stresses and wear rates. In
contrast, surface roughness can markedly influence the response
of cells in vitro and in vivo for implants intended for osseointegra-
tion and bacteriostasis. These features may elicit a different
response when compared to a smoother undulating surface with
the same Ra value. Indeed, bacterial resistance has been noted for
materials that have similar asymmetric surfaces containing peri-
odic protrusions [69].

X-ray Photoelectron Spectroscopy – The XPS data (Table 3) indi-
cate that thermal, mechanical and chemical treatments induced
significant changes in surface chemistry, producing a wide range
of nitride/oxide atomic ratios, and increased concentration of sin-
tering aids at the material’s surface. Within the spectrometer’s
probe depth of up to �2–3 nm [70], the surface composition of
as-fabricated Si3N4, having a N/Si and O/Si atomic ratio of 1.01
and 0.49, respectively, appears to be silicon oxynitride, Si2N2O,
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indicating the surface is partially-oxidized. It is comparable to Si2-
N2O0.8 found previously for a commercial Si3N4 powder [27]. There
is likely a gradient in chemical composition, with decreasing oxy-
gen away from the surface, as found for oxidized Si3N4 films [29].
In addition, minor amounts of Al and Y were also detected by
XPS. Some of the oxygen on the surface is obviously bound to these
elements instead of Si. Etching of as-fabricated Si3N4 in HF resulted
in dissolution of this thin oxynitride layer. However, the etched
surface will re-oxidize in air at room temperature, resulting in an
oxide or oxynitride layer which increases in thickness over time
[33]. When compared to as-fabricated Si3N4, the HF-etched surface
showed higher N/Si and lower O/Si ratios as expected. The grain
boundary phase is obscured by protruding grains on the as-
fabricated samples. Therefore, it is not unexpected to see skewed
Fig. 3. Zeta potential as a function of pH, as measured by streaming potential, for as-fa
processed samples, samples exposed to an HF etch, and samples subjected to thermal o
concentration values for sinter aid cations such as aluminum and
yttrium, which segregate at the grain boundaries. CMP removed
the entire surface layer from as-fabricated Si3N4. Further, the grain
boundaries tended to recede during CMP due to a higher removal
rate for SiO2 relative to Si3N4 [67]. As a result, the polished surface
showed the highest N/Si and lowest O/Si ratios. Also, Y2O3 exhibits
increased solubility at elevated pH values, such as the pH 10–11
environment of the CMP slurry during the polishing process, which
could contribute to its modestly lower than expected observed
concentration. Due to sample handling in air. It is also likely that
some re-oxidation occurred prior to conducting the XPS measure-
ments. Therefore, it is believed that HF-etched and CMP-finished
samples should exhibit an even lower oxygen content and higher
IEP than has been reported here. However, the values shown in
bricated Si3N4 (a), and for the Si3N4 after chemical mechanical polishing (b) for as-
xidation in air.



Fig. 4. Raman spectra of the b-silicon nitride surface in the 150–250 cm�1 region, as collected on the polished untreated sample (a), the sample etched in HF (b), the sample
treated in N2 (c) and that treated in Air (d). Sub-band fitting was obtained using Lorentzian curves.

Fig. 5. In-depth profile of Raman spectra collected on the polished sample treated
in N2. Red and blue dashed lines indicate the position of the two triplets observed.
The frequencies of the triplets have been chosen according to the fitting results
shown in Fig. 4(b).
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Table 2 are likely representative for limited handling of treated
samples in air. Thermal oxidation of as-fabricated Si3N4 resulted
in a surface composition corresponding to SiO2. The amount of Al
and Y, resulting from the intergranular phase, was also much
higher than the as-fabricated Si3N4. This might be due to migration
of the grain boundary phase to the surface, as noted for other
liquid-phase sintered Si3N4 ceramics [71–73]. In contrast, the sur-
face composition of the Si3N4 thermally treated in N2 showed little
difference in N/Si and O/Si ratios from the as-fabricated material
(cf., Table 2), likely due to the thermal stability of the oxynitride
layer in dry N2. Yet, migration of the intergranular phase to the sur-
face was observed as in the oxidation case. In this case, the
migrated material manifested itself as fine particulates scattered
between protruding surface grains, imaged using SEM (cf.
Fig. 1d), and compositionally determined to contain Y and Al via
XPS (cf. Table 1).

Zeta Potential – The surface treatments had a profound influence
on surface charging. Chemicalmechanical polishing of as-fabricated
samples increased their isoelectric point from 4.2 to 5.5. The princi-
ple differences between as-fabricated and polished surfaces are: (1)
an increase in exposed intergranular phase relative to grains; and,
(2) a reduction in oxide layer thickness on the exposed grains. The
intergranular phase is expected to exhibit a relatively high isoelec-
tric point. Further, the reduction in the passivation layer thickness is
expected to produce a more nitride-like surface, leading to an
increase in the concentration of amine sites. Both of these changes
are expected to shift the IEP higher, as was observed. Within the
as-fabricated and as-polished groups, little difference was seen in
charging behavior following etching in HF indicating that the as-
fabricated and as-polished surfaces were minimally oxidized. Con-
versely, when these surfaces were oxidized, the result was a large
shift in isoelectric point toward pure SiO2 (pH 2). This behavior
can be correlated with the N/Si and O/Si atomic ratios determined
from the XPS data (cf. Table 2) and a broad peak corresponding to
amorphous silica in the Raman spectrum (cf. Fig. 4d). Decreased
O/Si and increased N/Si ratios increases the IEP. Previous studies
have indicated the presence of silanol (Si–OH) and amine (Si–NH2)



Fig. 6. Scanning laser micrograph of the Si3N4 surface (a) polished untreated, (b)
thermally treated in N2, and (c) thermally treated in air.
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groups on the surface of Si3N4 powders [30,35,37]. Similar to obser-
vations of Greil et al., it is expected that the number of silanol groups
correlates with the O/Si ratio, and the number of amine sites corre-
lates with the N/Si ratio [37].
The mechanism for osteointegration proposed by Kokubo
[58,59] for materials similar to Si3N4 relies upon negative surface
charging at homeostatic pH. In studies using simulated body fluid,
spontaneous deposition of apatite was observed on materials
exhibiting a negative surface charge. Furthermore, in vivo studies
using sample implants made from these same materials demon-
strated formation of a morphologically similar apatite layer on
implant surfaces and favorable osteointegration. It was hypothe-
sized that the concentration of Ca2+ ions in the counterion cloud
near the negatively-charged surface increased the local level of
supersaturation of calcium-containing species, leading to precipi-
tation of hydroxyapatite on the surface. As was observed here,
Si3N4 exhibits a high negative surface charge. Therefore, it is possi-
ble that the favorable bone on-growth observed during a previous
in vivo [23] study may be due at least in part to the mechanism
proposed by Kokubo et al. Additional increases in the negative sur-
face charge at homeostatic pH by oxidation of the material surface
may accelerate apatite deposition. Modulation of charge magni-
tude may also allow for control of the deposited layer’s morphol-
ogy as a function of surface charge density by dictating the
concentration and hence spacing of nucleation sites.

Consideration of bacterial attraction and adhesion using the
extended DLVO theory [60,61] allows for understanding and test-
ing of specific components of complex interactions between bacte-
ria and the implant surface. As most bacteria exhibit a negative
surface charge at physiologic pH [74–76], the electrostatic compo-
nent of the cell-surface interaction will be repulsive if the implant
material also exhibits negative charging. The magnitude of the
repulsion will increase as the magnitude of the surface charge
increases. The high negative surface charge on as-fabricated Si3N4

at physiologic pH observed here could contribute to the
previously-observed bacteriostatic behavior of Si3N4 [22,23]. Fur-
thermore, the ability to modulate the strength of this property
through simple treatments allows for experiments to be devised
for assessing its influence on the overall bacteria-surface interac-
tions. The oxidized Si3N4 surface in particular, owing to its extreme
negative surface charge, might provide an environment that inher-
ently resists bacterial colonization.

Wettability and Contact Angle – A surface’s chemistry and
topography can strongly influence its wettability. The Wenzel
equation describes the effect of a surface’s roughness on wetting
behavior [68]:

cos h� ¼ r cos h ð12Þ
where h* represents the apparent equilibrium contact angle, r is the
ratio of true surface area to apparent surface area, and h is the con-
tact angle for a flat surface. This equation predicts that increasing
the roughness of a surface will lead to intensification of its observed
wetting behavior, (i.e. a hydrophilic surface will become more
hydrophilic, and a hydrophobic surface will become more
hydrophobic). This was not directly observed in the cases of the
as-fabricated and etched materials. These surfaces initially exhib-
ited higher wetting angles (�65�) than the polished surface
(�50�), which corresponded to heterogeneous behavior as
described by the Cassie–Baxter equation [68]:

cos h� ¼ rf f cos hþ f � 1 ð13Þ
where rf corresponds to r in the Wenzel equation and f represents
the fraction of the surface wet by the liquid. As more air is trapped
at the solid–liquid interface, f decreases, and the apparent wetting
angle increases. It should be noted that the CMP process produced
a surface that is not substantially changed when subjected to HF
etching (cf. polished sample XPS data in Table 2). The contact angle
measurements presented here for polished surfaces were obtained
within an hour of completing the CMP process, leaving little time
for spontaneous re-oxidation. As such, the tested surface was lar-
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gely devoid of oxygen and, as a consequence, silanol groups. In light
of this, the wetting behavior was expected to be similar to historical
HF etched Si3N4 thin films [77], and this was indeed the case. Fur-
thermore, water contact angle measurements made on other simi-
lar polished Si3N4 materials varied between 46� and 61� [3].
Regarding the as-fabricated sample, the relatively high contact
angle was likely due to fine gaps between the protruding grains
on the surface. Water does not immediately infiltrate these gaps,
leading to a mixed air/material interface (i.e., Cassie–Baxter behav-
ior) [68]. However, the contact angle steadily decreased to �30�
within 30 min, which was significantly less than for polished sam-
ples. It is believed that this decrease was due to water slowly infil-
trating the gaps between grains due to capillary forces in a process
described as hemiwicking [78], thereby removing trapped air pock-
ets from the interface. Contact angle measurements made previ-
ously on the same as-fabricated Si3N4 yielded a measurement of
�39�, which correlates with an intermediate time point in this
study [23]. Droplets were observed to adopt ellipsoidal and other
distorted semi-circular shapes instead of circles on as-fabricated
and HF-etched surfaces. This is believed to be caused by variable
amounts of trapped air at the solid–liquid interface as a result of
the stochastic distribution of protruding grains. In cases where
the surface roughness was reduced (i.e., N2 and air thermal treat-
ments, and polishing) there was less variation in wetting angles,
and droplets adopted circular interfacial areas. As-fabricated sam-
ples subjected to thermal treatments displayed extremely low wet-
ting angles (i.e., less than 10�). As shown via AFM (cf. Table 1) and
qualitatively from electron micrographs (cf. Fig. 1(a, d and f)), the
fine scale roughness of these samples was significantly reduced
by their respective treatments. It is postulated that this reduction
in roughness contributed, at least in part, to the occurrence of Wen-
zel behavior immediately upon wetting. That is, fine spaces
between surface grains were likely filled by oxidation or migration
of the intergranular phase, eliminating potential locations for air
entrapment during wetting. The extremely low wetting angle fol-
lowing thermal treatment in air also correlates well with data
obtained from streaming potential measurements. Thermally oxi-
dized samples exhibited a much higher magnitude of surface charge
at a pH near 7 than as-fabricated or HF-etched samples. Further, sil-
ica surfaces have been shown to exhibit low wetting angles [79]; so,
it is not unexpected that the oxidized sample would also show bet-
ter wetting. In a study examining techniques used to modify Si3N4

biosensor surfaces, Diao et al. [80] performed surface treatments
to a CVD Si3N4 film, including HF-etching and oxidation. It was
found that the HF etch process did not drastically alter the observed
average water contact angle on the film surface (32� before and 33�
after), but oxidation led to a drastic reduction in observed average
water contact angle (to 5�). In light of this observation on relatively
flat surfaces, it is thought that both the filling of fine intergranular
spaces and the change in surface energy induced by the oxidation
treatment contribute to the large observed change in water contact
angle following oxidation in the present study. It was originally
expected that samples etched in HF would exhibit significantly
higher contact angles than their as-fabricated counterparts due to
previous observations of HF-etch treatments on off-stoichiometry
Si3NX thin films by Arafat et al. [77]. Large increases in water con-
tact angles, attributed to surface hydrogenation, were found for
these materials. However, relatively minor chemical changes (via
XPS and Raman spectroscopy) and minimal variation in charging
behavior (using streaming potential) were noted for as-fabricated
and HF-etched conditions. Based upon these observations and those
of Diao et al. on treated CVD Si3N4 films, similar wetting behavior
between the two cases is not entirely surprising. It is also likely that
some oxidation occurred during sample handling prior to character-
ization. The observed increase in hydrophilicity resulting from the
heat treatments in air and N2 allows for more thorough wetting
of an implant by body fluids. A modified Si3N4 surface that wets fas-
ter and more completely may also osteointegrate more effectively
due to its greater area in contact with biologic fluids.

Raman Spectroscopy – The three intense bands (located at
180.1, 201.4 and 234.5 cm�1 in the as-fabricated sample) was
observed in the Raman spectra of all samples (Fig. 4) and represent
the E2g, Ag, and E1g vibrational modes of the skeletal Si–N bonds in
the b-Si3N4 structure, respectively [81,82]. The as-fabricated and
HF-treated samples presented quite similar Raman spectra (cf.
Fig. 4(a and b), respectively). However, one clear difference in the
relative intensity among bands belonging to the shown triplet
could be detected: The HF treatment reduced the relative intensity
of the Ag, band with respect to the E2g and E1g bands, whose relative
intensity instead remained unchanged. In first approximation, this
variance can be attributed to differences in crystallographic orien-
tation of the surface crystallites irradiated by the incoming polar-
ized laser. On the other hand, no significant broadening could be
detected in any of the triplet constituents. The morphological
changes observed in the Raman spectrum collected from the sam-
ple thermally treated in N2 were by far more drastic (cf. Fig. 4(c)).
One can still observe the original triplet belonging to the untreated
sample, but also an additional triplet, significantly broadened and
markedly shifted toward lower emission frequencies, could be
observed. The sample treated in air did not show this additional
(shifted) triplet (cf. Fig. 4(d)). However, it also showed distinct dif-
ferences as compared to the untreated sample, as follows: (a)
Besides a clear decrease in the absolute intensity of all bands con-
stituting the triplet, the trend of relative intensities was inverted as
compared to the untreated sample, with the intensity order
becoming E2g < Ag < E1g; (b) Some broadening could be observed,
but the spectrum could yet be deconvoluted into the main triplet
of the untreated sample overlapped to a quite broad emission cen-
tered at approximately 230 cm�1. This broad band can be inter-
preted as a low-frequency component of the overall broad
Raman emission of silica glass [83]; and, (c) A small shift toward
lower frequencies of the triplet could be found as compared to
the standard positions recorded in the untreated sample. Broaden-
ing and shift of the skeletal triplet observed in the Raman spectra
(Fig. 4) could be induced either by an internal (residual) stress state
and related gradients [84–86], or by the development of different
stoichiometric conditions [87], or both. Thermally induced residual
stress of an elastic tensile nature might be responsible for the
slight shifts observed in the sample treated in air as compared to
the untreated one. However, the morphological differences
detected in the N2-annealed sample cannot only be due to internal
stresses and have to be interpreted in terms of stoichiometry
changes. Since the dimension of the Raman probe is far larger than
that of the XPS one, care should be taken in extrapolating data from
the latter spectroscopic method to interpret the observed Raman
spectral features. In the confocal optical mode adopted in this
study (with the laser collimated on the sample surface), the Raman
probe had an in-depth penetration of about 5 lm, which is not
comparable with the 2–5 nm of the XPS probe [86], Nevertheless,
exploiting the confocality of the Raman probe, we could observe
additional interesting features for the N2-thermal treated and pol-
ished surfaces. The doubled triplet in Fig. 4(b) should be assigned
to a form of b-Si(Y)AlON, as also suggested by XPS analyses. For
this material, XPS analyses revealed N/Si and O/Si atomic ratios
which correspond to silicon oxynitride, Si2N2O, and also the high-
est amount of Al and Y among the set of examined samples. How-
ever, as previously mentioned, these ratios are strictly valid only
for the first few nanometers of the sample thickness, while the
Raman probe averages the signal over about three orders of mag-
nitude larger depth. The line map taken along the z-axis of the



Fig. 7. Schematic representation of the thermally treated samples: (a) in N2 and (b)
in air. In (a), the blue crystals represent the non-stoichiometric b-Sialon compound
grown during the treatment in N2. In (b), the white layers represent SiO2 and SiAlON
glasses.
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sample polished and then thermally-treated in N2 (cf. Fig. 5) shows
the doubled triplet disappearing as the focus is taken deeper into
the sample, suggesting that the above-mentioned b-Si(Y)AlON
compound is uniformly present down to a depth on the order of
the tens of micron below the free surface. As seen in the micro-
graphs (cf. Fig. 1(b, e) and Fig. 6(b, c)), the thermally-treated sam-
ples show a different texture as compared to the untreated
specimens, which is especially marked after the N2 thermal treat-
ments. According to Raman and microscopy findings, annealing
in N2 environment promoted the re-growth of a surface layer of
off-stoichiometric b-Si(Y)AlON, a newly formed compound respon-
sible for the observed (shifted and broadened) Raman triplet. Note
that this process does not seem to equally take place for the sample
annealed in air, in which only an external glassy layer formed with
a composition including, according to XPS, smaller amounts of Al
and Y, and with a Raman spectrum close to that of silica glass.
The modifications induced by the thermal treatments are schemat-
ically depicted in Fig. 7(a) and (b) for N2 and air annealed samples,
respectively. Finally, a systematic study by Takase and Tani might
allow us to relate both shift and broadening of the Raman bands
(i.e., as observed at the surface of the N2-treated sample) to the lat-
tice constants and, thus, to the stoichiometry of the hexagonal cell
[88]. The observed frequency shifts are mainly a result of changes
in force constants, which are related to variations in interatomic
distances and bonding. In SiAlON compounds (Si6�zAlzOzN8�z),
silicon and nitrogen of the b-Si3N4 network are partly substituted
by aluminum and oxygen, respectively [89]. As z increases, ele-
mental substitutions result in an incremental degree of structural
disorder in the b-Si3N4 network, giving rise to a decrease in force
constant of the Si–N bond. In other words, as z increases, a shift
of the Raman bands toward lower frequencies can be observed
together with their broadening. A shift of �4 cm�1 toward lower
frequencies of the Si–N skeletal vibration at �180 cm�1 corre-
sponds to a variation in lattice constant Da of �0.001 nm, which
in turn corresponds to a dilute stoichiometry in the order of z � 0.3.
5. Conclusions

It was found that the surface chemistry and morphology of a
Si3N4 bioceramic could be varied significantly through conven-
tional thermal, chemical, and mechanical treatments. The surface
of as-fabricated Si3N4 exhibited anisotropic and stochastically ori-
ented b-Si3N4 grains covered with a thin Si2N2O-like passivation
layer, strong negative charging at biologic pH, and moderate
hydrophilicity that improved over time as capillary forces drew
water into the spaces between the surface grains. Etching in HF
or subjecting the material to CMP produced a surface composition
with a higher N/Si and lower O/Si ratios than as-fabricated materi-
als – which exhibited strong negative surface charging at homeo-
static pH and moderate hydrophilicity. Thermal treatment in N2

produced a surface coated in crystalline b-Si(Y)AlON precipitates
whose concentration decreased as a function of depth up to
�90 lm. This treatment condition exhibited extreme hydrophilic-
ity. Thermal treatment in an oxidizing atmosphere resulted in a
surface composition effectively the same as amorphous SiO2. It also
exhibited extremely lowwetting angles and charging behavior that
mimicked pure silica. The isoelectric points of these variously trea-
ted samples increased with decreasing O/Si and with increasing
N/Si atomic ratio, as the surfaces transitioned from resembling
pure SiO2 to pure Si3N4, correlating well with observations made
in the previously cited studies. Both the thermal treatments (i.e.,
oxidation and under N2) may offer interesting advantages for
orthopaedic implants due to their observed extreme hydrophilic-
ity. The large negative surface charge at homeostatic pH observed
for the as-fabricated Si3N4 may contribute to its bacteriostatic and
osteointegrative behavior. The significant increase in the surface
charge for the oxidized material may lead to an enhancement of
these properties over what has already been observed for the
as-fabricated material. Further, the surface chemistry of silica is
well-understood, lends itself to manipulation, and has already
been shown to be an ideal scaffold for bone on-growth. A material
that exhibits the flexibility of silica’s surface chemistry mated with
the desirable bulk mechanical properties of dense Si3N4 could be
readily engineered and adapted to several implant applications.
Consequently, future studies will be focused in three areas: (1)
Varying the parameters of the thermal treatments and observing
corresponding surface chemistry; (2) In vitro tests examining the
treated surface’s interaction with relevant proteins, human cells
(such as mesenchymal stem cells and osteoblasts), and nosocomial
bacteria; and (3) In vivo examination of the performance of
modified surfaces in complex, living systems.
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The CASCADE trial: effectiveness of ceramic
versus PEEK cages for anterior cervical
discectomy with interbody fusion; protocol of a
blinded randomized controlled trial
Mark P Arts1*, Jasper FC Wolfs1 and Terry P Corbin2
Abstract

Background: Anterior cervical discectomy with interbody fusion cages is considered the standard surgical
procedure in patients with cervical disc herniation. However, PEEK or metal cages have some undesirable imaging
characteristics, leading to a search for alternative materials not creating artifacts on images; silicon nitride ceramic.
Whether patients treated with silicon nitride ceramic cages have similar functional outcome as patients treated with
PEEK cages is not known. We present the design of the CASCADE trial on effectiveness of ceramic cages versus
PEEK cages in patients with cervical disc herniation and/or osteophytes.

Methods/Design: Patients (age 18–75 years) with monoradicular symptoms in one or both arms lasting more than
8 weeks, due to disc herniation and/or osteophytes, are eligible for the trial. The study is designed as a randomized
controlled equivalence trial in which patients are blinded to the type of cage for 1 year. The total follow-up period
is 2 years. The primary outcome measure is improvement in the Neck and Disability Index (NDI). Secondary
outcomes measures include improvement in arm pain and neck pain (VAS), SF-36 and patients' perceived recovery.
The final elements of comparison are perioperative statistics including operating time, blood loss, length of hospital
stay, and adverse events. Lateral plane films at each follow-up visit and CT scan (at 6 months) will be used to judge
fusion and the incidence of subsidence. Based on a power of 90% and assuming 8% loss to follow-up, 100 patients
will be randomized into the 2 groups. The first analysis will be conducted when all patients have 1 year of follow-
up, and the groups will be followed for 1 additional year to judge stability of outcomes.

Discussion: While the new ceramic cage has received the CE Mark based on standard compliance and animal
studies, a randomized comparative study with the golden standard product will provide more conclusive
information for clinicians. Implementation of any new device should only be done after completion of randomized
controlled effectiveness trials.

Keywords: Anterior cervical discectomy and fusion, Silicon nitride, Polyetheretherketone, PEEK, Interbody spacers,
Randomized controlled trial, Herniated disc
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Figure 1 Valeo C+CSC cervical interbody fusion device.
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Background
Since the introduction of anterior approach to the cer-
vical spine by Cloward [1] and Smith [2], a dispute has
arisen about the best surgical treatment. The purpose of
all anterior cervical surgical procedures is removal of the
intervertebral disc in order to decompress the nerve root
and alleviate radicular pain and/or myelopathy. However,
cervical instability and segmental collapse with recurrent
radicular pain has been documented after anterior disc-
ectomy. For this reason, most surgeons perform anterior
discectomy with interbody fusion (ACDF) although there
is controversy about the benefits of adding interbody
fusion to the cervical discectomy technique [3-9].
Anterior discectomy with fusion (ACDF) using bone

graft in dowel or block form can have complications as-
sociated with graft collapse and can be associated with
pain at the donor site if the graft is harvested from the
iliac crest [10]. Interbody fusion using metal or plastic
cages to contain and reinforce bone graft has been
shown to have several advantages over bone blocks [11]:
1) using a cage allows the surgeon to fill the space with-
out harvesting bone from the iliac crest in most cases;
local bone or a bone graft substitute can be used instead;
2) the strength of the cage material ensures preservation
of the disc height; bone blocks can crumble, decreasing
the disc height with consequent neuroforaminal stenosis;
and 3) using a cage saves time in the operating room
and reduces blood loss. If there is no iliac crest bone
graft harvest, there is less postoperative pain, as well.
Both plastic and metal cages have disadvantages as

well. The principal plastic material, polyetheretherketone
(PEEK), is hydrophobic and a mild chronic fibrous tissue
reaction develops around the implant [12]. PEEK is
invisible on imaging and therefore dislodgement and
subsidence are difficult to determine. The two most
commonly used metals, stainless steel and titanium dis-
tort magnetic resonance imaging (MRI) and CT scans,
making determination of fusion and evaluation of degen-
eration difficult[13,14]. At present, ACDF with a PEEK
cage is considered the golden standard for cervical disc
herniation by many surgeons [15,19].
Recently, ceramic materials have been evaluated as

alternatives for interbody fusion devices. The cortical
ring of the new device is manufactured by study sponsor
Amedica Corporation (Salt Lake City, Utah) from its
proprietary “MC2” silicon nitride (Si3N4) ceramic. MC2

silicon nitride ceramic is a hydrophilic negative charged
ceramic, which means that fluid (blood with nutrients)
and proteins attach to the material, facilitating bone cell
adherence and incorporation of the material in the sur-
rounding bone. Cancellous Structured Ceramic (CSC) is
a porous version of the same MC2 silicon nitride cer-
amic (Figure 1). Therefore, the entirety of this device is
manufactured from identical material. The CSC material
fills the center hole for the purpose of providing a scaf-
fold for bone ingrowth. Because the surgical technique
of this device does not involve harvesting autograft for
packing into the pores of the porous trabecular struc-
ture, these implants afford the possibility of avoiding
harvesting iliac crest autograft with attendant benefits of
avoiding patient co-morbidities. Moreover, the silicon
nitride material has desirable imaging properties. It is
visible (like cortical bone) but does not create an artifact
on CT or MR images (Figure 2).
The Valeo C+CSC cage has received the CE Mark

based on preclinical testing and standards compliance,
but has not been evaluated in a clinical study. Good clin-
ical practice means that every new device should be
compared to the golden standard prior to implementa-
tion of the device on a large scale. Therefore, it is neces-
sary to perform a randomized controlled effectiveness
trail on Valeo C+CSC versus PEEK cages. In the CAS-
CADE (CAncelous Structured Ceramic Arthrodesis
DEvice) trial, we will randomly and blindly compare an-
terior discectomy with ceramic cages versus anterior
discectomy with PEEK cages. In this equivalence trial,
we hypothesize similar effectiveness and no difference in
clinical improvement between the ceramic cage and the
PEEK cage as measured with the Neck Disability Index
(NDI). Moreover, radiological properties will be docu-
mented focusing on fusion and subsidence.

Methods/design
The study is designed as single center randomized con-
trolled trial in which patients will be blinded for the
allocated treatment. The follow-up period will be 2
years. All patients between 18 and 75 years old with
monoradicular symptoms in one or both arms lasting



Figure 2 Silicon nitride, titanium, PEEK and trabecular metal imaging characteristics in a human cadaveric vertebra (unpublished data).
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more than 8 weeks are eligible for the trial. MRI must
confirm cervical disc herniation and/or osteophytes in
accordance with clinical symptoms. Additional inclusion
and exclusion criteria are listed in Table 1.
Patients are referred by a neurologist with MRI of the

cervical spine. During the first visit to the neurosurgical
outpatient clinic, the patient’s history and a standard
neurological examination will be documented. Based on
our selection criteria, the neurosurgeon decides whether
a patient is eligible for the trial.

Informed consent and patients’ safety
The patient’s written informed consent is obtained. The
patient will be notified that they are free to withdraw
their consent at any time. An independent physician has
been appointed to answer patient questions and monitor
the study, when necessary. Adverse events or complica-
tions will be monitored and followed up until stable or
resolved. The project will be conducted according to the
guidelines of Good Clinical Practice. The study has been
reviewed and approved by the Medical Ethics Commit-
tee (METC) of Southwest Holland.

Randomization procedure
In order to eliminate confounding factors, the study is
designed as a randomized controlled trial. Patients will
be randomly allocated to the Valeo C+CSC or PEEK
cages. Randomization will take place in the operating
room within 6 weeks after inclusion. A randomization
list was prepared by the data manager. A random
numbergenerator was used to create the allocation se-
quence of blocks of 4, 6, and 8 to ensure equal distribu-
tion of the randomized treatments. The data manager,
who is not involved in the selection and allocation of
patients, prepared numbered, coded, sealed envelopes
containing the treatment allocation. In the operating
room, after induction of anaesthesia, the surgeon will
open the next numbered envelope and the allocated
treatment will be performed. Patients will be kept
blinded for the allocated treatment for 1 year.
Surgical intervention
All patients will be operated by the authors MA or JW,
who both have extensive experience in cervical spine
surgery and this ACDF technique. The patients will be
positioned supine with their neck in neutral position or
slightly extended under general anaesthesia. The affected
cervical disc level will be verified with fluoroscopy. A
small transverse incision will be made on the right side.
Medial to the carotid sheath, the pre-vertebral space will
be opened and the anterior cervical spine will be ex-
posed. Caspar spreader and 2 distraction pins will be
placed in the affected segment. A standard anterior disc-
ectomy with the aid of loupe magnification or micro-
scope (depending on the surgeon’s preference) will be
performed in all cases. The posterior longitudinal liga-
ment will be opened and the nerve root and dura will be
decompressed adequately. Once the anterior discectomy
has been performed, a PEEK interbody cage (Medicrea
Manta, Lyon, France) (group 1) filled with local bone
[20] obtained from removal of osteophytes, or the Valeo
C+CSC spacer (Amedica Corporation, Salt Lake City,
Utah) (group 2) will be placed within the intervertebral
space under fluoroscopic guidance. The CSC core
should be smeared with blood obtained by scratching
the end plate after the disc space is prepared. No supple-
mental fixation (e.g., cervical plate) will be used in the
procedure. If required, a vacuum drain will be placed
and the wound will be closed in layers.



Table 1 Selection criteria for trial eligibility

Inclusion criteria

• Age 18-75 years

• Radicular signs and symptoms in one or both arms (i.e., pain,
paresthesia or paresis in a specific nerve root distribution) or
symptoms and signs of acute or chronic myelopathy

• At least 8 weeks prior conservative treatment (i.e., physical
therapy, pain medication)

• Radiographic diagnosis of cervical disc herniation and/or
osteophyte at 1 level (C3-C4 to C7-T1) in accordance with clinical
signs and symptoms

• Ability and willingness to comply with project requirements

• Written informed consent given by the subject or the subject's
legally authorised representative

Exclusion criteria

• Previous cervical surgery (either anterior or posterior)

• Increased motion on dynamic studies (> 3 mm)

• Severe segmental kyphosis of the involved disc level (> 7
degrees)

• Patient cannot be imaged with MRI

• Neck pain only (without radicular or medullary symptoms)

• Infection

• Metabolic and bone diseases (osteoporosis, severe osteopenia)

• Neoplasm or trauma of the cervical spine

• Spinal anomaly (Klippel Feil, Bechterew, OPLL)

• Severe mental or psychiatric disorder

• Inadequate Dutch language

• Planned (e)migration abroad in the year after inclusion
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Outcome assessment
Baseline assessments include demographics, work status,
smoking status, neck and arm pain, history of neck
trauma, medical history, pain medication, body mass
index, and neurological signs and symptoms. A general
physical and neurological examination is performed be-
fore the patient is enrolled into the study and will be re-
peated at each subsequent visit.
We will assess the below described validated outcome

parameters. Patients will not be informed about their
previous scores. Follow-up examinations will take place
by the surgeon at 3 months, 6 months, 12 months, and
24 months after randomization. The schedule of follow-
up visits, radiographic studies and outcomes measures is
included in Table 2. The following measures of out-
comes will be used:

1) Neck Disability Index (primary outcome measure):
The NDI is a patient-completed 10-item
questionnaire on 3 different aspects; pain intensity,
daily work related activities and non-work related
activities. Each item is scored from 0 to 5 and the
total score ranges from 0 (best score) to 50 (worst
score). The NDI is a modification of the Oswestry
Disability Index and has been shown to be reliable
and valid for patients with cervical pathology [21,22]
and has been validated in the Dutch language [23].

2) Short-Form 36 (SF-36): The SF-36 [24] is a generic
health status questionnaire that can easily be filled out
by the patient at home. The questionnaire consists of
36 items on physical and social status of the patient
subdivided in 8 domains; 1) physical functioning,
2) physical restrictions, 3) emotional restrictions,
4) social functioning, 5) somatic pain, 6) general
mental health, 7) vitality and 8) general health
perception. The questions are scored on a scale of 0
(worst health) to 100 (ideal health). This questionnaire
has been used frequently and is validated in surgical
studies on spine pathology [25,26].The Dutch
language version has also been validated [27].

3) Pain intensity, measured by Visual Analogue Score
(VAS) of arm and neck. The VAS of arm pain will
measure the experienced pain intensity in the arm
during the week before visiting the researcher. Pain
will be assessed on a horizontal 100 mm scale varying
from 0 mm (no pain) to 100 mm (worst pain
imaginable). Patients do not see the results of earlier
assessments and will score the pain experienced at the
visit. Since many patients with radicular arm pain
have neck pain as well, we will also measure the
intensity of solitary neck pain. Reliability, validity and
responsiveness of VAS have been shown [28].

4) Perceived recovery: Likert Scale is a 7-point scale
measuring the perceived recovery, varying from
‘complete recovery’ to ‘worse than ever’. This
outcome scale has been used in previous studies and
has been shown to be valid and responsive to
change [29]. “Complete recovery” and “almost
complete recovery” are defined as good result.

5) Radiological outcome: Anterior/posterior, and lateral
views of the cervical spine will be performed at each
visit. Displacement or subsidence of the device will
be assessed by using the lateral radiograph. Only a
change of >3 mm will be considered clinically
significant due to the margin of error in radiographic
determination of displacement distances.
Radiolucency at the cage-bone interface will be
assessed as either present (if extending 50% of the
length of the cage) or absent using a standard lateral
radiograph. To verify fusion, CT axial images at 2 mm
slices will be taken at the 6 months visit only.

6) Other outcome measures: In addition to the
outcomes measures, data will be captured on details
of the surgical procedure and hospitalization such as
type and size of implant, duration of surgery,
estimated blood loss, operative and postoperative
complications, day of mobilization, and duration of



Table 2 Data collection and outcome measures

Measure Pre-Op Intra-Op 3 months 6 months 12 months 24 months

Inclusion / exclusion criteria x

Product use, operative time, blood loss x

Neurological examination x x x x x

Neck Disability Index, Arm Pain VAS, Neck Pain VAS, SF-36, Recovery Likert x x x x x

Radiographs X-ray x x x x x

CT scan x
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hospitalization. Adverse events and reoperations will
also be recorded by the operating surgeon.

The de-identified data from the initial visits, hospita-
lization and follow-up visits are entered by research
nurses and physician assistants into a database via an
Electronic Data Capture system (Acumen Healthcare
Solutions, LLC, Plymouth, Minnesota, USA). Hospital
staff schedules follow-up visits and supervises the collec-
tion of the patient-completed data forms. The source
documents are kept filed in the hospitals where the pro-
cedures are performed.
Participating patients are given a small stipend to

cover travel costs for follow-up visits. The cost of the
procedure (including the interbody fusion devices) is
covered by the patient’s health insurance, but the ex-
pense of extra imaging and radiologist fees are paid by
the study sponsor.

Sample size and data analysis
Sample size for this equivalence trial has been estab-
lished using power analysis incorporating data from
journal article reports of similar ACDF studies. For sam-
ple size calculations, we have used the change in NDI
from pre-op to one year post-op cited in the literature
for ACDF with carbon fiber reinforced PEEK cages: 10%
reduction (improvement) with a standard deviation of
22% [30]. The Minimal Clinically Important Difference
(MCID) for the NDI is 7.5 points or 15% [31], which is
the equivalence interval for sample size calculation. A
46-patient Valeo C enrollment has a power of .90 when
compared with a PEEK study arm of the same size. In-
corporating a one-year estimate of 8% loss to follow up,
a total of 100 patients need to be enrolled.
The statistical significance of categorical data such as

fusion will be tested using the Pearson Exact test. Para-
metric data will be evaluated using the Student’s t-test.
The first data analysis will be performed when all of the
1-year follow-up data is available for the primary end-
point. The two groups will be considered equivalent if
the mean NDI improvement for the silicon nitride cage
group is within a range from the mean of the PEEK
group minus the NDI MCID to the PEEK mean plus the
MCID. A repeated measurements analysis of variance
for the primary outcome measure will also be performed
in order to compare the evolving patterns over time.
The inclusion period started in December 2011 and

2-year follow-up measures will be completed by the end
of 2014.

Discussion
A cervical radicular syndrome due to disc herniation is a
well-known entity with an annual incidence rate of 83
per 100,000. Patients usually present with radicular arm
pain and paraesthesiae, with or without neck pain. More
than 90% of the patients have a favourable outcome with
conservative treatment only [32] .Surgery is indicated
whenever disabling pain persists. Anterior cervical disc-
ectomy (ACD) is the basic surgical treatment of patients
with radicular pain caused by cervical disc herniation. In
1958, Cloward first described anterior cervical decom-
pression with the use of autologous iliac crest interbody
graft (ACDF) to maintain disc height [1]. Smith and
Robinson developed a technique using iliac crest bone
blocks that was the standard for many year [2].There is
still controversy about the benefits of adding interbody
fusion to the cervical discectomy technique [4,10,33,34].
Frequently surgeons perform ACDF to maintain disc
height and cervical alignment, and promote bony fusion
to prevent instability [25].
Various prospective randomised trials have been

performed comparing anterior discectomy with add-
itional interbody fusion [3-9]. These results suggest that
interbody fusion may not be necessary in all cases. How-
ever, definite conclusions could not be drawn due to
methodological flaws such as small sample size, non-
homogenous patient population, undefined randomisa-
tion procedures and inconsistent outcome measures.
Two large randomized trials are currently addressing the
question of the value of adding fusion or cervical total
disc replacements to the cervical discectomy procedure
[35,36]. It is anticipated that ACDF will still be a viable
choice for many patients even after these trials are
completed.
Although there is no consensus on which interbody

device to use, currently PEEK cages are considered as
the golden standard for anterior cervical discectomy
with fusion by many surgeons [15-19]. However, PEEK
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and titanium have some undesirable imaging character-
istics that result in a demand for better cages with simi-
lar effectiveness. Figure 2 illustrates the superior imaging
properties of MC2 ceramic material compared to PEEK,
titanium and trabecular metal. Moreover, the CSC ma-
terial fills the center hole for the purpose of providing a
scaffold for bone ingrowth resulting in solid fusion and
no subsidence of the cage. The CSC form of the material
has performed well in an animal model [37] but the re-
sults and effectiveness need to be validated in humans.
It is possible that solid fusion without signs of subsid-
ence may lead to improved clinical outcome.
The present protocol of the CASCADE trial is

designed to demonstrate the effectiveness and security
of cancellous structured ceramic cages compared to the
golden standard PEEK cages in patients treated with
anterior cervical discectomy and fusion. Worldwide
implementation of new devices should only be done
after completion of randomized controlled trials. In our
opinion, Level 1 evidence that government and health
insurance organizations are demanding would not be
possible without close cooperation between industry and
researchers, but transparency is warranted and relevant
conflicts of interest must be disclosed.
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The SNAP trial: a double blind multi-center
randomized controlled trial of a silicon nitride
versus a PEEK cage in transforaminal lumbar
interbody fusion in patients with symptomatic
degenerative lumbar disc disorders: study
protocol
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Abstract

Background: Polyetheretherketone (PEEK) cages have been widely used in the treatment of lumbar degenerative
disc disorders, and show good clinical results. Still, complications such as subsidence and migration of the cage are
frequently seen. A lack of osteointegration and fibrous tissues surrounding PEEK cages are held responsible. Ceramic
implants made of silicon nitride show better biocompatible and osteoconductive qualities, and therefore are expected to
lower complication rates and allow for better fusion.
Purpose of this study is to show that fusion with the silicon nitride cage produces non-inferior results in outcome of the
Roland Morris Disability Questionnaire at all follow-up time points as compared to the same procedure with PEEK cages.

Methods/Design: This study is designed as a double blind multi-center randomized controlled trial with repeated
measures analysis. 100 patients (18–75 years) presenting with symptomatic lumbar degenerative disorders unresponsive
to at least 6 months of conservative treatment are included. Patients will be randomly assigned to a PEEK cage or a silicon
nitride cage, and will undergo a transforaminal lumbar interbody fusion with pedicle screw fixation. Primary outcome
measure is the functional improvement measured by the Roland Morris Disability Questionnaire. Secondary outcome
parameters are the VAS leg, VAS back, SF-36, Likert scale, neurological outcome and radiographic assessment of fusion.
After 1 year the fusion rate will be measured by radiograms and CT. Follow-up will be continued for 2 years. Patients and
clinical observers who will perform the follow-up visits will be blinded for type of cage used during follow-up. Analyses of
radiograms and CT will be performed independently by two experienced radiologists.

Discussion: In this study a PEEK cage will be compared with a silicon nitride cage in the treatment of symptomatic
degenerative lumbar disc disorders. To our knowledge, this is the first randomized controlled trial in which the silicon
nitride cage is compared with the PEEK cage in patients with symptomatic degenerative lumbar disc disorders.

Trial registration: NCT01557829
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Background
Chronic low back pain is an important reason for patients
to visit general practitioners. In Europe, estimates of life-
time prevalence of chronic low back pain range from ap-
proximately 60–90% [1]. It is one of the leading causes of
activity limitation in adults and results in high socio-
economic costs and loss of quality of life [2]. The exact
cause of chronic low back pain is often unknown, but de-
generative disorders of the intervertebral disc are held re-
sponsible [3]. The pain can be eliminated by stabilizing the
degenerative segment, for example as seen in the successful
treatment of degenerative joints with an arthrodesis [4,5].
Spinal fusion is commonly used for stabilizing degenerative
and isthmic spondylolisthesis and severe, painful disc
degeneration.
In a spinal fusion, two or more vertebrae are fused after

a bone bridge is created between the vertebrae, either pos-
terior, interbody or both. Originally, bone grafts were used
to promote interbody fusion. However, several complica-
tions were associated with the use of grafts. These include
donor site morbidity, a decrease in the intervertebral disc
space height due to graft collapse, graft subsidence, graft
retropulsion, graft resorption, fusion failure with subse-
quent pseudarthrosis and prolonged healing time [6,7].
As an alternative for bone grafts, interbody cages were

developed [7]. They are designed to be filled with bone,
allowing bony fusion through the cage to the adjacent ver-
tebrae. Both material and design of the cage play an import-
ant role in correcting spinal deformities and creating an
optimal environment for spinal fusion [8-10]. The develop-
ment of a solid bony fusion is influenced by mechanical
and biological factors. For example, the size and geometry
of the cage determines the initial mechanical stability
[11,12]. Furthermore cage stiffness is an important factor in
stress shielding [13,14]. Biological factors, such as the
osteointegration of the surface of the cage, influence qual-
ity, speed and attachment of newly formed bone [8].
Cages allow for direct axial load bearing and restore of

height of the intervertebral and foraminal space. Initially,
interbody cages were implanted in pairs via the trad-
itional posterior lumbar interbody fusion (PLIF) tech-
nique. More recently, a larger single oblique cage is used
that provides more stability [15,16].
Polyetheretherketone (PEEK) materials were used in

aerospace and aviation industries before researchers began
exploring them in medical devices, mainly in trauma and
femoral components of hip prosthesis [17,18]. Besides be-
ing radiolucent, PEEK is relatively inert and does not pro-
voke a strong foreign body reaction in vivo [19]. During
the late 1990’s the first PEEK cages for spinal fusion be-
came available. High fusion rates and good to excellent
clinical outcomes have been reported compared to titan-
ium cages and bone grafts [20,21]. Most spine surgeons
therefore prefer PEEK cages over other cages.
To allow some visualization on radiograms and CT,
radio-opaque markers are present in PEEK cages. The
major advantage of PEEK cages over the metal cages is that
they produce less artifacts on CT or MR scans. However, a
radiolucent cage could also contribute to the difficulty of
radiographic assessment of its exact position in the spine.
For example, placement of the cage during surgery is less
accurate, and follow-up imaging is more difficult. This is
important to determine the cause of ongoing symptoms
and/or to determine if fusion has occurred. Additional
problems observed include a 14.3% rate of subsidence in
patients with PEEK cages after lumbar interbody fusion
[22]. Furthermore, posterior migration of a component of a
PEEK cage has been reported [23]. It has also been reported
that PEEK cages are generally encapsulated by a thin fi-
brous tissue layer rather than bone growing in intimate
contact with the polymer [24].
Better osteointegration of the cage is believed to

minimize the rate of subsidence and migration. There-
fore, researchers have been working on materials that
mimic the mineral content of bone for many years [25].
Ceramic implants can be manufactured with a rough
surface and have the potential to show a better integra-
tion with the host bone, which facilitates the attachment
of bone to the implant rather than the fibrous encapsu-
lation [24]. Ceramics are strong and light-weight and
have desirable imaging properties, free from artifacts on
CT and MRI [26].
Silicon nitride (Si3N4) is a ceramic with a compression

strength exceeding the usual plastic and metal materials
used for interbody cages. Unlike many other ceramics, sili-
con nitride resists brittle fractures; its toughness exceeds
that of alumina, a material with 30+ years of use in joint
replacements [27]. Silicon nitride is also highly compatible
with standard imaging techniques. The material is free
from artifacts on radiogram, CT and MRI images [26].
Several studies have demonstrated its biocompatibility and
its mechanical and osteoconductive qualities in vitro
[28-32]. Furthermore, compared to PEEK and titanium,
silicon nitride has a decreased bacterial activity on its sur-
face [33,34]. Based on good results in vitro, silicon nitride
is used in the development of bearings that can improve
wear and longevity of knee and hip prosthesis [32].
A preliminary study with silicon nitride interbody

cages showed good clinical and radiological results in 2
patients 1 year after a transforaminal lumbar interbody
fusion procedure [35]. Sorrell et al. presented the results
of a 10 year clinical follow-up study [36]. In this study
30 patients underwent anterior interbody fusion of the
lumbar spine using silicon nitride cages. They found a
durable interbody fusion after 5 years (21 out of 22 pa-
tients) and after 10 years (16 out of 16 patients). Please
note there was a 47% loss of follow-up. Silicon nitride
materials received the CE Mark and FDA market



Table 1 Inclusion and exclusion criteria

Inclusion criteria • Male and female patients age 18–75 years

• Chronic low back pain unresponsive
to at least six months of conservative care

• MRI and standing x-ray evidence
of Pfirrmann Grade III or greater disc

• Degeneration and/or degenerative
or isthmic spondylolisthesis of Grade I or II

• Signed informed consent

Exclusion criteria • Osteoporosis

• Patients with prior failed fusion at the same level

• Degenerative scoliosis

• Degenerative spondylolisthesis greater than Grade II

• Pregnancy

• Psychiatric or mental disease

• Alcoholism (drinking more than 5 units per day)

• Active infection or prior infection at the surgical site

• Active cancer

• Insufficient language skills to complete questionnaires

• Participation in another study

• More than two symptomatic levels that need fusion

• Planned (e)migration abroad in the year after inclusion
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clearance for its use as interbody cages in 2008. They
have been used in the US for over 3 years, with no ad-
verse events reported [32].
Compared to PEEK cages silicon nitride cages are ex-

pected to have lower complications rates and allow higher
fusion rates due to better biocompatible and osteoconduc-
tive qualities. The purpose of this study is to compare the
clinical outcomes and fusion rates of PEEK cages with sili-
con nitride cages in patients with symptomatic degenera-
tive lumbar disc disorders.

Methods/Design
In our study, PEEK and silicon nitride interbody cages
will be compared in the treatment of degenerative lum-
bar disc disorders. This non-inferiority study is designed
as a multi-center (two center) clinical observer and pa-
tient blind randomized controlled trial with 2 parallel
treatment groups. The multi-center design is needed in
order to collect enough patients for reasons of statistical
power. To minimize observer bias, both patients and clin-
ical observers will be blinded for treatment during follow-
up. Clinical observers will not analyze radiograms and CT
because the silicon nitride cages are clearly visible. The
follow-up is 2 years, in which patients will fill out several
questionnaires and are examined both clinically and
radiologically.

Patient selection
Participation in our study will be requested from patients
(18–75 years old) who visit the outpatient clinic in one of
the participating hospitals. Patients must present with a
history of chronic low back pain with or without leg pain
that did not respond to conservative treatment and disc
degeneration of Pfirrmann Grade III [37] or higher and/or
isthmic or degenerative spondylolisthesis of Grade I or II,
confirmed by MRI.
The treating physician will discuss this study with the

patient and if the patient fulfills all inclusion criteria
(Table 1), the information form and informed consent
form is handed out to the patient. The patient can read
subsequently at leisure at home.
Patients who decide to participate in our study are

scheduled for an appointment with the researcher at the
outpatient clinic of the hospital. During this visit, the pa-
tient is extensively informed about the backgrounds, the
objectives, the investigational design and the assess-
ments of the investigation and the possible advantages
and disadvantages of the investigation. All this informa-
tion provided by the researcher matches the earlier pro-
vided patient information form. The patient is requested
to sign the informed consent. Pre-operative baseline data
will then be collected for the outcome scores as well as
patient’s demography. A neurological examination is per-
formed, the MRI and other tests are reviewed and the
surgery is discussed. All patients preoperatively visit an
anesthesiologist for standard medical assessment. All pa-
tients will be operated under general anesthesia.
Randomization
Patients who meet the inclusion and exclusion criteria,
and have given informed consent are allocated the next
available investigational number (Patient ID number) and
will be randomly allocated to one of two groups (treat-
ment A or treatment B) by use of a centralized 24-hour
computerized randomization system that allows internet
randomization (Sealed Envelope Ltd. London). After com-
pleting follow-up at 2 years post-surgery both patient and
researcher will be informed which cage was used.
Surgical management
Patients will undergo a transforaminal lumbar interbody
fusion with an oblique single PEEK or SiN cage (Amedica
Corporation, Salt lake City, Utah) supplemented by ped-
icle screw fixation, as described by Harms et al. [38]. De-
sign of the PEEK cage is similar to the SiN cage. Autograft
bone extracted from locally excised bone from the lumbar
spine will be used for cage filling. After surgery, patients
will be admitted for 3–4 days. Patients are encouraged to
mobilize as soon as possible. A lumbar support orthosis is
not prescribed.
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Outcome measurements
Several validated questionnaires described below will be
used for outcome assessments. During intake, a basic
physical exam with neurological examination (muscle
strength, reflexes) and additional assessments as re-
quired per normal practice will be performed to ensure
that the patient can undergo surgery safely. During
follow-up visits at 3, 6, 12 and 24 months the neuro-
logical examination will be repeated. See Table 2 for the
patient follow-up chart.

Primary outcome measure
Primary outcome will be measured by the Roland Morris
Disability Questionnaire (RMDQ). The 24 point RMDQ is
a widely used patient-completed measure of health out-
come for low back pain [39-41]. The patient will complete
the Dutch version of the questionnaire, which is validated
for the Dutch population [42], and the sum of the scores
will be used to measure disability. The score ranges from
0 to 24, with a higher score indicating more severe disabil-
ity. Primary objective is to measure the average improve-
ment in RMDQ for the silicon nitride patients versus
those that receive similar-shaped PEEK cages.

Secondary outcome measures
SF-36: The SF-36 will be used as the generic quality of
life questionnaire [43,44]. The SF-36 questionnaire has
been applied and validated numerous times for inter-
vention studies with back pain and spine surgery. The
questionnaire relates to the analysis of the general
Table 2 Follow-up chart

Intake Admission

Visit 1 2

Demography X

Study information + informed consent X

Randomization X

Surgery X

Operative data X

Neurological examination X

Questionairres:

X

- Roland Morris disability questionairre

- SF-36

- VAS back

- VAS leg

- Working status

Likert scale X

X-rays X X

CT

MRI X

Complications X
functional status of patients. The questions are divided
in eight domains:

� Physical functioning
� Physical role limitations
� Emotional role limitations
� Social functioning
� Physical pain
� General mental health
� Vitality
� General health perception

Each domain is converted to a 0 to 100 score, a higher
score indicating a better health condition. The eight do-
mains are also combined into a physical and psycho-
logical summary score. These are converted to range
from 0 to 100 with an average person at 50 and a stand-
ard deviation of 10 points.
Pain (Back and Leg VAS): The pain intensity in the

back and legs are rated by the patient on a 100 mm
horizontal visual analog scale (VAS). The two ends
of the scale are “no pain” at 0 mm and “the most
terrible pain I can imagine” at 100 mm. The patient
is asked to mark the scale based on the average pain
intensity during the week prior to the visit to the
outpatient clinic. During each visit, the patient will
complete one VAS for the pain in either leg, and
one VAS for back pain.
Likert score: Recovery is rated by the patient on a 7-

point Likert score in which 1 defines complete recovery
3 months 6 months 12 months 24 months

3 4 5 6

X X X X

X X X X

X X X X

X X X X

X

X X X X
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and 7 is worse than ever. Likert score will be dichotomized
in good recovery (‘complete recovery’ and ‘almost complete
recovery’) and bad recovery (‘little recovery’ to ‘worse than
ever’). Patient will complete the Likert score at the day of
discharge from the hospital and during each follow-up
visit.
Radiographic Images (Plane radiogram, MRI, CT): A

pre-operative MR and a set of standing plane radiograms
of the lumbar spine will be collected for all patients. Pre-
operative disc degeneration will be evaluated on the MR
scan by the method of Pfirrmann [37]. Patient fusion sta-
tus will be evaluated according to the criteria mentioned
by Burkus et al. which are based on qualitative observa-
tions [45,46]. Determination of fusion involves the radio-
graphic evaluation of angular changes in spinal alignment,
assessment of the device-host interface, and identification
of new bone formation and bone remodeling [46]. Anter-
ior – posterior radiograms will be collected after 3, 6, 12
and 24 month. After one year, a CT scan (Siemens sensa-
tion 16, 3.0 mm slice) of the lumbar spine will be collected
to monitor new bone formation and bone remodeling
within and around the central core of the cages. Two radi-
ologists will independently analyze the lumbar radiograms
and CT. Disagreement between the radiologists will be re-
solved by consensus.

Complications, adverse events, additional surgery
The investigators will record all complications and adverse
events accurately. These will be grouped in the following
categories:

� Infections, grouped as superficial wound infections
and deep wound infections

� Post-surgical hematoma
� Increased neurological symptoms
� Venous thrombosis
� Other (serious) adverse events

All adverse events and complications will be moni-
tored and followed up until stable or resolved during the
course of the study. Each adverse event will be reported
to the operating surgeon and will be associated to the
type of cage used to qualify the event to be related. Code
breaking will occur by the clinical observer or operating
surgeon if the clinical condition of the patient necessi-
tates this. Early termination of the study will be decided
if necessary.
Additional surgery
All additional surgeries during the follow-up period that
are related to surgery will be recorded. Any additional
spine surgery at the operated level will be considered as
a complication and a poor result.
Withdrawal of participants from the trial
A participant may be withdrawn from the clinical study
for the following reasons:

� Patients may choose to withdraw from the study
under the terms of the Declaration of Helsinki and
their consent documentation without having to give
a reason

� Any unanticipated adverse reaction which is, in the
opinion of the researcher, related to the treatment
and will endanger the well-being of the patient if
treatment is continued

� The development of any intercurrent illness(es),
infection or condition(s) that might interfere with
the clinical investigation

� Non-compliance with the study procedures deemed
by the investigator to be sufficient to cause
discontinuation

� Any problem deemed by the Investigator to be
sufficient to cause discontinuation

All patients discontinued from the investigation due to
an unanticipated adverse reaction, directly related to the in-
vestigation, will be treated until the reaction resolves. The
researcher will clearly document the date and reason(s) for
the patient withdrawal. Patients who have withdrawn from
the study will not be replaced if they have received investi-
gation treatment. If possible, any procedures or assessments
planned for the patient on withdrawal from the investiga-
tion should be performed when intention to withdraw the
patient is announced. Patients who are withdrawn prior to
receiving treatment will be replaced.
Data management
All data recorded during intake, hospitalization and
follow-up visits will be de-identified. Participants will be
identified by a unique investigational number (Patient ID
number) allocated during intake. Primary and secondary
outcome variables, information gathered during intake
and hospitalization and all complications, additional sur-
gery, adverse events and withdrawals will be entered by the
researcher into an electronic data capture system (Acumen
Healthcare Solutions, LLC, Plymouth, Minnesota, USA).
The source documents will be stored in the hospital where
the patient underwent the surgical procedure and shall be
retained for a period of minimal 5 years after the study
completion or longer if deemed necessary.
Statistical considerations
Sample size
The sample size calculation is based on the primary object-
ive to compare the silicon nitride and PEEK cages with re-
spect to improvement in RMDQ score and to demonstrate
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that the silicon nitride cage is non-inferior to the PEEK
cage.
In a large spinal fusion cohort study, Robertson [47]

found a mean RMDQ improvement of about 10 points.
Scheufler also noted an improvement from a pre-treatment
score of 17 to 7 at eight months post-op, with a standard
deviation of 4 [48]. Both studies included patients with
back pain from degenerative disc disease and degenera-
tive spondylolisthesis.
The maximal difference between the treatment arms

that could be considered potentially no longer clinically
relevant for the RMDQ is thus a difference in improve-
ment of 2–3.5 points [39,41,49]. We therefore consider a
non-inferiority margin of 2.6 points between the treat-
ment arms to reflect the maximal difference that is not
clinically relevant. Non-inferiority is to be demonstrated
based on a one-sided confidence interval with signifi-
cance level of 2.5% for the difference between the two
treatment arms. Assuming a standard deviation of 4
points, 50 patients per arm provide 90% power to dem-
onstrate non-inferiority within a non-inferiority margin
of 2.6 points. The total of 100 patients shall be random-
ized into two groups to minimize bias. This sample size
is based on comparing treatment groups with a t-test.
The actual analysis is a repeated measurements analysis
with baseline as covariate, which is more efficient (re-
quiring less patients, at least about 10% if the correlation
between baseline and endpoint is 0.3). Thus, no add-
itional sample size increase is incorporated to account
for drop-out. Sensitivity analyses to assess impact of
drop outs will be performed.

Statistical analysis
The primary analysis will be on the change from baseline
in RMDQ score. This will be analyzed based on a mixed
model for repeated measurements, including baseline
RMDQ as covariate and treatment and center as factors.
No imputation will be applied for this analysis. The pri-
mary comparison will be at 12 months of follow-up.
Sensitivity analyses to assess impact of drop outs will

be performed. These will include an analysis based on
Last Observation Carried Forward imputation, as well as
multiple imputations based on differential patterns of
drop out/missing data reasons.
An exploratory analysis of the distribution of the indi-

vidual improvements in change from baseline in RMDQ
score versus the fusion rate (in three categories) within
treatment groups will be performed to assess the extent
to which both are consistent.
Other continuous outcomes assessed at each visit will

be analyzed similarly. Dichotomous outcomes will be
compared between treatment groups based on Z-tests for
comparing proportions, with results expressed as 95%
confidence intervals for the difference in proportions.
Ethical considerations
This study is designed in concordance with the declar-
ation of Helsinki. The protocol has been reviewed and ap-
proved by the local medical ethical committee (Verenigde
Commissies Mensgebonden Onderzoek). The general board
of the participating hospitals also agreed with the
protocol. Informed consent will be obtained before par-
ticipation in this study. Patients are informed they are
free to refuse participation. If they choose to participate
they may withdraw from this study at any time without
comprising further medical care. No financial rewards
will be present for patients who agree to participate.

Discussion
PEEK cages are widely used in the treatment of lumbar
degenerative disc disorders, and show good clinical results
[20,21]. Nevertheless, complications such as subsidence
and migration of the cage are frequently seen [22,23]. A
lack of osteointegration and fibrous tissues encapsulating
PEEK cages are held responsible [24]. Ceramic implants
made of silicon nitride show better biocompatible and
osteoconductive qualities [28-34]. Therefore it is expected
that the use of silicon nitride cages decrease such compli-
cations by better fusion rates. A study design of a double
blind multi-center randomized controlled trial is presented
in this article, in which PEEK cages will be compared with
silicon nitride cages in the treatment of symptomatic de-
generative lumbar disc disorders. Primary objective is to
show that treatment with the silicon nitride cage produces
similar improvement in RMDQ at all follow-up times com-
pared to the PEEK cage. Total follow-up is 2 years. To our
knowledge, this is the first randomized controlled trial in
which the silicon nitride cage is compared with the PEEK
cage in patients with symptomatic degenerative lumbar disc
disorders.
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Abstract 

Perioperative and latent infections are leading causes of revision surgery for orthopaedic devices 

resulting in significant increased patient care, comorbidities, and attendant costs. Identifying 

biomaterial surfaces that inherently resist biofilm adhesion and bacterial expression is an 

important emerging strategy in addressing implant-related infections. This in vitro study was 

designed to compare biofilm formation on three biomaterials commonly employed in spinal 

fusion surgery – silicon nitride (Si3N4), polyetheretherketone (PEEK), and a titanium alloy 

(Ti6Al4V-ELI) – using one gram-positive and one gram-negative bacterial species. Disc samples 

from various surface treated Si3N4, PEEK, and Ti6Al4V were inoculated with 105 CFU/mm2 

Staphylococcus epidermidis (ATCC®14990™) or Escherichia coli (ATCC®25922™) and 

cultured in PBS, 7% glucose and 10% human plasma for 24 and 48 h, followed by retrieval and 

rinsing. Vortexed solutions were diluted, plated, and incubated at 37°C for 24 to 48 h. Colony 

forming units (CFU/mm2) were determined using applicable dilution factors and surface areas. A 

two-tailed, heteroscedastic Student’s t-test (95% confidence) was used to determine statistical 

significance. The various Si3N4 samples showed the most favorable bacterial resistance for both 

bacilli tested. The mechanisms for the bacteriostatic behavior of Si3N4 are likely due to 

multivariate surface effects including submicron-topography, negative charging, and chemical 

interactions which form peroxynitrite (an oxidative agent). Si3N4 is a new biomaterial with the 

apparent potential to inhibit biofilm formation. 

 Keywords:  silicon nitride; anti-infective; surface treatments; titanium; polyetheretherketone.  
*Corresponding author: Email:  BMcEntire@amedica.com; Phone: 1-801-839-3504; Fax: 1-801-
839-3605. Address:  Amedica Corporation, 1885 W. 2100 S. Salt Lake City, UT  84119. 

This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process which may lead to
differences between this version and the Version of Record. Please cite this article as an
‘Accepted Article’, doi: 10.1002/jbm.a.35987

This article is protected by copyright. All rights reserved.



2 

1. Introduction 

Perioperative and latent infections are leading causes of revision surgery for orthopaedic devices, 

with reported rates of between 2.7 and 18%.1,2 Their occurrence is distressing to both the 

recipient of the prosthesis and surgeon alike, resulting in increased patient hospitalization and 

comorbidities, with attendant health-care expenditures that can range up to 4.8 times the cost of 

the index surgery.3 Furthermore, nosocomial infections are a growing problem due to both 

patient demographics and the rising antibiotic resistance of bacteria to germicidal therapies.4–7 

To maintain or improve their quality of life, an increasing number and percentage of older 

patients are undergoing arthroplastic procedures for the spine and other total joints, leading to a 

higher incidence of prosthetic joint infections (PJI).7 Furthermore, according to a recent 

summarized report from the World Health Organization, over-prescription or excessive self-

medication of antibiotics in humans, their overuse in animals and agriculture, and a lack of new 

antibacterial compounds are increasing the number and variety of highly-virulent microbial 

strains.8 Governmental health-care organizations are grappling with both the technical and 

logistical enormity of this impending worldwide threat, as well as the financial burdens that may 

likely be incurred.9 Indeed, we are entering a new era in germicidal warfare due to both the 

declining availability and effectiveness of antibiotic remedies.  By necessity, this new era will 

have to rely on innovative alternative therapies.8 

 
One potential therapy which has garnered considerable interest is the use of biomaterials that 

possess inherent bacteriostatic properties.10,11 These materials provide physical or chemical 

barriers to surface adhesion by an individual bacterium. As indicated in Figure 1, attachment is 

the initial step in acquisition of a prosthetic joint infection.12 Attachment may be followed by 

reversion to a planktonic condition, or these pathogens can remain dormant on the surface for 

hours, days, weeks, or even years, until the biological milieu is ripe for biofilm creation.13 In 

subsequent steps, the biofilm begins to form with quorum sensing (i.e., attraction and adhesion of 

other individual bacterium to form a community), which is followed by the establishment of a 

tough extracellular polysaccharide (EPS) matrix or slime in which bacterial cell proliferation 

occurs. The entrained bacteria comprise only about 15 volume % of the biofilm while the slime 

accounts for the balance.14 The EPS is unique in that it is highly resistant to both common and 

advanced antimicrobial treatments.15 In fact, entrenched biofilms require up to 1000-times the 
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antibiotic dosage necessary to combat planktonic bacteria.10,16 Consequently, the ensuing 

inflammation typically leads to a chronic infection which can only be eliminated by revision 

surgery involving removal of the contaminated implant, debridement of affected hard and soft 

tissues, prolonged administration of local and systemic antibiotics, and replacement of the 

prosthesis only when the pathogen has been eradicated.17 Unfortunately, while this aggressive 

treatment is effective in curing the infection, it carries the risk of poorer functional results.18 

With this in mind, employing biomaterials that are resistant to initial biofilm formation are of 

increasing importance. Recent reviews have elucidated strategies for development of these types 

of antimicrobial devices.10,11,19,20 They range from active implants that elute bactericidal 

compounds (e.g., silver, zinc, copper, iodine, vancomycin, etc.) and those that possess non-

leachable contact surface biocides (e.g., chitosan, peptides, quaternary amines, and N-halamines) 

to more passive implants that rely on the material’s inherent surface chemistry or topography.10,21 

In fact, many of these passive strategies are bioinspired; they seek to mimic the antibacterial 

capabilities of mineral or organic substances found in nature.22–24 Bacteriostasis is the term often 

used to describe these passive approaches to biofilm prevention. It is defined as the capability of 

a material to metabolically interfere with bacteria to prevent its attachment, growth or 

reproduction. Note that this definition differs markedly from bactericides, which are designed to 

kill the microorganisms upon contact. Surface chemical composition, dissolution characteristics 

(i.e. corrosion), hydrophilicity, and roughness or porosity are believed to play important roles in 

bacteriostasis.25 Although there are many exceptions, general guidelines suggest that 

bacteriostatic materials are typically corrosion resistant, hydrophilic, and have a negative surface 

charge and/or chemical moieties which electrostatically or chemically repel adhesion by the 

bacterium’s pili or fimbriae.13,26 To a lesser extent, irregular surface texture is thought to promote 

bacterial attachment due to greater surface area (i.e., aspirates and depressions) for colonization. 

Machining grooves or scratches of the material surface on the order of the bacteria’s size are 

believed to encourage adhesion, although nanostructured topography has been found to have the 

opposite effect.27,28 

 
Ceramics are considered to be more effective than metals or plastics in resisting biofilm 

formation. Ceramics are generally hydrophilic, less susceptible to corrosion (i.e., bioinert), with 

many having negatively charged surfaces; and they can be polished to extremely smooth 
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finishes, all of which purportedly provide bacteriostatic benefits.13 While metals can also be 

produced to high surface finishes, they are typically less hydrophilic, are more susceptible to 

corrosion, and, depending upon composition, generally have positively-charged surfaces.29 In 

fact, some metallic implants (e.g., screws and plates) are often modified via application of a hard 

PVD ceramic coating (e.g., TiN, TiCN, etc.) in order to eliminate bacterial attachment or 

microbial influenced corrosion.25 Synthetic non-resorbable polymers (e.g., polyether-ether-

ketone, polyethylene, polyurethane, polymethylmethacrylate, etc.) can be moderately- to highly-

hydrophobic, possess a broad range of surface roughness values, and are neutrally-charged or 

have functional chemical groups which provide either positive or negative surface charge; all of 

which have been shown to either support or hinder attachment of negatively-charged bacteria.  

 
In this study, an in vitro test was developed to compare biofilm formation on three biomaterials 

commonly used in spinal fusion surgery – polyetheretherketone (PEEK), a titanium alloy 

(Ti6Al4V-ELI), and silicon nitride (Si3N4) – using gram-positive (Staphylococcus epidermidis) 

and gram-negative (Escherichia coli) bacterial species. These two microbes were selected 

because they are easily studied within the laboratory (i.e., biosafety level 1) and are among the 

common causes of PJI for their respective genus.30,31 This is a follow-up to earlier studies which 

also examined the anti-infective behavior of these three biomaterials.32,33 However, the present 

investigation was expanded to include a broad range of surface modulated Si3N4 samples.34 

Being a non-oxide ceramic, Si3N4’s surface composition can be readily altered from one that is 

rich in silicon-amines (Si-NH2) which protonate to form Si-NH3
+ at physiologic pH, to one 

consisting primarily of silanols (Si-OH) which deprotonate to form Si-O-. Its surface topography 

can also be modified from an “as-fabricated” material which has a fibrous texture to one that is 

ultra-smooth, achieved through fine grinding and polishing. Prior to conducting the in vitro 

bacterial tests, these materials were characterized for their morphological, chemical, wetting, and 

charging properties using scanning electron microscopy (SEM), white-light interferometry, X-

ray photoelectron spectroscopy (XPS), sessile drop techniques, and streaming potential 

measurements, respectively, in an attempt to assess how these properties might influence 

bacterial interaction and adhesion.   

2. Materials and Methods 

2.1. Silicon Nitride Material and Sample Preparation 
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The silicon nitride used in these studies was produced by Amedica Corporation (Salt Lake City, 

UT, USA). Details of its processing and basic properties are provided elsewhere.34,35 This 

biomaterial has a nominal composition of 90 weight % (wt.%) Si3N4, 6 wt.%  yttrium oxide 

(yttria, Y2O3), and 4 wt.% aluminum oxide (alumina, Al2O3). The Y2O3 and Al2O3 are necessary 

densification additives. During sintering, these two oxides combine with a minor amount of 

Si3N4 and with native silicon dioxide (silica, SiO2) present as a protective oxide layer on the 

Si3N4 particles to form an intergranular glassy or partially crystalline oxynitride phase commonly 

referred to as SiYAlON. Therefore, the dense bioceramic is actually a composite consisting of 

about 90 volume % (vol.%) polycrystalline Si3N4 grains and 10 vol.% SiYAlON intergranular 

glass. Although these two constituents are intricately intermixed at the micrometer scale, each 

exhibits unique surface chemistry, which in turn may affect bacterial adhesion. From this base 

silicon nitride composition, a large quantity of identical disc samples (Ø12.7 x 1mm) were 

prepared from one powder lot and separated into four groups for characterization and biological 

testing. These four groups were subjected to differing post-densification surface treatments in 

order to modify their surface chemistry or morphology, as follows:34 

 
As-fabricated Si3N4 (Af-Si3N4 or Af-SN) – The as-fabricated group consisted of samples which 

had no post-densification surface treatments. This untreated group served as a comparative 

baseline or control for the remaining three Si3N4 groups.   

 
N2-Annealed Si3N4 (N2-Si3N4 or N2-SN) – The N2-SN group of samples was subjected to a post-

densification heat-treatment in flowing N2 gas (~1.1 bar) at 1400°C for 30 min. This treatment 

had the effect of increasing the fraction of SiYAlON glass at the surface of the ceramic samples. 

 
Glazed Si3N4 (Gl-Si3N4 or Gl-SN) – To further characterize the impact that the SiYAlON phase 

might have on bacteriostatic behavior, a compositionally identical powder frit of SiYAlON was 

separately prepared and dip coated onto this group of Si3N4 discs. The frit was subsequently fired 

onto the samples in flowing N2 gas (~1.1 bar) at 1400°C for 30 min. 

 
Oxidized Si3N4 (Ox-Si3N4 or Ox-SN) – This group of samples was subjected to firing in air at 

1070°C for 7 h. This treatment resulted in an increased concentration of silanol (Si-OH) groups 

on the surface of the samples. 
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In addition to these Si3N4 samples, two dimensionally identical groups of discs were prepared 

from PEEK (ASTM D6262, Ketron®PEEK 1000, Quadrant EPP USA, Inc., Reading PA, USA 

distributed by McMaster-Carr, Santa Fe Springs, CA, USA) and a titanium alloy (ASTM F136, 

Ti6Al4V-ELI, distributed by Vincent Metals, Minneapolis, MN, USA). Although there have 

been a number of recent compositional modifications or surface enhancements to both PEEK and 

titanium,36–38 these two groups were chosen as being  representative of the two biomaterials 

traditionally utilized in spinal fusion surgery. They served as additional controls along with the 

Af-Si3N4 group. Future studies may examine selected surface-modified PEEK and titanium for 

their bacteriostatic characteristics.  

2.2. Sample Characterization Methods 

Scanning Electron Microscopy (SEM) – SEM evaluations were performed using a field emission 

gun scanning electron microscope (FEG-SEM) (Quanta, FEI, Hillsboro, OR, USA). All samples 

were sputter-coated (108auto, Cressington, Watford, UK) with a thin (≈20–30 Å) layer of gold.  

The discs were imaged using an accelerating voltage of 10 kV at working distances of 7–10 mm 

and spot sizes of 4–4.5 mm. 

 
White-Light Interferometry (WLI) – Surface morphology data were obtained using a white light 

interferometer (NewView 5000, Zygo, Middlefield, CT, USA). Data from a 0.285 mm by 0.214 

mm field of view was captured using a 20x Mirau objective lens and a 2.0 multiplier. The 

MetroPro software package (ver. 8.1.5, Zygo, Middlefield, CT, USA) was used to calculate 

roughness parameters (i.e., average, Ra, and root mean square, Rq) and generate surface 

roughness plots from the captured data. 

 
Wetting Angle Measurements – An optical comparator (2600 Series, S-T Industries, St. James, 

MN, USA) with built-in goniometer functionality was used to measure static contact angles of 

deionized water droplets having fixed volumes (VWR Signature Variable Volume Pipette, 

VWR, Radnor, PA, USA) of 25 µL. Both sides of each droplet’s projected image were 

measured, and at least eight measurements per condition were taken.  

 
Zeta Potential Measurements – Streaming potential analyses were performed using an 

electrokinetic analyzer (SurPASS, Anton-Paar USA, Ashland, VA, USA). A background 
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electrolyte of 1mM KCl which exhibited a natural pH of 5.5 was used in all experiments, which 

were divided into two runs. The first run took measurements across a pH range of 5.5–3 using 

auto-titration of 0.1M HCl solution to control pH. The second run used a new solution of 

background electrolyte for measurements across a pH range of 5.5–10 and auto-titration of 0.1M 

NaOH solution to control pH. Each run contained two material samples. Observed streaming 

potentials were converted to zeta (ζ) potentials using the Helmholz-Smoluchowski equation 39. 

 
X-ray Photoelectron Spectroscopy (XPS) – A spectrometer (Axis Ultra, Kratos, Manchester, 

UK) was employed with an Al-kα monochromatic X-ray source to determine the elemental 

surface chemistry of each group of discs. Low resolution spectrum scans were conducted using a 

pass energy of 160 eV, with a compositional resolution of approximately 0.1 atomic percent 

(at.%). High resolution scans bracketing peaks of interest (which were expected to improve the 

compositional resolution to approximately 0.01 at.%.) were conducted using a pass energy of 40 

eV. The analysis area was set to the spectrometer’s maximum (700 µm x 300 µm) in order to 

average differences between the composition within grains and the intergranular phase. Data 

obtained were processed using commercially-available software (CasaXPS, Casa Software Ltd., 

UK). Usage of a low energy electron source and application of ultra-high vacuum-rated colloidal 

silver (Ted Pella, Inc., Redding, CA, USA) to the contact points between the samples and the 

fixture were employed to mitigate charging effects. Following argon sputtering to remove 

adsorbed surface contaminants, all reported data were obtained at a beam energy of 4.2 keV, a 

gun angle with respect to each sample of 45°, a raster area of 3 mm2, and a sample current of 

approximately 2 µA. 

2.3. Bacterial Adhesion and Proliferation Testing 

Sample Cleaning and Sterilization – After preparation, treatment, and characterization of the 

various Si3N4, PEEK, and Ti6Al4V discs, all samples were sequentially ultrasonically cleaned in 

ethanol and deionized water for 5 mins each (Branson Ultrasonics, Danbury, CT, USA). They 

were then UV-C sterilized (254 nm, Phillips, Denver, CO, USA) for 30 mins. A one hour waiting 

period was observed after sterilization to allow the surfaces to equilibrate, especially on titanium, 

as UV exposure has been shown to increase surface free radicals within the protective oxide 

layer on titanium.40 
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Bacterial Media Preparation and Inoculation – The medium employed in the bacterial 

experiments was designed to simulate physiologic fluids, without the presence of cells.  

Phosphate buffered saline (PBS) was used to mimic blood ion concentrations; 7% glucose was 

added as an energy source and 10% human plasma was included as a source of proteins.  

Inclusion of proteins was essential because they reportedly immediately coat the implant’s 

surface and therefore can influence bacterial attachment.41 Separate media were inoculated with 

one colony of either Escherichia coli (E. coli, ATCC®25922™) or Staphylococcus epidermidis 

(S. epidermidis, ATCC®14990™) and cultured on a shaking incubator (Southwest Science, 

Hamilton, NJ, USA) at 37°C and 175 rpm for 24 h until a concentration of 105 cells/mL of 

growth had been achieved. Then, each disc was inoculated with the bacterial solution within 

individual well plates. The well plates were subsequently placed on the shaking incubator for 24 

h or 48 h at 37°C and 120 rpm. All 48 h coupons underwent a media refresh at 24 h (7 mL) to 

eliminate the possibility of nutrient insufficiency affecting the results. 

 
Bacterial Extraction, Plating, and Counting – Samples were removed at either 24 h or 48 h and 

rinsed with 5 mL of PBS in a fresh well plate on the shaking incubator for 2 mins at 120 rpm. 

Samples were subsequently gently dip-rinsed in PBS to remove planktonic bacteria and placed in 

a 50 mL centrifuge tube along with 10 mL of fresh PBS, which was followed by vigorous 

vortexing for 2 mins. The bacterial solution was serially diluted as necessary (i.e., 1/10x, 1/100x, 

1/1,000x, and 1/10,000x) and plated onto Petrifilm™ (6400/6406/6442 Aerobic Count Plates, 

3M, Minneapolis, MN, USA). The Petrifilm™ was incubated at 37°C (10-180 E, QuincyLab, 

Inc., Chicago, IL, USA) for 24 and 48 h in stacks of less than 20 films. At the end of each period, 

the number of colonies on each Petrifilm™ was counted and recorded. The results were 

multiplied by applicable dilution factors and divided by surface area to determine the average 

colony forming units per square millimeter (CFU/mm2). A two-tailed, heteroscedastic Student’s 

t-test (95% confidence) was used to determine statistical significance. 

3. Results 

3.1. Surface Topography 
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Provided in Figure 2 are SEM images of the various treated Si3N4 samples along with PEEK and 

Ti6Al4V. The as-fabricated Si3N4 of Figure 2(a) exhibited a typical acicular grain structure 

consisting of protruding anisotropic hexagonal ß-Si3N4 grains within an oxide intergranular 

matrix, having prismatic dimensions of ~0.2 to 2.0 µm in cross-section by  ≤ 10 µm in length. 

Note that many of these grains extend well above the nominal material surface. The N2-annealed 

Si3N4 (Figure 2(b)) had a similar acicular structure; but it was interspersed with islands of 

SiYAlON (i.e., the lighter contrasting phase). These islands have higher concentrations of the 

Al2O3 and Y2O3 sintering aids intermixed within an oxynitride glass. Figure 2(c) shows the 

morphology of the SiYAlON coating onto the as-fabricated base Si3N4. In this instance, the 

SiYAlON is highly porous, and appears to be a combination of both vitreous and crystalline 

phases. The oxidized Si3N4 surface shown in Figure 2(d) has similar morphology to the as-

fabricated base material. However, closer inspection reveals the presence of an amorphous 

second phase (assumed to be the oxide layer) covering each individual grain and spanning 

between grains. Finally, shown in Figure 2(e) and (f) are photographs of machined PEEK and 

Ti6Al4V, respectively. In contrast to the Si3N4 samples, which had roughness at the micron- and 

submicron-scales, the topographies of the PEEK and Ti-alloy specimens were much larger and 

characteristic of typically machined surfaces. In both instances, their macro-surface roughness 

was generated by an identical tool path during machining. The surface roughness values of the 

various samples, as measured by white light interferometry, are provided in Table 1. The data are 

arranged in descending order of average roughness. For reference purposes, a polished-Si3N4 

sample was also characterized and included in Table 1, demonstrating that an ultra-smooth 

surface can be achieved for this dense bioceramic. 

 
Shown in Figure 3(a)~(f) are oblique topographical plots for each material from the white-light 

interferometer. These quantitative results confirm the qualitative observations provided in Figure 

2(a)~(f). At the micron- and submicron-levels, the Si3N4 samples generally had the highest 

surface roughness values whereas the Ti-alloy was the smoothest. The PEEK material is an 

obvious exception. Its high apparent roughness is due to fewer features (of larger size), which 

were likely due to brittle fracture and shear occurring during the machining process (~10 to 20 

µm, cf., Figure 2(e) and Figure 3(a)) when compared with either the Si3N4 or Ti-alloy samples.  
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In contrast, the Ti-alloy had a uniform repetitive pattern to its surface, consistent with a strain-

hardening chip removal process. 

3.2. Zeta-Potential 

Provided in Figure 4 are the results of streaming potential measurements converted to zeta-

potentials (ζ) for the various Si3N4 samples as a function of pH. Isoelectric points (IEP) 

determined from these curves provided values of 4.6, 4.5, and 3.1 for the N2-SN, Af-SN, and Ox-

SN samples, respectively. ζ-potential curves for PEEK and the Ti-alloy are also shown in the 

graph, but these data were adapted from previous publications utilizing the same streaming 

potential measurement technique and background electrolyte.42,43 Their IEP values were 3.9 and 

4.4, respectively. Perhaps more interesting are the ζ-potentials exhibited by these various 

materials at homeostatic pH (i.e., ~7.4). These results indicate that the Ox-SN sample had the 

largest negative charge (-70 mV), followed by N2-SN (-65 mV), PEEK (extrapolated to -50 mV 

using non-linear regression analysis), Af-SN (-45 mV), and the Ti-alloy (-15 mV). 

3.3. Wettability and Water Contact Angle  

Representative photos of deionized water contact angles for the various Si3N4, PEEK, and Ti-

alloy samples are shown in Figure 5(a)~(f).  As expected, PEEK was the least hydrophilic 

material and had the poorest wettability, with a contact angle of 86 ± 4°. This was followed by 

the Ti-alloy, and Af-SN samples at 71 ± 5° and 66 ± 12°, respectively. However, it should be 

noted that prior work demonstrated that the apparent high contact angle for the Af-SN sample 

actually decreases to 30 ± 9° after 30 mins of exposure due to heterogeneous wetting (i.e., air 

entrapment) of the micro-rough surface.34,44 The three Si3N4 treatment conditions resulted in 

remarkable improvements in hydrophilicity, with contact angles of 28 ± 14°, 9 ± 2°, and 8 ± 1°, 

for the Gl-SN, N2-SN, and Ox-SN samples, respectively. 

3.4. X-Ray Photoelectron Spectroscopy 

Results of the surface chemical analyses using XPS are provided in Table 2 for the various Si3N4 

samples. The theoretical bulk composition is also listed. Of particular note is the significant 

amount of oxygen present on all of the treated samples (i.e., from 19 at.% to 61 at.%). A 

protective oxide surface layer was a natural consequence of the material’s exposure to ambient 
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air (cf., Table 2, Af-SN and N2-SN); but this oxide coating was greatly enhanced using the 

glazing and oxidizing treatment conditions. Trends can also be noted for nitrogen, yttrium, and 

aluminum, with the Af-SN and N2-SN samples containing the highest amounts of N, and the Gl-

SN sample possessing the largest quantities of yttrium and aluminum. Specific moieties, 

including Si-NH3
+, Y-OH2

+, and Al-OH2
+ intermixed with the predominant Si-O- groups, form 

from the reaction of the surface with biological fluids at physiologic pH and engender the surface 

with a zwitterionic-like character. As will be discussed later, these specific surface chemistry 

changes may have an impact on the material’s bacteriostatic capabilities. The elemental XPS 

results from the PEEK and Ti-alloy (not shown) were as expected.  Their surface compositions 

consisted principally of C and O, and oxides of Ti, Al, and V, respectively. 

3.5. Biofilm Formation 

Bacterial attachment and proliferation results at 24 h and 48 h for gram-positive S. epidermidis 

and gram-negative E. coli are given in Figures 6 and 7, respectively. Both microbial species 

showed similar biofilm forming trends. In general, the highest density of CFUs was always 

found on the PEEK biomaterial, followed by the Ti-alloy and then the various Si3N4 substrates.   

 

For S. epidermidis at 24 h, biofilm growth on PEEK was about three orders of magnitude greater 

than on the Ti-alloy or any Si3N4 material (all p<0.005). Ti6Al4V also had more bacteria than the 

Si3N4 samples, but was only significant for as-fired and nitrogen annealed treatments (i.e., p-

values 0.048 and 0.035, respectively). There were no significant differences between any of the 

Si3N4 conditions at 24 h. Similar trends and statistical significance for S. epidermidis were also 

observed at 48 h. However, it was noted that the average S. epidermidis CFU/mm2 values were 

lower at 48 h than at 24 h (cf., Figure 6). While this observation may seem contradictory, it was 

primarily the result of the chosen experimental protocol. The 24 h and 48 h data were derived 

from independent experiments and not the result of an extraction of samples from the same 

continuous experiment. Consequently, the observed CFU counts were subject to minor variations 

in the initial bacterium concentration and in the biogenic growth medium. In fact, comparing 24 

h and 48 h results for individual materials presented no statistical differences.  
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For E. coli, biofilm formation on PEEK was significantly greater (p<0.05) than all other 

materials at both 24 and 48 h. Bacterial growth on Ti6Al4V was also statistically greater 

(p<0.05) than all Si3N4 conditions, with the possible exception of nitrogen annealed Si3N4 (p = 

0.06).  By 48 h, PEEK remained two orders of magnitude above the Ti-alloy, and 2.5-3 orders of 

magnitude greater than all of the Si3N4 conditions (p<0.05); and Ti6Al4V was also significantly 

greater than all of the Si3N4 treatments at 48 h (p<0.05). 

4. Discussion 

In this study, a series of surface-modulated Si3N4 samples was prepared and extensively 

characterized prior to in vitro exposure to two common nosocomial bacterial strains in an attempt 

to gain an improved understanding of the surface parameters that may affect biofilm formation. 

Attachment of bacteria to biomaterial surfaces is complex, and correlations to single parameters 

are often difficult to assess.13 Indeed, the literature is resplendent with in vitro studies that are 

inconsistent, inconclusive, and even contradictory.11,21 Furthermore, while standard tests exist for 

assessing the bactericidal effectiveness of compounds,45–47 none currently exist for generally 

determining a biomaterial’s natural resistance to a range of biofilm forming microbes. 

Consequently, a multivariate approach is often necessary because microbial adhesion is not only 

related to the bacterial strain itself, but can also be affected by the biomaterial’s surface 

topography, charging, wetting behavior, chemistry, and the in vivo environment (e.g., serum 

proteins, nutrients, and fluid-flow conditions). 

4.1. Surface Topography 

A biomaterial’s surface topography is generally considered to be an important parameter in 

biofilm formation. Features such as crevices, asperities, voids, or porosity on the order of the size 

of the bacteria are believed to provide shelter against biological fluid flow (i.e., shear) and 

phagocytes.13,48 In contrast to the size of eukaryotic cells which have typical diameters of 

between 10 µm and 100 µm, bacteria are miniscule, with cell dimensions of about 0.2 µm in 

diameter x 2-8 µm length. These prokaryotic cells are more rigid than their mammalian 

counterparts, so it stands to reason that their initial adhesion to a biomaterial’s surface may be 

different, and likely affected by topographical features. A generally-held axiom is that smoother, 

porosity free surfaces have fewer topographical defects where bacterial adhesins can take hold 
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and cells can colonize. 21 This apparent truism has been validated by a number of researchers.  

For instance, Scheuerman et al. demonstrated enhanced adhesion of P. aeruginosa and P. 

fluorescens on micro-roughened silicon coupons.49 Separate extensive reviews by Teughels et al.  

and Quirynen et al. showed that adherence of most strains of oral bacteria are strongly correlated 

to the surface roughness of implanted dental appliances.50,51 In a more recent orthopaedic study, 

Yoda et al. tested five different metallic and ceramic biomaterials with a range of surface 

roughness values that varied between 2.1x to 4.0x. The rougher materials resulted in significantly 

greater adhesion and proliferation of S. epidermidis.52 In contrast, the results of the present study, 

which included a similarly broad range of roughness values, appear to contradict the findings of 

these earlier researchers. Indeed, the Si3N4 samples had Ra values ranging from 509 to 785 nm, 

whereas the PEEK and Ti-alloy materials were conspicuously different at 819 and 377 nm, 

respectively. If high average surface roughness was the sole determinant of bacterial adhesion, 

then the Ti-alloy should have had the lowest amount of biofilm; the highest amount should have 

been observed on PEEK and all of the Si3N4 samples (cf., Table 1, Figures 3, 6, and 7). Clearly, 

this was not the case; the PEEK and Ti-alloy showed the largest amount of biofilm formation for 

both bacterial species. However, average roughness may not be the appropriate measure. A close 

comparison of Figures 2 and 3 demonstrates that there are inherent differences in feature sizes 

between the Si3N4 materials and either the Ti-alloy or PEEK. The latter two materials have 

regular (i.e., machined) features that are at least an order of magnitude larger than are the 

submicron- and nano-sized structures found on the Si3N4 surfaces. Studies have demonstrated 

that slight differences between nano-rough and nano-smooth surfaces may be important in 

limiting initial adhesion, with the former surface preventing attachment.21 It has also been 

suggested that there may be an optimal feature size that either promotes or inhibits bacterial 

adhesion. Surfaces with roughness values in the plus-micrometer or in the low-nanometer ranges 

showed increased bacteria attachment in contrast to sub-micrometer roughness.53 In a recent 

report, Xu et al. found that S. epidermidis biofilm formation was minimized by creating a regular 

array of submicron-sized pillars on hydrophobic polyurethane.28 Then, in a subsequent paper, 

they fashioned a larger micron-sized array of the same pillars, and plasma treated the 

polyurethane surface to improve its hydrophilicity. In this later case, S. epidermidis adhesion was 

found to be dependent upon the size of the textured pattern; submicron patterns reduced 

adhesion, whereas micron-sized arrays resulted in the opposite effect.54 Other researchers have 
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demonstrated similar results on different materials.  Puckett et al. found that nano-rough titanium 

surfaces are more effective in repelling microbial adhesion than nano-smooth materials of the 

same composition.55 In fact, these recent efforts have mimicked surfaces found in the natural 

world, such as the wings of the common cicada (insect) or the leaves of the lotus plant, both of 

which have intrinsic antibacterial properties due to nano-rough pillar-like patterns on their 

respective surfaces.11,24,56,57 Due to multivariate effects, it is impossible to suggest that surface 

roughness is the sole determinant of the observed differences in microbial attachment between 

PEEK, Ti6Al4V, and the Si3N4 surfaces of the present study. However, it undoubtedly has a role, 

although its precise contributions cannot be quantitatively assessed. 

4.2. Surface Charge and Wetting Behavior 

As indicated in Figure 1, bacterial adhesion to biomaterials consists of the initial attraction of the 

microbial species to the surface (Step 1) followed by adsorption and attachment (Step 2). In their 

planktonic state, their motility is affected by various physical and electrokinetic forces, including 

Brownian motion, van der Waals attraction, Columbic attraction or repulsion, and even 

gravity.13,58 Several analytical models have been developed to explain their movement and 

attachment mechanisms, the most advanced of which is the Extended DLVO theory.48,59,60 

Within the biological medium, it accounts for electrokinetic interactions of individually 

dispersed bacterium and the prosthetic surface including surface roughness, hydrophilic, and 

hydrophobic effects. As a bacterium approaches the surface, it is either electrostatically attracted 

or repulsed based on the net effect of its surface charge and that of the biomaterial. While surface 

chemistry of individual bacterial species varies, all are heterogeneous combinations of 

positively-, neutrally-, or negatively-charged moieties. Their predominant surface groups include 

amines (R-NH3
+), phosphates (R-PO4

2-), hydroxyls (R-O-), and carboxylates (R-COO-).61 Most 

bacterial genera have an overall negative surface charge which provides them with their 

electrophoretic mobility.  Yet, given that many biomaterial surfaces are also negatively charged 

at homeostatic pH, a double-layer electrostatic repulsion is thought to prevent immediate 

attachment.62 The extended-DLVO theory has been extensively used to model bacilli movement 

and attachment.21 It is generally observed that highly hydrophilic biomaterial surfaces possessing 

large negative zeta-potentials are less prone to bacterial attachment and biofilm formation.13 As 

an example, in their study of metal oxide and glass surfaces, Li et al. found that the measurement 
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of only two parameters, wetting behavior and zeta-potential, were needed to predict differences 

in adhesion among eight different microbial strains.29 Separately, Harkes, et al. studied the 

adhesion of three strains of E. coli on polymethacrylates of differing surface charges and 

hydrophobicities under laminar flow conditions.63 They uniformly observed fewer bacteria on 

substrates with larger negative zeta-potentials, suggesting that the magnitude of the charge 

difference prevented the microbes from contacting the biomaterial’s surface. They also found 

that substrates with large negative zeta-potentials also had improved wetting behavior.  Such a 

result is not uncommon because charging and wettability are both directly related to the chemical 

moieties present at the surface. On the one hand, the biomaterial’s crystal structure, lattice 

defects, broken surface bonds, and the ionization of attached functional groups determines its 

charge. On the other hand, it is dissociation or protonation of carboxyl, phosphate, and amino 

groups on cell membranes that govern the surface charge of most bacteria.60 A number of studies 

have established that pathogen adhesion correlates with surface hydrophobicity, and in turn, poor 

wetting behavior is the primary etiology for biofilm formation.64 While there are exceptions, 

microbial cell attachment is predominately impeded when the bacterial membrane and 

biomaterial surface both possess negative charges.13 Furthermore, it is commonly observed that 

bacteria with hydrophobic properties prefer hydrophobic biomaterials, while hydrophilic bacilli 

prefer hydrophilic surfaces.13,38 In any event, upon implantation of an abiotic biomaterial, a 

competition between bacteria, serum proteins, and eukaryotic cells ensues, known as a “race to 

the surface.”65 If the surface is hydrophilic and highly hydrated (i.e., adsorbed water) or 

hydroxylated (i.e., chemically bound water), then it may be energetically unfavorable for bacteria 

to gain a foothold. Conversely, no such adhesion barriers exist for hydrophobic surfaces. The 

results of the present study tend to support these general observations. In considering the 

combined effects of zeta-potential and wetting, the Si3N4 samples had both the charging and 

hydrophilicity characteristics to hinder bacterial attachment. For instance, the Ox-Si3N4 samples 

had the overall lowest bacterial adhesion after 48 h incubation for both S. epidermidis and E. 

coli, the largest negative ζ-potential (≈-70 mV) at homeostatic pH, and the lowest measured 

wetting angle (8 ± 1°). The other Si3N4 samples also had relatively large negative ζ-potentials (≈-

50 mV) and advantageous hydrophilicity (< 60°). Conversely, the PEEK and Ti-alloy had ζ-

potentials and wetting angles of ~50 mV and 86 ± 4°, and -15 mV and 71 ± 5°, respectively. 

Although the ζ-potential for PEEK appears to be comparable to the Si3N4 samples, the 
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mechanism for PEEK charging is completely different from that of the inorganic ceramic and 

metal samples. While inorganic materials become charged in aqueous environments due 

primarily to acid-base interactions between fixed (non-adsorbed) surface sites and the medium, 

PEEK’s charge is solely due to adsorption of ions from solution. Consequently, unlike inorganic 

substances, its ζ-potential is determined primarily by its surface area and the relative 

concentrations of adsorbed species, with a rougher surface unduly increasing its apparent value.66 

Additionally, the biologic medium contains a much different and more concentrated ionic 

composition than the 1 mM KCl solution used in conducting the streaming potential 

experiments. While the inorganic materials are expected to exhibit lower magnitude zeta 

potentials in higher ionic strength media, their general behavior as a function of pH (relative to 

one another) is expected to remain comparatively constant. Since PEEK’s charging behavior is 

dictated by the medium’s ionic composition and ion adsorption, the reported data from a 1 mM 

KCl in vitro test is neither representative of the actual in vivo medium, nor is it comparable to the 

behavior of inorganic materials within the same medium. Consequently, even though the in vitro 

ζ-potential for PEEK is included in Figure 4 for reference, its in vivo value is expected to be 

neutral to less than 10 mV, similar to other untreated polymeric materials.66,67 In summary, the 

results of this study for surface charging, hydrophilic behavior, and associated biofilm formation 

are consistent with previous research involving these and similar biomaterials.29,32,33,68 They 

support the concept that highly hydrophilic surfaces with large negative ζ-potentials preclude 

microorganism attachment. It is therefore believed that these two surface properties strongly 

contributed to the bacteriostatic effectiveness of the Si3N4 materials in comparison to the PEEK 

and Ti-alloy. Nevertheless, their relative contributions have to be considered as part of a 

multivariate solution, because bacteria are more capable than simple colloidal particles in 

overcoming electrostatic and surface energy effects. Their living nature, motility, and functional 

extremities (capsule, fimbriae, and pili) which serve as adhesins, can defeat repulsive abiotic 

material barriers.69,70 

4.3. Surface Chemistry 

Beyond electrostatic and hydrophilic effects, a biomaterial’s functional surface chemistry can 

also be effective in preventing biofilm formation. For instance, polymer coatings containing 

primary through quaternary amines (e.g., chitosan, peptides, N-halamines) have been shown to 
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be contact biocides.71 Although their exact mechanisms are still subject to debate, the rapid 

electrostatically-driven binding of bacteria to these polycationic compounds appears to impair 

the bacterium’s outer cell membrane and increase its permeability, which leads to leakage of 

cytoplasmic constituents, the downregulation of cell metabolism, and eventual lysis.72–74 The 

mechanism in N-halamines is slightly different but with the same end result; their antimicrobial 

action is due to the slow release of cationic oxidative halogen species (e.g., Cl+, Br+) which, upon 

direct contact with bacteria, inactivates their cellular functions leading to eventual death.71  

Although the effectiveness of these types of materials increases with their functional group 

concentration, they are still only considered to be bacteriostatic, not bactericidal, because 

extended contact times are generally required to kill the adsorbed microbes.72,73 Conversely, 

biomaterials coated or impregnated with elutable biocides (e.g., silver, zinc, copper, iodine, nitric 

oxide, or synthetic antibiotics) are strongly bactericidal,10 with similar lytic mechanisms 

involving disruption of cell membranes, leakage of constituents, and reduced metabolic activity.  

On the one hand, the use of silver compounds has been shown to be highly effective in 

preventing biofilm formation; but concerns remain about argyria and potential hepatoxicity, with 

long-term effects on mammalian cells remaining unknown.2,10 On the other hand, nitric oxide 

releasing surfaces were equally bactericidal, and were actually shown to improve the 

biocompatibility of implanted medical devices.75 Nevertheless, the lasting effectiveness of 

elution-based bactericidal surfaces is questioned. The gradual loss of their functional elements 

obviously diminishes their antimicrobial usefulness over time. However, the placement of 

specific chemical moieties at the surface of a biomaterial (either as a coating, or inherently as 

part of the monolithic implant) represents an important strategy in regulating the attachment of 

bacteria on substrates and their growth into biofilms. 

 
In this regard, the Si3N4 samples utilized in the present study cannot be considered wholly 

bioinert. Indeed, unlike the PEEK and Ti6Al4V materials, the chemistry of Si3N4’s surface is 

bioactive. Not only can its surface be broadly modulated – from one that is principally silicon 

dioxide (SiO2) to one that has high concentrations of silicon-amines (Si-NH2), and/or a silicon-

yttrium-aluminum-oxynitride glass (SiYAlON) – but it also exhibits a certain degree of surface 

solubility.76–80 As demonstrated in Figures 4 and 5 and as documented in Table 2, chemical 

modulation of its surface results in significant alterations to its electrokinetic and wetting 
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behavior, respectively. Note in particular that higher surface concentrations of oxygen led to a 

large negative surface charge and improved wettability consistent with the formation of a thicker 

silica-like layer (cf., Ox-SN in Table 2 and Figures 4 and 5). In a recent study, Katsikogianni and 

Missirlis found that hydroxyl-based (i.e., OH-terminated) glass was highly effective in 

preventing adhesion of S. epidermidis; they attributed their findings to the mutually repulsive 

electrochemistry of the bacteria and the glass surface.59 The present study appears to corroborate 

their results because the oxidized silicon nitride surface (i.e., Ox-SN) had among the lowest CFU 

counts at both 24 and 48 h for the two studied pathogens (cf., Figures 6 and 7). 

 
Similarly, improved wetting, large negative charging, and reduced biofilm formation was also 

achieved through increased amounts of SiYAlON glass at the surface (cf., N2-SN and Gl-SN in 

Table 2, and Figures 4-7). Hydrophilicity and charging undoubtedly had a role in the reduction 

of these bacilli, but inclusion of specific positively charged surface functional groups (e.g., Si-

NH3
+, Y-OH2

+, and Al-OH2
+) intermixed with the predominately negative Si-O- charges 

provided the surface with zwitterionic-like characteristics. It is believed that this unique 

chemistry aided in inhibiting bacterial attachment as well. In fact, other researchers have 

demonstrated similar anti-infective behavior with zwitterionic surfaces. For instance, Izquierdo-

Barba et al. examined the resistance of mesoporous silica surfaces to Escherichia coli adhesion 

after the surfaces had been functionalized with –NH3
+/-COO- or NH3

+/-SiO- moieties. Their in 

vitro results demonstrated that the presence of both positive and negative charges led to reduced 

E. coli attachment.81 In a separate study, Kyomoto et al., grafted a polyzwitterionic coating 

composed of poly(2-methacryloyloxyethyl phosphoryl-choline) onto vitamin E-blended highly 

cross-linked polyethylene and tested this surface for adhesion by two virulent gram-positive 

Staphylococcus aureus strains. They found a 100-fold reduction in adhesion due to the mixed-

charge character of the grafted polymer.67 Finally, in a separate comprehensive review, Schlenoff 

remarked that these synthetic zwitterionic surfaces are in fact bioinspired; they seek to replicate 

the anti-fouling behavior observed for many marine organisms.82 Consequently, the engineered 

modulation of Si3N4’s surface is believed to have had a role in hindering attachment of S. 

epidermidis and E. coli in the present study.   

 
In addition to surface charge and wetting considerations, it has also been recently demonstrated 

that surface dissolution of Si3N4 also impacts bacterial adhesion and biofilm formation.83 In the 
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presence of moisture, there is a diffusion-limited thermodynamic driving force to convert silicon 

nitride to silicic acid (Si(OH)4) and ammonia (NH3) as indicated in Equation (1) below: 

 

34243 4)(312 NHOHSiOHNSi +→+   ∆G 298°K = -565 kJ/mol (1) 

 
The release of NH3 from the Si3N4 surface not only increases the local pH to ≈8.5, which 

deleteriously affects bacteria adhesion,69 but it also affects their metabolism in a manner similar 

to the elution of nitric oxide (NO) from xerogel polymers.83 Charville et al., demonstrated this in 

a study which examined the effect of NO release from fibrinogen-mediated xerogel coated glass 

slides on the adhesion of S. aureus, S. epidermidis, and E. coli.84 At a NO flux of 30 pmol cm-2 s-

1, they found bacterial surface coverage reductions of 96%, 48% and 88%, respectively. The 

inhibitory mechanism was reportedly due to formation of peroxynitrite (ONOO-), a highly 

reactive species, which penetrated the cells’ lipid membranes resulting in leakage and causing 

irreparable damage to their metabolic respiration reactions and DNA.85 Similarly, in a recent 

Raman spectroscopy study, Pezzotti, et al. monitored in situ the metabolic activity of 

Porphyromonas gingivalis inoculated onto various Si3N4 surfaces over a period of six days. 

Their results and the mechanism were consistent with the early study by Charville et al. for NO 

emitting xerogels. Pezzotti et al. concluded that the lytic activity was principally due to the 

formation of peroxynitrite. Its presence resulted in degradation of the cell membrane, alteration 

of internal protein structures, and interference with DNA and RNA metabolism.83   

 
To summarize this section, it is believed that the surface chemistry of Si3N4 had a profound 

impact on the adhesion of the two nosocomial bacteria of this study. In keeping with the 

multivariate concept, modulation of the surface was shown to effect charging and wettability, 

both of which correlated with reduced pathogen adherence. In addition, it is further hypothesized 

that surface dissolution of Si3N4 generated ammonia and the concomitant formation of 

peroxynitrite. These reaction products resulted in a local increase in pH which inhibited bacterial 

adhesion and disrupted their cellular metabolic activity, respectively. 

4.4. Proteins 

At the onset, it was elected to include human plasma in this in vitro study because protein 

adsorption onto biomaterial surfaces can mediate the approach and adhesion of both prokaryotic 
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and eukaryotic cells by preconditioning the surface. Although these experiments did not 

specifically examine the effect of proteins on bacterial attachment, the following discussion is 

provided as a reasonable interpretation of their potential effect on the results. Future studies will 

seek to quantify the impact of proteins on biofilm formation.  

 
Human plasma may contain upwards of 40,000 unique proteins of which only about 1,000 have 

been cataloged.41,86 Six abundant molecules account for 85% of its mass with an additional 

fourteen proteins comprising another 13%.87 Those of pathological importance include albumin 

(55 to 70 wt.%), fibrinogen (≈7 wt.%), fibrin, fibronectin, laminin, and collagen.86,88 Following 

hydration in a biological fluid, proteins are the first molecules to attach to an abiotic surface. 

This typically occurs within microseconds of implantation.41 In accordance with the Vroman 

Effect, the first proteins are typically those that are plentiful and small (e.g., albumin, 

immunoglobulins, and fibrin). Then, over time, these smaller proteins are replaced by larger 

molecules that have a higher affinity to the particular surface.68 Although protein attraction and 

adhesion are largely concentration dependent, all are also subject to the same electrokinetic 

forces that affect bacteria, including ionic or electrostatic and hydrophobic-hydrophilic 

interactions. The Extended DLVO theory is equally applicable to both proteins and bacteria. 

Extensive studies have shown that hydrophilic, highly hydrated (e.g., those with hydroxyl 

functional groups), and negatively charged surfaces are not only resistant to bacterial attachment, 

but also resistant to protein adsorption.41 Although proteins have amphiphilic functional groups 

capable of adsorbing onto either hydrophilic or hydrophobic surfaces, the energetics of surface 

dehydration may hinder actual adsorption from occurring on hydrogen bonded or hydroxylated 

materials. Therefore, water plays a key role in protein attachment. A number of wetting behavior 

studies have shown that there is an apparent pivot point in adsorption with a paucity of proteins 

found on surfaces having water contact angles of less than about 65°.41 With regards to specific 

proteins, albumin (i.e., the most abundant plasma molecule) reportedly improves the 

hydrophilicity of material surfaces, and also shows inhibitory tendencies toward bacterial 

attachment on most polymer, ceramic, and metal surfaces.13,69 Conversely, fibrinogen or 

fibronectin are thought to facilitate adhesion of bacteria through specific ligand-receptor 

interactions,64,69 although their ability to mediate bacterial attachment remains controversial, 

particularly for bacteria of the staphylococci genus.14 In the previously cited study on the use of 
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elutable nitric oxide, fibrinogen’s ligand-receptor function was downregulated by NO, which led 

to its inability to facilitate binding of S. aureus and S. epidermidis.84 Given these specific 

research findings, it is likely that there was minimal adsorption of plasma proteins onto the Si3N4 

samples of the present study. This is thought to be primarily due to the large negative charge 

present at the Si3N4 surfaces along with their enhanced hydrophilicity. The localized increase in 

pH and formation of peroxynitrite via elution of silicic acid and ammonia may also have affected 

protein adsorption as well. In addition, albumin, because of its high plasma concentration, would 

likely have been the dominant adsorbate, leading to a further improvement in hydrophilicity of 

the Si3N4 surfaces. Therefore, it is altogether plausible that these combined effects would have 

further inhibited the adhesion of the two pathogens utilized in the present study. Future work will 

seek to better understand and quantify the roles of specific proteins on bacterial adhesion and 

biofilm formation for the various Si3N4 materials. 

5. Conclusions 

The present study investigated phenomenological differences for adhesion and biofilm formation 

of two nosocomial bacteria – S. epidermidis and E. coli – on three biomaterials routinely 

employed as intervertebral spacers in spinal fusion surgery – Si3N4, Ti6Al4V, and PEEK. 

Several surface modulated variants of Si3N4 were concurrently tested. The results demonstrated 

substantial differences in bacterial attachment and proliferation for both gram-positive S 

epidermidis and gram-negative E coli. Similar statistically significant trends were observed using 

both bacilli for incubation periods of 24 and 48 h. Biofilm formation was found to be the greatest 

on PEEK, followed by the Ti-alloy, and then the various Si3N4 treated surfaces. In particular, the 

amount of biofilm on the PEEK biomaterial remained approximately two orders of magnitude 

greater than Ti6Al4V, and 2.5 to 3 orders of magnitude above all of the Si3N4 variants at 48 h.  

Although detailed mechanistic studies were not a part of the present experiments (i.e., they are 

planned for the future), it is believed that multivariate effects resulted in the improved 

bacteriostasis behavior for the Si3N4 biomaterials. These effects included:  (1) A submicron- 

nano-scale surface topography present on all of the Si3N4 samples in contrast to the micron-

rough surfaces on the PEEK and Ti-alloy biomaterials; (2) Significantly larger negative surface 

charging for the Si3N4 samples in comparison to either PEEK or Ti6Al4V; (3) Improved wetting 

behavior for all of the Si3N4 materials when compared to PEEK and the Ti-alloy; and (4) 
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Bioactive surfaces for the various Si3N4 samples, some of which exhibited zwitterionic-like 

character, while all eluted minute amounts of silicic acid and ammonia. With respect to the 

release of ammonia, a parallel dental bacteria study demonstrated that its elution from Si3N4 

generated peroxynitrite, which in turn penetrated the pathogen and downregulated its cellular 

metabolism. In contrast, the PEEK and Ti6Al4V biomaterials were found to be essentially 

bioinert. Future studies will seek to: (1) Clarify the roles of these various mechanisms in 

suppressing bacterial adhesion and biofilm production; (2) Specifically examine the effects of 

protein adsorption on bacterial attachment; and (3) Test the bacteriostatic effectiveness of the 

various Si3N4 modulated surfaces over longer time intervals.  

 

In summary, given the international threat associated with the impending ineffectiveness and 

critical shortages of new antibiotic therapies, identifying biomaterials that inherently or naturally 

resist biofilm formation and bacterial expression is an important strategy in addressing implant-

related infections. Biomaterials, such as Si3N4, which possess multivariate bacteriostatic 

properties may provide clinicians and patients alike with a new effective remedy against an ever-

increasing number of virulent microbial strains. 
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Figure Captions 
 
Figure 1 – Sequential life events for a bacterial biofilm: (I) Initial attachment of planktonic 

bacteria to a surface; (II-III) Quorum sensing and establishment of a community; (IV) Formation 

of an extracellular polysaccharide membrane, internal proliferation, and maintenance; and (V) 

Release and dispersion of planktonic bacteria back into the environment.  Steps 1-5 are areas 

where strategies for interrupting the processes involved with bacterial biofilm formation can be 

implemented.  (Illustration courtesy of Ref. 12, Reprinted with permission.) 

 

Figure 2 – SEM photographs of:  (a) Af-Si3N4, (b) N2-Si3N4, (c) Gl-Si3N4, (d) Ox-Si3N4, (e) 

PEEK, and (f) Ti6Al4V. 

 

Figure 3 – White light interferometer oblique topographical plots of:  (a) PEEK, (b) Gl-Si3N4, (c) 

Af-Si3N4, (d) Ox-Si3N4, (e) N2-Si3N4, and (f) Ti6Al4V. 

 

Figure 4 – Zeta potential as a function of pH, as measured by streaming potential for Af-Si3N4, 

N2-Si3N4, Ox-Si3N4, and Ti6Al4V.  (PEEK and Ti6Al4V-ELI data are from References 42 and 43, 

respectively.) 

 

Figure 5 – Water droplet wetting angle photographs and measurements:  (a) PEEK, (b) Ti6Al4V-

ELI, (c) Af-Si3N4, (d) Gl-Si3N4, (e) N2-Si3N4, and (f) Ox-Si3N4.  Measured values are mean ± 

one standard deviation. 

 

Figure 6 – Bacteriostasis results on tested biomaterials using S epi after 24 and 48 h incubation.  

(Error bars are ± one standard deviation.  Asterisks (*) in the figure indicate a statistically 

significant difference, p<0.05.  The position of each asterisk indicates the reference material used 

in the statistical analysis.) 

 

Figure 7 – Bacteriostasis results on tested biomaterials using E. coli after 24 and 48 h incubation.  

(Error bars are ± one standard deviation.  Asterisks (*) in the figure indicate a statistically 

significant difference, p<0.05.  The position of each asterisk indicates the reference material used 

in the statistical analysis.) 
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Tables and Table Captions 

 
Table 1 – Summary of the white light interferometry average (Ra) and root-mean-square (Rq) 

surface roughness for the Si3N4, PEEK, and Ti6Al4V samples 

Material Ra (nm) Rq (nm) 

PEEK 819 1,034 

Gl-Si3N4 785 1,094 

Af-Si3N4 641 830 

Ox-Si3N4 568 745 

N2-Si3N4 509 654 

Ti6Al4V 377 494 

Polished-Si3N4 2 5 
 

 

 

 

 

 
Table 2 – Surface elemental composition via XPS for the as-fabricated and treated Si3N4 surfaces.  The 

Si3N4 material’s theoretical bulk composition is included for reference. 

Element 

Surface Elemental Composition (Atomic %) 

Theoretical 

Bulk 
Af-SN N2-SN Gl-SN Ox-SN 

Si 39.7% 38.87% 36.41% 28.06% 34.53% 

Y 1.1% 0.12% 2.30% 10.86% 1.37% 

Al 1.6% 2.34% 5.66% 3.38% 3.06% 

O 4.5% 19.39% 18.52% 33.10% 60.93% 

N 52.9% 39.28% 37.11% 24.60% 0.11% 
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Figure 1 – Sequential life events for a bacterial biofilm: (I) Initial attachment of planktonic bacteria to a 
surface; (II-III) Quorum sensing and establishment of a community; (IV) Formation of an extracellular 
polysaccharide membrane, internal proliferation, and maintenance; and (V) Release and dispersion of 

planktonic bacteria back into the environment.  Steps 1-5 are areas where strategies for interrupting the 
processes involved with bacterial biofilm formation can be implemented.  (Illustration courtesy of Ref. 12, 

Reprinted with permission.)  
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Figure 2 – SEM photographs of:  (a) Af-Si3N4, (b) N2-Si3N4, (c) Gl-Si3N4, (d) Ox-Si3N4, (e) PEEK, and (f) 
Ti6Al4V.  
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Figure 3 – White light interferometer oblique topographical plots of:  (a) PEEK, (b) Gl-Si3N4, (c) Af-Si3N4, (d) 
Ox-Si3N4, (e) N2-Si3N4, and (f) Ti6Al4V.  
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Figure 4 – Zeta potential as a function of pH, as measured by streaming potential for Af-Si3N4, N2-Si3N4, Ox-
Si3N4, and Ti6Al4V.  (PEEK and Ti6Al4V-ELI data are from References 42 and 43, respectively.)  
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Figure 5 – Water droplet wetting angle photographs and measurements:  (a) PEEK, (b) Ti6Al4V-ELI, (c) Af-
Si3N4, (d) Gl-Si3N4, (e) N2-Si3N4, and (f) Ox-Si3N4.  Measured values are mean ± one standard deviation.  
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Figure 6 – Bacteriostasis results on tested biomaterials using S epi after 24 and 48 h incubation.  (Error bars 
are ± one standard deviation.  Asterisks (*) in the figure indicate a statistically significant difference, 
p<0.05.  The position of each asterisk indicates the reference material used in the statistical analysis.)  
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Figure 7 – Bacteriostasis results on tested biomaterials using E. coli after 24 and 48 h incubation.  (Error 
bars are ± one standard deviation.  Asterisks (*) in the figure indicate a statistically significant difference, 
p<0.05.  The position of each asterisk indicates the reference material used in the statistical analysis.)  
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Abstract: A significant need exists for orthopedic implants that can intrinsically resist  bacterial 

colonization. In this study, three biomaterials that are used in spinal implants – titanium (Ti), poly-

ether-ether-ketone (PEEK), and silicon nitride (Si
3
N

4
) – were tested to understand their respective 

susceptibility to bacterial infection with Staphylococcus epidermidis, Staphlococcus aureus, 

Pseudomonas aeruginosa, Escherichia coli and Enterococcus. Specifically, the surface  chemistry, 

wettability, and nanostructured topography of respective biomaterials, and the effects on bacterial 

biofilm formation, colonization, and growth were investigated. Ti and PEEK were received with 

as-machined surfaces; both materials are hydrophobic, with net negative surface charges. Two 

surface finishes of Si
3
N

4
 were examined: as-fired and polished. In contrast to Ti and PEEK, the 

surface of Si
3
N

4
 is hydrophilic, with a net positive charge. A decreased biofilm formation was 

found, as well as fewer live bacteria on both the as-fired and polished Si
3
N

4
. These differences 

may reflect differential surface chemistry and surface nanostructure properties between the 

biomaterials tested. Because protein adsorption on material surfaces affects bacterial adhe-

sion, the adsorption of fibronectin, vitronectin, and laminin on Ti, PEEK, and Si
3
N

4
 were also 

examined. Significantly greater amounts of these proteins adhered to Si
3
N

4
 than to Ti or PEEK. 

The findings of this study suggest that surface properties of biomaterials lead to differential 

adsorption of physiologic proteins, and that this phenomenon could explain the observed in-vitro 

differences in bacterial affinity for the respective biomaterials. Intrinsic biomaterial properties 

as they relate to resistance to bacterial colonization may reflect a novel strategy toward design-

ing future orthopedic implants.

Keywords: silicon nitride, nanostructure, anti-infective, biofilm, protein adsorption

Introduction
In the year 2008, an estimated 413,171 spinal fusion operations, 436,736 primary 

total hip arthroplasty (THA), and 680,839 primary total knee arthroplasty (TKA) 

procedures were performed in the United States alone,1 leading to an approximately 

US$13 billion market for orthopedic implants.2 Future demand for such implants 

is expected to rise. When otherwise well functioning orthopedic implants become 

colonized with bacteria, significant patient morbidity can follow. The reason is that 

bacteria adhere to implant surfaces and are resistant to host immune mechanisms and 

systemic antibiotics. Treatment of such implant-related infections requires extensive 

repeat surgery, implant extrication, extended duration of systemic antibiotic therapy, 

bone loss, and substantial cost, suffering, and disability.

Implant-related infections occur in spine surgery between 2.6% and 3.8% of 

the time.3 In hip replacement surgery, deep infection occurs at 1.63% at 2-years 
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 post-operatively,4 and the figures for knee replacement are 

about 1.55%.5 These numbers underestimate the true inci-

dence of infection because of difficulties related to clinical 

diagnoses, and a paucity of credible data from epidemiologi-

cal surveys. Mortality rates from complications related to 

deep prosthetic infections in THA and TKA are reportedly 

between 2.7% and 18%,6 and infection is the most com-

mon reason for repeat surgery after otherwise successful 

prosthetic joint replacement.7 The incidence of infection in 

THA and TKA may be increasing, probably due to improved 

detection and also because of evolving antibiotic-resistant 

bacteria strains. Treatment costs related to infected ortho-

pedic implants can range from 1.52 to 1.76 times the cost of 

the original surgery.8 While orthopedic implants are deemed 

expensive, their costs are easily overwhelmed by the overall 

treatment cost of implant-related infections.9 Therefore, there 

is considerable interest in reducing the risk of infections 

related to orthopedic implants.

In addition to total joint replacement and spinal devices, 

orthopedic implants are also manufactured as screws, plates, 

and percutaneously implanted pins to treat fractures; bacterial 

contamination of such can lead to poor bone healing.10 Unless 

acute implant infections can be overcome expeditiously, 

adjacent tissues become colonized with bacteria,11–13 and the 

risk of chronic bone infection (osteomyelitis) increases.13,14 

Osteomyelitis can complicate fracture treatment with metal 

external fixator devices up to 4% of the time.11–13 Ultimately, 

orthopedic infections lead to implant loosening, nonhealing 

of fractures, and device failures.12

Bacteria present in the bloodstream and body tissues 

can usually be cleared by host immune mechanisms and 

antibiotic treatment.15 However, once bacteria colonize 

implant surfaces by expressing a biofilm layer, they become 

relatively impervious to such nonsurgical measures. Biofilm 

production is accompanied by changes in gene expression and 

growth rates such that host immune mechanisms are rendered 

 ineffective, leading to a chronically infected environment 

around the implant.15–18 A related clinical concern pertains 

to the development of antibiotic-resistant strains of bacteria, 

including S. aureus and S. epidermidis, which have been 

well documented in the clinical orthopedic setting.19,20 Any 

material science-derived strategy that discourages bacterial 

colonization of implant surfaces will therefore be of value in 

reducing the need for systemic antibiotic therapy and surgical 

removal of infected implants.20

Changing implant surface texture from a micron-sized to 

a nanometer-sized topography affects osteoblast  adhesion21–26 

and subsequent cellular function, while decreasing  competitive 

fibroblast activity.27,28 Nanoroughened titanium (Ti) made by 

electron-beam evaporation29 and nanotubular and nanotex-

tured Ti created by anodization can enhance osteoblast adhe-

sion and function (such as alkaline phosphatase synthesis, 

calcium deposition, and collagen secretion) when compared 

with micron nanosmooth control surfaces.30 Increased protein 

adsorption on nanotextured Ti surfaces is correlated with 

improved osteoblast function.31–33 The authors have previously 

shown that by selectively engineering the surface topography 

of a biomaterial, bacteria adhesion can be decreased.34,35

Because silicon nitride (Si
3
N

4
) is used in spinal 

reconstructive surgery today, the adhesion of multiple 

bacteria species onto polished and nanostructured versions 

of this biomaterial was examined, using two other orthopedic 

biomaterials (Ti and poly-ether-ether-ketone [PEEK]) as 

controls. The null hypothesis was that bacterial adhesion 

and surface protein adsorption (fibronectin, vitronectin, and 

laminin) would not differ between these materials. Gram-

positive S. epidermidis and S. aureus, and Gram-negative 

P. aeruginosa, E. coli, and Enterococcus were tested because 

these strains are commonly implicated in orthopedic implant 

infections.19

Materials and methods
Biomaterials
Si

3
N

4
 was supplied by Amedica Corporation (Salt Lake City, 

UT) in two surface morphologies; with an “as-fired” surface 

that has nanostructured features, and a smooth polished sur-

face, respectively. Biomedical grade 4 titanium (Fisher Sci-

entific, Continental Steel and Tube Co, Fort Lauderdale, FL) 

and PEEK Optima® (Invibio, Lancashire, United Kingdom) 

were obtained with typical machined surfaces. The surfaces 

of these materials were characterized for morphology and 

roughness using scanning electron microscopy (SEM) (using 

an LEO 1530 VP FE-4800 field-emission scanning electron 

microscope [Zeiss, Peabody, MA]). Specimens of 1 cm × 1 cm 

dimensions first underwent sessile water-drop tests to assess 

material wetting characteristics using a KRÜSS easy drop 

contact angle instrument connected to the drop shape analysis 

program (version 1.8) (KRÜSS GmbH, Hamburg, Germany) 

in accordance with an ASTM standard (D7334-08).36 Prior 

to bacterial exposure, all samples underwent sterilization 

with ultra violet light exposure for 24 hours on all sides, and 

roughness characterization with standard SEM.

Bacteria studies
Bacteria were inoculated (105) onto the material surfaces 

for 4, 24, 48, and 72 hours. S. epidermidis, P. aeruginosa, 
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S. aureus, E. coli, and Enterococcus were obtained from 

American Type Culture Collection (Manassas, VA) (strains 

35984, 25668, 25923, 26, and 6569, respectively). The dry 

pellet was rehydrated in 6 mL of Luria broth (LB) consist-

ing of 10 g tryptone, 5 g yeast extract, and 5 g NaCl per 

liter double-distilled water with the pH adjusted to 7.4 

(Sigma-Aldrich, St Louis, MO). Fetal bovine serum (FBS) 

(HyClone; Thermo Scientific, Waltham, MA) at 10% con-

centration was added to the LB, and the bacteria solution 

was agitated under standard cell conditions (5% CO
2
/95% 

humidified air at 37°C) for 24 hours until the stationary phase 

was reached. The second passage of bacteria was diluted at 

a ratio of 1:200 into fresh LB supplemented with 10% FBS 

and incubated until it reached the stationary phase. The sec-

ond passage was then frozen in one part LB and 10% FBS 

and one part glycerol (Sigma-Aldrich) and stored at −18°C. 

All experiments were conducted from this frozen stock. 

One day before bacterial seeding for experiments, a sterile 

10 µL loop was used to withdraw bacteria from the frozen 

stock and to inoculate a centrifuge tube with 3 mL of fresh 

LB supplemented with 10% FBS.

Bacterial function was determined by crystal violet 

staining and a live/dead assay (Molecular Probes®, Life 

Technologies, Carlsbad, CA) using previously described 

methods.35 For the live/dead assay, at the end of the prescribed 

time period, substrates were rinsed twice with Tris-buffered 

saline (TBS) comprised of 42 mM Tris-HCl, 8 mM Tris base, 

and 0.15 M NaCl (Sigma-Aldrich) and then incubated for 

15 minutes with the BacLight™ Live/Dead solution (Life 

Technologies) dissolved in TBS at the concentration recom-

mended by the manufacturer. Substrates were then rinsed 

twice with TBS and placed into a 50% glycerol solution in 

TBS prior to imaging. Bacteria were visualized and counted 

in situ using a Leica DM5500 B fluorescence microscope 

with image analysis software captured using a Retiga™ 

4000R camera (QImaging, Surrey, BC, Canada).

Protein adsorption
Standard fibronectin, vitronectin, and laminin enzyme-

linked immunosorbent assays (ELISA) were performed 

after soaking material samples in bacterial media (LB 

supplemented with 10% FBS) used above for 20 minutes, 

1 hour, and 4 hours, as previously described.35 Substrates 

were placed in a standard 24-well culture plate and immersed 

in 1 mL of LB supplemented with and without 10% FBS 

for 20 minutes, 1 hour, and 4 hours at 37°C in 5% CO
2
/95% 

humidified air. After rinsing in phosphate-buffered saline 

(PBS), areas that did not absorb proteins were blocked and 

incubated for 1 hour in bovine serum albumin, BSA (2 wt% 

in PBS, Sigma-Aldrich). Substrates were again rinsed twice 

with PBS before either fibronectin, vitronectin, or laminin 

were directly linked respectively with primary rabbit anti-

bovine fibronectin, anti-vitronectin, or anti-laminin (EMD 

Millipore, Billerica, MA) at a concentration of 6 µg/mL in 

1% BSA for 1 hour at 37°C in 5% CO
2
/95% humidified air. 

After rinsing three times with 0.05% Tween 20® (AkzoNo-

bel, Amsterdam, The Netherlands) for 5 minutes with each 

rinse, the samples were further incubated for 1 hour with 

a secondary goat anti-rabbit conjugated with horseradish 

peroxidase (HRP) (Bio-Rad Laboratories, Hercules, CA) at 

a concentration of 10 µg/mL in 1% BSA. Following triple 

rinsing with 0.05% Tween 20 for 5 minutes per rinse, surface-

adsorbed protein was measured with an ABTS substrate kit 

(Vector Laboratories, Burlingame, CA) that reacted only 

with the HRP. Light adsorbance was measured at 405 nm 

on a spectrophotometer and analyzed with computer soft-

ware. The average adsorbance was subtracted by the average 

adsorbance obtained from the negative controls soaked in 

LB with no FBS. ELISA was performed in duplicate and 

repeated three times per substrate.

Statistical analysis
Each experiment was done in triplicate with new bacteria, 

media, and samples. Time series data for biofilm formation, 

bacteria colonization, and growth were curve-fit to either 

linear or exponential functions. Hypothesis testing was com-

pleted using regression analysis and confidence intervals in 

accordance with techniques previously described.37 Paired 

comparison t-tests were used to assess significance for the 

protein adsorption studies; a P-value of ,0.05 was deemed 

statistically significant.

Results
Comparison of materials
Relevant properties of the three biomaterials tested are 

compared in Table 1. Si
3
N

4
 has a protective surface layer that 

is composed of charged SiNH
3

+, SiOH
2
+, SiO−, and neutral 

SiNH
2
 and SiOH groups.38 The presence of the amine groups 

leads to a high isoelectric point (between 8 and 9) and an 

overall net positive surface charge.38,39 Ti has a native oxide 

layer (TiO
2
) which has an isoelectric point of about 4.5 and 

therefore a negative surface charge at pH 7.40 PEEK surfaces 

have polymeric chains ending in −OH groups, that yield an 

isoelectric point of about 4.5 and a negative surface charge.41 

Si
3
N

4
 has the lowest wetting angle and greater hydrophilicity 

when compared with PEEK or Ti (Table 1).
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Table 1 Comparative properties of medical grades of Si3N4, ASTM35 grade 4 Ti, and PEEK

Property Units Si3N4 Ti-ASTM grade 4 PEEK optima®

Composition NA Si3N4, Y2O3, AI2O3 Chemically pure Chemically pure
Surface composition NA SiNh2 and SiOh TiO2 layer −Oh groups
Surface roughness (AFM) nm 10.1*, 25.3** 3.06 1
Isoelectric point NA 9 ∼4.5 ∼4.5
Surface charge at ph = 7 NA Positive Negative Negative
Sessile water drop wetting angle Degrees 39 76 95

Notes: *Polished surface; **as-fired surface.

Figure 1 Scanning electron microscopy surface microstructures of PEEK Optima®, Ti, and Si3N4: (A1) PEEK 1000×; (A2) PEEK 5000×; (B1) Ti 1000×; (B2) Ti 5000×;  
(C1) Si3N4 1000×; (C2) Si3N4 5000×.
Abbreviation: PEEK, poly-ether-ether-ketone.

SEM images of biomaterial surfaces are illustrated in 

Figures 1 and 2. Of the materials tested, PEEK and Ti had 

machined surfaces, while Si
3
N

4
 was in as-fired and polished 

formulations. SEM images of PEEK and Ti show a micron-

rough surface typical of machined materials. The as-fired 

Si
3
N

4
 had nanostructured surface features with a larger total 

surface area, as shown in the high magnification images 

(Figure 2). The as-fired Si
3
N

4
 surface morphology reflects 

the natural condition of this material subsequent to densifica-

tion by sintering and hot-isostatic pressing.42 The surface is 

composed of randomly oriented acicular protruding grains 

typically less than 1 µm in cross-section, yielding a unique 

nanotexture (Figure 2B). Note that individual hexagonal 

grains of Si
3
N

4
 have definitive linear facets (in cross-section) 

and sharp corners at the termination of the acicular grains, 

which are typically less than 100 nm. These unique features 

may play a role in interaction with bacteria, resulting in 

their lysis. This is contrasted to the highly polished Si
3
N

4
 

surface of Figure 2A in which the acicular asperities were 

removed.

Surface roughness measurements derived from atomic 

force microscopy (AFM) measurements are summarized in 

Table 1. Results were 25 nm, 10 nm, 3 nm, and 1 nm for the as-

fired Si
3
N

4
, polished Si

3
N

4
, Ti, and PEEK, respectively. These 

AFM surface roughness values differ from those that could be 

obtained using contact profilometry because the areal sampling 

size of AFM is small compared with contact profilometry. It 

is obvious from a comparison of the features in Figure 1 that 

the micron scale roughness of Si
3
N

4
 is similar to that of Ti and 

PEEK, although there are notable topographical differences. 

However, the AFM measurements were made over fractions of 

nanometers. In effect, AFM is measuring the nanoroughness of 

the materials inbetween micron-sized surface features. These 

results show that as-fired Si
3
N

4
, polished Si

3
N

4
, Ti, and PEEK 

have markedly different surface chemistries and topographies 

that could affect bacterial and protein adhesion.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4832

Gorth et al

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2012:7

Figure 2 Scanning electron microscopy surface microstructure of polished and 
as-fired Si3N4: (A) polished surface 20,000×; (B) as-fired surface 20,000×.

Bacteria studies
Figure 3 shows biofilm formation for each bacterial species, 

and Figure 4 shows corresponding live bacteria counts at 

each time interval. Except for Enterococcus, trends in biofilm 

formation were similar for all bacteria. Exponential growth of 

biofilm was noted on PEEK when exposed to S. epidermidis, 

S. aureus, P. aeruginosa, and E. coli, whereas linear growth 

was observed for Si
3
N

4
 and Ti. Independent of time points, 

the lowest biofilm formation occurred on the as-fired Si
3
N

4
, 

followed by polished Si
3
N

4
. These differences were statistically 

significant (P , 0.05) for bacterial exposure times . 24 hours. 

Also, with the exception of Enterococcus, biofilm formation 

was significantly lower (P , 0.05) on Ti compared with PEEK, 

for time periods . 48 hours. PEEK demonstrated the highest 

biofilm affinity, with values that were 5–16 times greater than 

those for as-fired Si
3
N

4
, 1.5–10 times more than for polished 

Si
3
N

4
, and between 1 and 6.7 times higher than for Ti.

Live bacteria counts were the highest for PEEK at all 

time periods, followed by Ti, polished Si
3
N

4
, and then as-

fired Si
3
N

4
 (Figure 4). These differences were statistically 

significant (P , 0.05) for all bacterial species tested, and 

at all time periods . 48 hours. Live bacteria manifested on 

PEEK were between 8 and 30 times the bacteria found on 

as-fired Si
3
N

4
. These results were particularly remarkable 

for P. aeruginosa, which is a virulent and difficult microbe 

to eliminate from polymeric implants.43

To summarize, less bacterial activity was manifested on 

Si
3
N

4
 than on either Ti or PEEK, probably because of the 

surface chemistry and nanostructure differences between 

these materials. Substantially lower loads of S. epidermidis, 

S. aureus, P. aeruginosa, E. coli, and Enterococcus bacteria 

were measured on Si
3
N

4
 surfaces than Ti or PEEK, for up to 

72 hours of incubation.

Protein adsorption studies
Figure 5 shows the relative absorbance of fibronectin, 

 vitronectin, and laminin at 20-, 60-, and 240-minute  intervals. 

Fibronectin and vitronectin adsorption was significantly 

greater on Si
3
N

4
 (whether polished or as-fired) when com-

pared with PEEK or Ti at all time intervals (P , 0.01). 

As-fired Si
3
N

4
 showed a higher affinity for these two pro-

teins than polished Si
3
N

4
. Laminin adsorption did not differ 

significantly between the biomaterials at the 20-minute 

time interval. At 60 minutes, both Si
3
N

4
 surfaces showed 

significant increased laminin adsorption (P , 0.01) when 

compared with Ti or PEEK. At 240 minutes, as-fired Si
3
N

4
 

was the only surface that showed statistically more laminin 

adsorption (P , 0.01) than all other materials.

To summarize, Ti and PEEK proved inferior in terms of 

protein adsorption when compared with as-fired and polished 

Si
3
N

4
 surfaces. As-fired Si

3
N

4
 provided the highest protein 

adsorption platform among the materials tested. Surface 

protein adsorption is relevant because previous studies have 

correlated increased vitronectin and fibronectin adsorption 

to decreased bacterial activity.35

Discussion
Bacterial infection of orthopedic implants is a complex, 

multifactorial process that is influenced by bacterial proper-

ties, the presence of serum proteins, fluid flow around the 

implant, implant surface chemistry and morphology, host 

immune variables, and probably other variables.44 Infection 

can arise from inadvertent contamination of an implant, 

contagion from the surgical staff, bacteria arising from the 

patient’s skin or mucus membranes, unrecognized infection 

elsewhere in the body, ineffectively applied surgical disinfec-

tants, and sepsis acquired from others.45 Most of these risk 

factors can be mitigated by appropriate nosocomial hygiene 

practices, and through the use of perioperative antibiotic 

prophylaxis.3,6,9,46,47 However, no strategy has proven effec-

tive in completely eliminating the risk of infections related to 

implant surgery. Strategies to discourage bacterial adhesion 

to implants have included antibacterial surface coatings and 

treatments, and the development and use of nanostructured 

surfaces, or a combination of these methods.

Surface coatings and treatments
Surface coatings or surface treatments on implants can 

resist pathogen adhesion or release chemicals that invade 

bacterial biofilm. Silver ions have been investigated as a 

surface antiseptic agent, although the exact mechanism 

for silver ion toxicity on bacteria is unclear.48 Silver can 

be incorporated into polymeric or inorganic coatings,48,49 

and while its anti-infective properties have been known for 

generations, it continues to drive patent innovation.50,51 Other 
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Figure 3 Biofilm formation: (A) Staphylococcus epidermidis, (B) S. aureus, (C) Pseudomonas aeruginosa, (D) Escherichia coli, (E) Enterococcus. 
Note: Dashed lines represent confidence intervals at P , 0.05.
Abbreviations: SN, Si3N4; PEEK, poly-ether-ether-ketone.

coatings have included pre-loaded formulations of antibiot-

ics like vancomycin or gentamicin, or antiseptic agents like 

chlorohexidine and chloroxylenol.52 Antibacterial polymeric 

functionalized coatings which incorporate hyaluronic acid 

and chitosan have been investigated thoroughly.52–57 Xerogel 

polymers that have been modified to release nitric oxide are 

effective in inhibiting the adhesion of S. aureus, S. epider-

midis, and E. coli.58 A limitation of all such coatings is the 

transient duration of effectiveness, ie, once the coating dis-

sipates, so does any antibacterial effect.

Surface modifications of biomaterials can provide a 

long-term shield against bacterial infection of implants. 

Yoshinari et al modified the surface of Ti and studied 

bacterial adhesion of P. gingivalis and Aggregatibacter 

actinomycetemcomitans using ion implantation of Ca+, N+, 

and F+, ion-beam deposition of Ag, Sn, Zn, and Pt, ion plating 
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Figure 4 Count of live bacteria: (A) Staphylococcus epidermidis, (B) S. aureus, (C) Pseudomonas aeruginosa, (D) Escherichia coli, (E) Enterococcus.
Note: Dashed lines represent confidence intervals at P , 0.05.
Abbreviations: SN, Si3N4; PEEK, poly-ether-ether-ketone.

of TiN and Al
2
O

3
, and anodic oxidation formation of TiO

2
.59 

Control materials included polished, sand-blasted, and striated 

Ti. They found a general trend toward higher bacterial adhesion 

on blasted and Ca+ implanted Ti. A follow-up study by these 

authors also showed that F+ implanted surfaces resisted 

initial bacterial adhesion in the absence of fluorine leaching 

from the surface; the antibacterial effect probably related to 

metal-fluorine complexes at the surface.60 Katsikogianni et al 

found  otherwise: S. epidermidis activity on polymers with and 

without fluorine showed that those containing fluorine increased 

bacteria attachment.61 Raulio et al also investigated fluorine, 

and found that by coating stainless steel with  fluoropolymers, 
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it was possible to reduce biofilm formation of several bacteria 

strains, including S. epidermidis.62

Li et al performed a comparative study using glass and 

metal-oxides applied as thin films.63 These included three 

uncoated glass surfaces and combinations of Co-Fe-Cr, 

Ti-Fe-O, SnO
2
, SnO

2
-F, SnO

2
-Sb, Al

2
O

3
, and Fe

2
O

3
 thin 

films applied to glass substrates. After measuring material 

hydrophilicity, zeta potential, and surface energy, the authors 

tested them against eight strains of bacteria, and found that 

hydrophobicity and total surface energy (rather than material 

chemistry) led to increased bacterial adhesion. Hydrophilic 

surfaces had the fewest number of adherent bacteria, and 

increasing the concentration of surface ions encouraged 

binding for both Gram-positive (Bacillus subtilis) and Gram-

negative (two P. aeruginosa strains, three E. coli strains, and 

two Burkholderia cepacia strains) bacteria.

Conversion of Ti surfaces to TiO
2
 via anodic oxidation, 

electrophoretic deposition, chemical vapor deposition, ion 

implantation, and plasma spraying has been examined as 

an anti-infective surface modification strategy, especially 

when coupled with photocatalytic activation of TiO
2
.64 

 Orthopedic implants made of porous Ti are commonly coated 

with hydroxyapatite to promote osteointegration, but this 

strategy may lead to increased harboring of S. aureus bac-

teria, more severe infection, and less osteointegration when 

compared with uncoated Ti.65,66

The results of this present study show that Si
3
N

4
 has 

intrinsic bacteriostatic properties, whether in an as-fired or 

smooth-surface morphology. This study did not elucidate 

the precise mechanism of Si
3
N

4
 anti-infectivity, but results 

suggest that material hydrophilicity and surface chemistry 

may contribute to less biofilm formation (Figure 3) and lower 

bacteria counts (Figure 4) on Si
3
N

4
 when compared with Ti 

or PEEK. These differences were observed for all bacte-

ria, regardless of Gram-positive or Gram-negative strains. 

Hydrophilic Si
3
N

4
 surfaces were probably less conducive to 

bacterial adhesion, when compared with hydrophobic sur-

faces where water displacement is not required for microbial 

adherence.44 Consistent with this observation, the inert and 

highly hydrophobic characteristics of PEEK promoted bacte-

rial adhesion and inhibited protein adsorption when compared 

with Si
3
N

4
. Other authors have supported these observations 

as they relate to PEEK and Ti.67,68

The anti-infectivity of Si
3
N

4
 may also relate to surface 

chemistry, and the authors’ observations are consistent with 

previous data with polymeric coatings containing chitosan, 

a material similar to Si
3
N

4
 in terms of a net positive charge 

and the presence of amine groups at the surface.52–56 The 

interaction of these groups with negatively charged  bacteria 

reportedly leads to membrane disruption and lysis in 

 chitosan-containing polymers.56 However, further research is 

required to confirm whether or not this is a dominant opera-

tive mechanism for Si
3
N

4
.
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Nanostructured surfaces
Nanotechnology is of interest in enhancing the surface 

characteristics and improving the performance of ortho-

pedic implants. Increasing micron-level surface roughness 

of biomedical implants correlates with increased bacterial 

adhesion44 and enhanced osteointegration.69 The competition 

between bacteria, bone cells, and serum proteins has been 

characterized as a “race to the surface.”10 However, surface 

roughness is only one of several variables that influence 

bacterial adhesion and protein adsorption on an implant. 

For instance, without specifically distinguishing changes 

in surface roughness, surface chemistry, or crystallinity, 

Truong et al showed that nanoscale roughening of ultrafine 

grained Ti led to greater attachment of S. aureus and P. 

aeruginosa, when compared with smooth surfaces.70 Con-

versely, Singh et al found increased bacterial adhesion and 

biofilm formation on Ti surfaces with Ra (roughness aver-

age) values , 20 nm, and increased protein adsorption at Ra 

values between 16 and 32 nm; further increases in surface 

roughness were associated with reduced pathogen activ-

ity.71 In contrast, Hilbert et al could not correlate bacterial 

adhesion, colonization, and growth with changes in surface 

finish ranging from 0.1 to 0.90 µm,72 and Flint et al found 

that bacterial adhesion could not be related to surface rough-

ness at all.73 Thus, surface roughness alone may not fully 

explain the differences in bacterial adhesion and protein 

adsorption.

Anselme et al reviewed the factors that affect the 

interaction of cells and bacteria with nanostructured 

 surfaces.74 In addition to surface roughness, detailed 

 surface topography, including the size, shape, orientation, 

distance, and organization of surface nanofeatures were 

identified as important variables. Whitehead et al further 

supported this view when they found higher bacterial 

counts on substrates that contained 2 µm diameter pits 

as opposed to those in the range of 0.5 µm.75 Xu et al 

compared bacterial adhesion between two polyurethane 

surfaces of the same chemistry; one was smooth and the 

other contained  oriented protrusions or pillars (400 nm 

diameter × 650 nm height).76 They found biofilm forma-

tion significantly less for both S. epidermidis and S. aureus 

when using the highly textured polyurethane. Dalby et al 

examined the response of fibroblasts to nanocolumn struc-

tures (100 nm diameter × 160–170 nm height) in polym-

ethylmethacrylate (PMMA) in comparison with smooth 

substrates and demonstrated decreased cell adhesion using 

the materials with nanocolumns.77 Bagno et al showed that 

the number of protruding peaks (ie, peak density) was 

positively  correlated with osteoblast adhesion.78 Similar 

topographical effects on bacterial adhesion and protein 

adsorption were observed by these authors for Ti, when con-

ventional (smooth) surfaces were compared to nanorough-

ened, nanotextured, and nanotubular variations. The authors 

also reported decreased in-vitro activity of S. aureus, 

S. epidermidis, and P. aeruginosa on nanorough surfaces 

prepared by electron-beam evaporation, but an opposite 

result for nanotubular and nanorough surfaces prepared via 

anodization.35 However, all three of the nanoprepared Ti 

surfaces demonstrated increased adsorption of fibronectin 

in comparison with conventional Ti. A subsequent study 

showed reduced adhesion of macrophages on anodized Ti 

with nanotextured and nanotubular structures.79

Engineered surfaces with topographical features in the 

nanometer range may affect cell behavior while reducing 

bacterial adhesion, but these factors alone do not sufficiently 

predict cellular response. Other variables related to surface 

energy, surface charge, and chemistry can also inhibit bac-

terial colonization while enhancing protein adsorption and 

conformation, leading to improved osteoblast adhesion and 

tissue growth.31–33 Biomaterial surfaces with nanorough fea-

tures are associated with greater vitronectin and fibronectin 

adsorption that, in turn, are related to decreased bacterial 

function on the surface.31–33,35,80

The acicular grain structure on the as-fired surface of 

Si
3
N

4
 is composed of randomly oriented columnar grains 

that are typically 200–700 nm in diameter, and that can 

protrude above the surface up to about 3 µm. This as-fired 

surface is not only significantly rougher than Ti, PEEK, 

or polished Si
3
N

4
 (Table 1) but its nanotopography is 

fundamentally different, as suggested by AFM surface 

measurements. Even though the PEEK and titanium 

samples were as-machined, they had significantly smoother 

surfaces at the nanolevel than either as-fired or polished 

Si
3
N

4
. Consequently, bacterial and protein adherence to the 

biomaterials differed in the present experiments. While this 

study did not elucidate the precise mechanisms, it is prob-

able that the observed behavior of as-fired Si
3
N

4
 is related 

to nanocolumns, protrusions, and peaks described in previ-

ous studies for polyurethane, PMMA, and Ti surfaces.76–78 

In summary, the present authors believe it is the totality of 

silicon nitride’s nano-topography – including its protruding 

acicular grains with their definitive hexagonal features and 

sharp grain ends – combined with its surface chemistry (ie, 

positive surface charge and the presence of amine groups) 

which provides Si
3
N

4
 with its unique antibacterial and 

protein adsorption characteristics.
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Conclusion
This study examined the behavior of Ti, PEEK, and Si

3
N

4
 when 

respective materials were exposed to five different bacterial 

species for up to 72 hours. Polished and as-fired surface for-

mulations of Si
3
N

4
 were tested. Decreased biofilm formation 

and bacterial colonization were demonstrated on both as-fired 

and polished Si
3
N

4
 in comparison with Ti or PEEK, under 

in-vitro incubation for time periods of up to 72 hours. Si
3
N

4
 

resisted bacterial proliferation under these conditions, despite 

the absence of antibiotic pharmaceutical agents. Differential 

protein adsorption on Ti, PEEK, and Si
3
N

4
 surfaces was also 

demonstrated, such that fibronectin, vitronectin, and laminin 

adsorbed preferentially onto Si
3
N

4
 when compared with Ti or 

PEEK, for time periods of up to 4 hours. Previous studies have 

shown that such differences in protein affinity for biomaterial 

surfaces may explain, at least in part, differences in biomate-

rial susceptibility to bacterial infection. The unique surface 

chemistry and nanostructured features of Si
3
N

4
 may contribute 

to the favorable antibacterial properties of this bioceramic 

material, and support further investigation into the use of Si
3
N

4
 

as a material platform for orthopedic implants.
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Silicon Nitride Bioceramics Induce Chemically Driven Lysis in
Porphyromonas gingivalis
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ABSTRACT: Organisms of Gram-negative phylum bacteroidetes, Porphyromonas gingivalis,
underwent lysis on polished surfaces of silicon nitride (Si3N4) bioceramics. The antibacterial
activity of Si3N4 was mainly the result of chemically driven principles. The lytic activity,
although not osmotic in nature, was related to the peculiar pH-dependent surface chemistry of
Si3N4. A buffering effect via the formation of ammonium ions (NH4

+) (and their
modifications) was experimentally observed by pH microscopy. Lysis was confirmed by
conventional fluorescence spectroscopy, and the bacteria’s metabolism was traced with the aid
of in situ Raman microprobe spectroscopy. This latter technique revealed the formation of
peroxynitrite within the bacterium itself. Degradation of the bacteria’s nucleic acid, drastic
reduction in phenilalanine, and reduction of lipid concentration were observed due to short-
term exposure (6 days) to Si3N4. Altering the surface chemistry of Si3N4 by either chemical
etching or thermal oxidation influenced peroxynitrite formation and affected bacteria
metabolism in different ways. Exploiting the peculiar surface chemistry of Si3N4 bioceramics
could be helpful in counteracting Porphyromonas gingivalis in an alkaline pH environment.

1. INTRODUCTION

One of the main challenges in modern dentistry is the
development of new methods for maintaining an effective
defense against periodontitis.1 In its early stages, this disease
can be reversed by effective personal oral hygiene. However, the
general susceptibility of the host and the local susceptibility of
the teeth are both factors that are difficult to control and
stabilize due to the evolving nature of the bacteria
themselves.2,3 Recent research reports have shown improved
strategies for curing advanced periodontitis (e.g., root planing
combined with local administration of a hydrogen peroxide gel
using customized trays,4 the use of xylitol as a stoichiometrically
unfavorable substance for extensive acid, especially lactic acid,
fermentation,5 local drug delivery including the use of an
ethylene vinyl acetate fiber that contains tetracycline,6−11 a
gelatin chip that contains chlorhexidine,12 and a minocycline
polymer formulation as adjuncts to scaling and root
planning13). A detailed understanding of the molecular
chemistry governing the metabolic deterioration of oral bacteria
subjected to these therapeutic agents is central to their
optimization. It is from these molecular chemistry arguments

that a new potential method for counteracting periodontitis was
discovered. It involves the lysis of Porphyromonas gingivalis (PG,
the bacterium primarily responsible for periodontitis) using the
peculiar chemical reactions which occur at the surface of Si3N4
bioceramics.
Raman spectroscopy, which is widely applied to the study of

bacteria,14−18 offers the possibility to monitor in situ bacterial
metabolism. It can be used to observe specific time-dependent
biochemical changes in the metabolic activity of bacteria and
thereby assess mechanisms related to their lysis. In other words,
the Raman spectrum of a bacterium at a particular point in time
represents a “fingerprint” of its overall biochemical composition
and health. However, detailed spectroscopic reports on PG are
unavailable in the published literature. Withnall et al.19 reported
the Raman spectrum of the PG bacterium but only in the
limited spectral region between 1000 and 1700 cm−1, thereby
missing a number of crucial bands related to the low-frequency
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vibrational aspects of its DNA/RNA structures. Moreover, no
complete labeling of the detected Raman bands was given in
that study. Their focus was solely placed on a discussion of the
bacterium pigment and the mechanism of its formation.
Conversely, Yamanaka et al.20 made significant progress in
characterizing PG by quantitatively detecting it in tooth pockets
and saliva. They used a portable electrochemical DNA sensor,
which directly detected the polymerase chain reaction.
However, a full understanding of PG metabolism by Raman
spectroscopy and, more importantly, an approach to curing
periodontitis represent as yet unachieved challenges.
In this article, the metabolism of PG was assessed in situ

using Raman spectroscopy both before and after exposure to
chemistry-modulated Si3N4 surfaces. From a spectroscopic
viewpoint, the three following purposes were pursued: (i)
obtaining a comprehensive spectroscopic view and accurate
spectral deconvolution/labeling of the PG Raman spectrum;
(ii) interpreting PG bacterial metabolism through the observed
variations of its Raman spectrum after exposure to Si3N4
surfaces with different chemical characteristics; and (iii)
clarifying the mechanism behind the bacteriostatic behavior of
Si3N4 bioceramics at the molecular scale. For this latter
purpose, we augment previous findings, which first reported the
antibacterial properties of Si3N4 spinal fusion implants.21,22

Substantiating a link between bacterial metabolism and the
chemical reactions occurring at Si3N4 surfaces is considered a
promising step forward in establishing advanced dental
implants with improved functionality.

2. EXPERIMENTAL PROCEDURES
2.1. Silicon Nitride Samples and Their Salient Character-

izations. Polished Si3N4 bioceramic disks containing Y2O3 and Al2O3
sintering aids (AMEDICA Corporation, Salt Lake City, UT 84119,
USA) were received and employed in this study. Some manufacturing
details of this bioceramic are as follows: Si3N4 powder (Ube SN E-10,
Ube City, Japan) was first mixed with Y2O3 (Grade C, H. C. Starck,
Munich, Germany) and Al2O3 (SA8-DBM, Baikowski/Malakoff,
Charlotte, NC) sintering aids and cold-pressed at room temperature
into disk-shaped samples. Then, the cold-pressed disks were sintered
in an ambient nitrogen atmosphere at a temperature in excess of 1700
°C to closed porosity and further densified by hot isostatic pressing at
a temperature exceeding 1650 °C and N2 gas pressure of >200 MPa.
The disk surfaces were lapped using 6 μm diamond (Engis, Wheeling,
IL) on a lapping machine (Lapmaster, Mt. Prospect, IL) and
subsequently polished using colloidal silica (Leco, St. Joseph, MI).
All samples were subjected to ultrasonic cleaning in deionized water of
17.5 MΩ cm resistivity (750II, Myron L Company, Carlsbad, CA) for
30 min to remove contaminants.
To probe the effect of surface chemistry on bacterial response, the

polished surfaces of some sintered Si3N4 disks were modified either by
wet chemical etching or by oxidation. In the former treatment,
hydrofluoric acid (HF) conspicuously removed the amphoteric SiO2
layer without significantly etching the underlying nitride. This
treatment maximized the concentration of amine groups at the
surface, while pushing the surface composition as far to the nitride end
of the nitride-oxide spectrum as possible. Polished samples were
immersed in a 5 wt % HF solution for 45 s, transferred into a
continuously refreshed DI water bath for 30 min, dried under a stream
of filtered N2, and stored in a desiccator containing hygroscopic media
(Indicating Drierite, W.A. Hammond DRIERITE Co., Xenia, OH)
under partial vacuum (∼100 Torr) to slow spontaneous reoxidation.
Conversely, the oxidation treatment yielded the maximum concen-
tration of hydroxyl groups and pushed the surface composition as far
to the oxide end of the nitride-oxide spectrum as possible. In this case,
polished samples were kept for 7 h at 1070 °C using an open-air kiln
(Deltech, Denver, CO). X-ray photoelectron spectroscopy (XPS),

shown in detail in a previous study,23 revealed quite different atomic
ratios of N/Si and O/Si in the variously treated Si3N4 samples. Indeed,
the XPS analyses confirmed that amine-rich and hydroxyl-rich surfaces
were obtained by wet-etching and thermal oxidation, respectively. The
N/Si (O/Si) ratios were 1.22 (0.17), 1.05 (0.15), and 0.09 (1.98) for
the as-sintered (polished), HF-etched, and oxidized samples,
respectively.

Wetting angle measurements were carried out in an optical
comparator (2600 Series, S-T Industries, St. James, MN) with built-
in goniometer functionality. Static contact angles were measured using
deionized water droplets with a fixed volume (VWR Signature Variable
Volume Pipette, VWR, Radnor, PA) of 25 μL. Eight measurements
were taken per each sample with angles being measured on both sides
of the projected image of each droplet.

Streaming zeta-potential (ζ-) measurements were performed using
an electrokinetic analyzer (SurPASS, Anton-Paar USA, Ashland, VA).
A background electrolyte of 1 mM HCl, which exhibited a natural pH
of 5.5, was used throughout all experiments. Observed streaming
potentials were converted into ζ-potentials using the Helmholz−
Smoluchowski equation.24 As explicitly shown in a previously
published paper,23 the isoelectric points of the as-sintered, HF-etched,
and thermally oxidized samples were 5.6, 5.4, and <2, respectively.
Over a wide pH range (i.e., in the interval pH 3−10), the former two
samples showed similar trends, while the latter sample was significantly
shifted toward a negative ζ-potential value (i.e., −45, −40, and −120
mV for the as-sintered, HF-etched, and thermally oxidized samples,
respectively, at homeostatic pH 7.4).

2.2. Bacterial Culture and Cultivation Method. PG
(ATCC33227) was grown in brain heart infusion (BHI) medium
(Nissui Pharmaceutical, Tokyo, Japan) at 37 °C for 1 week under
anaerobic conditions. No subculturing procedure was applied during
bacteria growth. The bacterial culture prepared in the BHI medium
was then harvested by centrifugation (Centrifug TC Mate CFS-300;
Iwaki, Tokyo, Japan) at 3000 rpm for 10 min. The supernatant was
eliminated, and the resulting pellet was suspended in 50 mL of D-
phosphate buffered saline (D-PBS) (Nacalai Tesque, Kyoto, Japan).
The initial density of the cultured bacteria was 5 ! 1010 colony
forming units (CFU). After dilution, the final density of the bacteria
applied to the samples was set at 1010 CFU/mL. Ultimately, 100 μL of
liquid solution were transferred to Petri dishes containing CDC
anaerobe 5% sheep blood agar. All Si3N4 disk samples were sterilized
in a UV sterilizer, inoculated with PG bacteria, and incubated at 37 °C
within their dishes in an anaerobic cabinet under a gas mixture (10%
CO2, 10% H2, and 80% N2) (AnaeroPack, Mitsubishi Gas Chemical
Inc., Tokyo, Japan) for up to 6 days.

One limitation of this study consists in the fact that only the ATCC
33277 strain was used. This strain forms biofilm structures more easily
compared to other strains and is therefore used in studies evaluating
bacterial growth on abiotic surfaces. However, this strain belongs to
less virulent strains (as compared to, for example, A7436 or W83
strains), is more sensitive to action of antimicrobial agents or
antibiotics, and might be found in patients with lower frequency as
compared to more virulent strains.

2.3. Raman Spectroscopy and Fluorescence Microscopy.
Cultured bacteria were investigated with respect to their Raman
spectra after exposure to a silica glass surface (Silanized Slides; DAKO,
Denmark) and to various Si3N4 surfaces for 6 days. The state of PG
bacteria exposed to a silica glass surface will be simply referred to as
the “reference state”, henceforth. Spectra were collected by means of a
LabRAM HR800 (Horiba/Jobin Ivon, Kyoto, Japan) operated in
microscopic measurement mode with confocal imaging capability in
two dimensions. The light source was a HeNe laser operating at 633
nm with a power of 10 mW. A holographic notch filter was
incorporated into the system to enable acquisition of Raman spectra
with conditions optimized by the manufacturer for high sensitivity.
The Raman emission was monitored by a single monochromator
connected with an air-cooled charge-coupled device (CCD) detector
(Andor DV420-OE322; 1024 ! 256 pixel). The acquisition time was
fixed at 10 s. Spectral deconvolution into Lorentzian bands was made
by means of commercially available software (Origin 9.1, OriginLab
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Co., Northampton, MA, USA). An average of 20 Raman measure-
ments were collected at different random locations from as-cultured
PG and from PG inoculated onto various Si3N4 surfaces. These same
bacterial samples were also observed by fluorescence microscopy after
exposure to the Si3N4 surfaces. Staining of the bacteria with propidium
iodide (PI) and 5-(and 6)-carboxyfluorescein diacetate (CFDA)
solutions (Bacstain-PI solution and Bacstain-CFDA; Dojindo Lab.,
Osaka, Japan) was performed to facilitate their examination. Dead or
injured bacteria had a red-colored emission associated with PI, while
CFDA provided a green emission for living bacteria. Observations
were made by means of a fluorescence microscope (BZ-X700;
Keyence, Osaka, Japan).
2.4. pH Microscopy. Local pH experiments were conducted using

a pH microscope (SCHEM-110; Horiba, Kyoto, Japan) capable of
measuring and mapping local pH values at the surface of solids with
high spatial resolution. In performing the pH mapping experiment,
Si3N4 samples were fully embedded into an acidic gel consisting of
artificial saliva, KCl, and agar. The pH-imaging sensor consisted of a
flat semiconductor plate with a total sensing area of 2.5 ! 2.5 cm2. The
highest spatial resolution and the pH sensitivity of the sensor were 100
μm and 0.1 pH, respectively. The microscope was equipped with a
light addressable potentiometric sensor, capable of detecting protons
within the electrolyte. A light beam was directed from the back of the
sensor with a bias voltage applied between the electrolyte and the
back. Since characterization of the AC photocurrent, which was
induced by the modulated illumination from the back of the sensor,
depended on the amount of protons at the sensor surface, the pH
value was determined to a high degree of precision by measuring the
local value of electric current.25 The detected current signals were then
converted into a color scale, with each pixel correlated to the pH image
using image analysis software (Image Pro Plus, Media Cybernetics,
MD, USA). This generated a visual pH map around the embedded
Si3N4 samples. After embedding the test pieces, pH maps were
obtained at various time intervals up to 45 min duration.

3. RESULTS

3.1. Labeling the Raman Spectrum of PG Bacteria.
Figure 1a shows the Raman spectrum collected on as-cultured
(living) PG bacteria in their reference state on a silica glass
surface. The total spectral region, which lies between 600 and
1700 cm−1, appears to be rich in Raman features. The observed
Raman bands are from nucleic acid, proteins, and lipids (cf.
Table 1 and labels in Figure 1a). The Raman spectra for PG
bacteria were divided into Zones I−IV, from lower to higher
frequencies, as shown in Figure 1a. DNA/RNA related bands
dominated the low-frequency side of the Raman region
between 600 and 900 cm−1. Nucleic acids were identified by
Raman bands characteristic of nucleotide and sugar−phosphate
backbone vibrations. The main DNA/RNA Raman bands are
reportedly represented by a strong triplet in the spectral zone
780−820 cm−1, including thymine, cytosine, uracil, C5!-O-P-O-
C3! phosphodiester bonds in DNA, and C5!-O-P-O-C3!
phosphodiester bonds in RNA.26 In the present experiments,
zone I included one main band at lower frequencies (664 cm−1;
labeled as Band 1 in Figure 1a), which is likely related to the
C−S stretching mode of cysteine, a DNA/RNA binding
protein, with a shoulder at 679 cm−1 due to guanine ring
breathing (Band 2).27,28 Bands labeled as 3 and 4 in Table 1 are
related to C−S stretching trans in amino acid methionine and
(CH3)3-N stretching in membrane phospholipid heads,
respectively.29−31 A quadruplet also appeared at 743, 781,
821, and 849 cm−1, which was assigned to DNA/RNA
vibrational modes, as follows: T ring breathing mode (Band
5), (U, C, T) breathing mode in DNA/RNA (Band 6), O−P−
O stretching mode in DNA (Band 7), and Z-form helix band
(Band 8), respectively.30−33 Also the spectral zone between 900

and 1000 cm−1 (labeled as Zone II in Figure 1a) included
important spectral bands, namely, the 934 cm−1 (Band 9), the
953 cm−1 (Band 10), and the 972 cm−1 (Band 11) representing
C−C backbone stretching in α-helix, symmetric CH3 stretching
in α-helix, and C−C backbone vibrations in collagen,
respectively.34−36 The sharp and intense band at around 1001
cm−1 arises from C−C breathing mode of the aromatic ring in
amino acid phenylalanine (Band 12).37 In Zone III, the Raman
emission at a frequency of 1106 cm−1 (Band 13) has been
assigned to C−O and C−C stretching in polysaccharides.30

The doublet at ∼1125 (Band 14) and 1167 cm−1 (Band 15)
belongs to C−C skeletal stretching of phospholipids in gauche
configuration and C−C skeletal stretching in lipids (over-
lapping with C−H bending in the tyrosine structure of
proteins), respectively.38,39 The relatively weak band at 1228
cm−1 (Band 16) originates from C−N stretching in β-sheets.
The strong band located at 1249 cm−1 (Band 17) and the two
neighboring bands at 1284 cm−1 (Band 18) and 1309 cm−1

(Band 19) all belong to Amide III (i.e., C−N stretching in
collagen is attributed to the former band, while the latter two
bands are associated with the α-helix).31,32,40,41 The band at
1339 cm−1 (Band 20) arises from CH2/CH3 wagging and
twisting in tryptophan.27 Raman emissions at 1365 cm−1 (Band
21) and 1394 cm−1 (Band 22) represent amino acid tryptophan
and symmetric carboxylate COO− stretching, respectively.26,42

Band 23 at 1448 cm−1 belongs to CH2 scissoring in proteins
and lipids.38 Finally, in the high-frequency region between 1540

Figure 1. Raman spectra in the region between 600 and 1700 cm−1, as
collected on PG bacteria: (a) as-cultured, (i.e., prior to exposure to the
Si3N4 surface); (b) after 6 days of exposure to an as-sintered and
polished Si3N4 surface; (c) after 6 days of exposure to a polished and
thermally oxidized Si3N4 surface; and (d) after 6 days of exposure to a
polished and HF-etched Si3N4 surface. Bands arising from the nucleic
acid, proteins, and lipids are grouped into four distinct spectral zones
and labeled according to Table 1, which also reports their physical
meaning.
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and 1700 cm−1 (labeled as Zone IV in Figure 1a), Raman bands
related to Amide II and Amide I are found at 1543 cm−1 (Band
24; Amide II), 1567 cm−1 (Band 25; Amide II), 1642 cm−1

(Band 28; Amide I in α-helix), 1663 cm−1 (Band 29; Amide I in
β-sheet), and 1684 cm−1 (Band 30; Amide I in a disordered
structure).30,43−45 Embedded in this same spectral area are two
additional bands at 1582 and 1608 cm−1 (Bands 26 and 27,
respectively). Band 26 overlaps with asymmetric C−O
stretching in carboxylate COO− groups,42 while Band 27
represents amino acids in phenylalanine.45 The abundance of
Raman bands from PG presented a considerable challenge in
following metabolic activity changes associated with the
exposure of this bacterium to variously treated Si3N4 surfaces.

3.2. Monitoring PG Bacteria Metabolism by Raman
Spectroscopy. In our experimental approach, we postulated
that the interaction of PG with various Si3N4 biomaterial
surfaces will result in metabolic changes that can be correlated
to Raman spectral variations. This hypothesis is substantiated
by similar successful outcomes cited in previous
works.14−16,18−20 For instance, Escoriza et al.14 monitored the
Raman spectrum of Escherichia coli and Staphylococcus
epidermidis and described the metabolic changes of these
bacteria during successive growth phases by their spectral
variations. Previous studies by Schuster et al.15 and Manoharan
et al.16 also reported detectable variations of emitted intensities
from nucleic acid peaks in cultures studied by Raman
spectroscopy. In a similar fashion, Figure 1b shows the
Raman spectral region between 600 and 1700 cm−1, as
collected on PG after 6 days of exposure to an as-sintered
(polished) Si3N4 surface, which should be compared with the
spectrum of healthy (as-cultured) bacteria in Figure 1a. The
most striking variations between these two Raman spectra can
be listed as follows:
(i) In Zone I, Bands 6−8 (assigned to DNA/RNA) at 781,

821, and 849 cm−1 were shifted in frequency and were
conspicuously lower in intensity or even disappeared, (cf.
Figures 1a and b). Band 6 (representing ring vibrations of DNA
corresponding to cytosine and thymine) together with Band 7
(O−P−O stretching of DNA) have been reported to be very
sensitive in detecting cell death.46 In particular, the decrease
and disappearance of Band 7, which is related to backbone
vibrations of DNA, indicate breaking of phosphodiester bonds
and disintegration of the DNA strands.
(ii) In Zone I, the Raman band at 664 cm−1 (cf. Band 1 in

Figure 1b) represents the C−S stretching mode of cysteine, a
DNA/RNA binding protein. Cysteine plays a fundamental role
in cross-linking proteins. It supports their tertiary structure and
increases rigidity. The Raman C−S band was apparently
insensitive to Si3N4 exposure. In other words, Si3N4 did not
affect the tertiary structure of the DNA “stair” but instead
damaged the individual AT “steps,” namely, the primary
structure of individual nucleotides, as described in item i above.
(iii) In Zone I, a new band appeared between Bands 4 and 5,

approximately at 734 cm−1 (labeled as “*” in Figure 1b). This
band can be assigned to choline groups of phospholipids and
indicates an increase in membranous lipids in lytic bacteria.
Interestingly, this phenomenon has also been observed in
apoptotic (but not in necrotic) cells by Ong et al.47

(iv) In Zone II, Band 12 at 1001 cm−1, assigned to the
breathing mode of phenylalanine (cf. Table 1), was reduced in
intensity after exposure to Si3N4 (cf. Figure 1a and b). This
band represents the protein distribution within the bacteria and

Table 1. Labels, Spectral Locations, and Physical Origins of
the Raman Bands Emitted from Living PG Bacteriaa

label

spectral
location
(cm−1) assignment ref

Zone I 1 664 T, G ring and C−S stretching
modes of cysteine

27

2 679 guanine ring breathing 28
3 694 C−S stretching trans in amino

acid methionine
29−31

4 718 (CH3)3-N stretching in
membrane phospholipids
heads

29−31

* 734 choline groups in membrane
phospholipids

47

5 743 T ring breathing mode in
DNA

30

S 755 tryptophan in hydrophobic
environment

56

6 781 U, C, T ring breathing mode
in DNA/RNA

31

7 821 O−P−O stretching in DNA 32
Zone II 8 849 left-handed helix DNA

(Z form)
33

9 934 C−C backbone stretching in
α-helix

34−36

10 953 CH3 symmetric stretching in
α-helix

34−36

11 972 C−C backbone stretching in
collagen

34−36

12 1001 C−C breathing mode of
aromatic ring in
phenylalanine

37

Zone III ** 1044 NO3
− in peroxynitrite (cis

conformation)
48

13 1106 C−O and C−C stretching in
polysaccharides

38, 39

14 1125 C−C skeletal stretching in
phospholipids (gauche
conf.)

39

15 1167 C−C skeletal stretching in
lipids

38, 39

16 1228 C−N stretching Amide III in
β-sheet

31, 32

17 1249 C−N stretching Amide III in
collagen

40

18 1284 C−N stretching Amide III in
α-helix

31, 32

19 1309 C−N stretching + N−H in-
plane bending amide III

31, 32

20 1339 CH2/CH3 wagging and
twisting in tryptophan

27

21 1365 amino acid tryptophan 24
22 1394 symmetric C−O stretching in

carboxylate COO− groups
26, 42

*** 1412 symmetric C−O stretching in
carboxylate COO− groups

26, 42

23 1448 CH2 scissoring in lipids and
proteins

38

Zone IV 24 1543 amide II 30, 38
25 1567 amide II 38
26 1582 asymmetric C−O stretching in

carboxylate COO− groups
42

27 1608 amino acid phenylalanine 45
28 1642 Amide I α-helix 45
29 1663 Amide I β-sheet 45
30 1684 Amide I disordered structure 30

aThe references refer to the studies in which the spectral assignments
were originally made.
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is a fingerprint of its metabolic activity. Its lower intensity
suggests that Si3N4 had a negative effect on PG’s metabolism.
(v) Another striking feature found in Zone II is the

appearance of a new Raman band at 1044 cm−1 (labeled as
“**” in Figure 1b). This band, which is assigned to
peroxynitrite (NO3

−) in cis conformation, represents the
strongest emission for this compound.48 Moreover, it resides
in a spectral area where no overlap occurs with Raman bands
intrinsic to the constituent molecules of the PG bacteria (cf.
Figure 1a). The peroxynitrite anion (ON−O−O−) is a
strong oxidizer formed from the reaction of the superoxide with
nitric acid. It is a particularly toxic substance for a number of
bacteria. The ON−O−O− anion is able to quickly cross cell
membranes through anion channels,49 and once inside the cell,
it directly reacts with lipids, DNA, and proteins through
oxidative reactions.50 In turn, these reactions trigger drastic
cellular responses that include oxidative injury and bacterial
necrosis.
(vi) In Zone III, Band 13 at 1106 cm−1 (which represents

C−O and C−C stretching in polysaccharides) completely
disappeared. Since the bacteria’s outer membrane consists
mainly of O-polysaccharides, the observed disappearance of
Band 13 demonstrates substantial degradation of the bacterial
cell walls.
(vii) In Zone III, significantly reduced intensity was noted for

the C−N stretching of Amide III in both the β-sheet and α-
helix (Bands 16 and 18, respectively). Conversely, the
homologous band in collagen (Band 17), which was always
the strongest band in the spectrum, showed no significant
intensity reduction. This is further evidence of the primary and
secondary structure of the proteins being altered or degraded.
(viii) In Zone III, significantly reduced intensity was noted

for the C−N stretching of Amide III in both the β-sheet and α-
helix (Bands 16 and 18, respectively). Conversely, the
homologous band in collagen (Band 17), which was always
the strongest band in the spectrum, showed no significant
intensity reduction. This is further evidence of the primary and
secondary structures of the proteins being altered or degraded.
(ix) Zone IV is described here with respect to its 3 high-

frequency emissions (Bands 28−30), while Bands 24−27 will
be considered in more detail in the next subsection when
comparing the effect of other surface modulated Si3N4 samples
on the metabolism of PG. This triplet occurring at 1642, 1663,
and 1684 cm−1 (i.e., Bands 28, 29, and 30, respectively) can be
assigned to Amide I in α-helix, β-sheet, and a disordered
structure, respectively. They are relevant indicators of the
metabolic activity of the PG bacteria.17 The Amide I bands can
be defined as the “spectroscopic signature of life.” Their
intensity depends on the nutrient conditions of the bacteria;
with stronger bands indicating higher metabolic activity. On the
one hand, comparing Figure 1a and b shows the complete
elimination of the Amide I Band 29. This correlates with the
disappearance of the β-sheet structure as a consequence of PG
bacteria/Si3N4 interaction. On the other hand, Band 30, already
intrinsically weak in cultured PG bacteria, remained con-
spicuously unchanged after exposure to the Si3N4 surface.
The inherent high molecular specificity of Raman spectros-

copy provided rich information on the metabolic activity of
living PG bacteria, both in the as-cultured state and after
exposure to as-sintered Si3N4. The Raman data showed clear
signs of degradation in DNA/RNA, protein, and phospholipid
structures after relatively short-term exposures to as-sintered
Si3N4.

3.3. Linking Si3N4 Surface Modulation to PG Metab-
olism. Altering the chemistry of the Si3N4 surface by HF-
etching and thermal oxidation did not cancel the biomaterial’s
antibacterial behavior. However, important differences could be
noted by monitoring PG’s metabolism. Figure 1c and d provide
the Raman spectra of PG exposed to oxidized and HF-etched
Si3N4 surfaces, respectively. Identical test conditions were
employed for these two Si3N4 surfaces as were used for the as-
sintered (polished) surface. The main differences among these
various spectra (cf. Figure 1a−d) are as follows:
(i) In Zone I, the DNA triplet of PG at 781, 821, and 849

cm−1 was equally damaged when exposed to all surface-
modified samples. However, only the oxidized Si3N4 sample
significantly altered the spectral Zone I morphology when
compared to the as-sintered Si3N4 surface. There was a
significant intensity decrease for Band 1 (at 664 cm−1) and a
complete disappearance of Band 2 (at 679 cm−1). Conversely, a
relative enhancement of Band 3 (at 694 cm−1) was observed for
the oxidized sample, which is a trend undetected in either the
as-sintered or the HF-etched samples. Band 3 arises from C−S
stretching in amino acids, which are relatively less degraded by
contact with the oxidized Si3N4 sample. Basic DNA damage
occurs indirectly by reactive oxygen species, including hydroxyl
radicals (OH−).55 Therefore, the variations of Bands 1 and 2
are further evidence of DNA degradation in its guanine
structure.
(ii) In Zone I, the appearance of the band at 734 cm−1 from

choline groups of phospholipids in PG for both thermally
oxidized and HF-etched samples (labeled as “*” in Figure 1c
and d, respectively) confirmed an increase in membranous
lipids in the lytic bacteria, similar to the case described above
for the as-sintered sample (cf. Figure 1b).
(iii) In Zone I, the prominence of a new band at 755 cm−1,

which was assigned to symmetric breathing of tryptophan31,56

and labeled with “S1” (meaning “shift”) in Figure 1c,
represented one clear difference between the PG spectrum on
the oxidized and those of the other samples of the tested series.
This emission is related to the hydrophobicity of the protein. In
PG spectra collected on as-sintered and HF-etched samples,
this band was obviously embedded into the main feature
labeled as Band 5 and generally assigned to the T breathing
mode in DNA, (cf. Table 1). However, a significant blue shift of
the tryptophan component of Band 5 made it clearly visible as a
shoulder in the Raman spectrum of PG exposed to the
thermally oxidized surface (cf. Band S1 in Figure, 1c). The blue
shift of Band S1 provides evidence that a larger amount of
tryptophan is actually located in a more hydrophobic
environment (i.e., membrane core) as compared to the other
samples of the investigated series.56 This effect might also
reflect a structural difference in the protein itself, imposed by
the lack of a large aromatic side chain at its surface. Side chains
normally make the structure more rigid, thus protecting it from
penetration into the lipid membrane.57

(iv) The band of peroxynitrite at 1044 cm−1 was not detected
for PG on the oxidized Si3N4, while it was again found
(although with weaker intensity) for PG on the HF-etched
Si3N4, similar to the as-sintered Si3N4. Raman intensities of this
peroxynitrite band, collected under exactly the same spectro-
scopic conditions, were systematically null for PG cultured on
thermally oxidized Si3N4 and 2-fold lower for PG on HF-etched
as compared to as-sintered Si3N4.
(v) In Zone III, similar patterns of Raman intensity

degradation were observed in all the investigated samples.
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However, a peculiarity of the PG spectrum on oxidized Si3N4
was the appearance of a new band at around 1412 cm−1

(labeled as “***” in Figure 1c). This new band appeared as a
high-frequency shoulder to Band 22. It could not be resolved in
any of the other investigated samples. While the asymmetric
stretching vibrations of the deprotonated carboxylate anion,
COO−, is fully obscured by the intense amide bands in the
range of 1500−1650 cm−1, the symmetric stretching of COO−

vibration clearly appeared in all investigated samples at around
1394 cm−1. This band is stronger in bacterial samples
embedded in alkaline pH environment,58 which is indeed the
case here. However, peculiar to the PG spectrum on the
oxidized sample, splitting of the COO− vibration was observed
(cf. Band *** in Figure 1c). Because precise frequencies are
dependent upon neighboring functional groups,59 it is
speculated that Band 22 (i.e., COO−) represents the majority
of the carboxylate groups located on the bacterial wall surfaces,
while Band *** arises from protons that rapidly diffused inside
the cell wall and protonated the carboxylates present within the
plasma membrane and the cytoplasm.
(vi) Again in Zone III, a significant reduction in Raman

intensity of Band 23 (1448 cm−1, which mainly represents
lipids) was recorded for all samples. As discussed in the
previous section, this observation indeed substantiates the
common degradation of the lipid structure within the bacterial
cell membrane. Information on lipid acyl chains has been
historically obtained by examining the bandwidth and
maximum frequency of the C−H2 stretching vibrations,
typically at higher frequencies than the range investigated
here.60 Although these commonly investigated vibrations are
related to localized bonds, which are not directly involved in
the isomerization of the carbon backbone, they proved sensitive
to chain order. This study also showed that the CH2 scissoring
mode in lipids was also sensitive to alterations in the
conformation and dynamics of the lipid acyl chains in the
bacterial cell membrane. Consequently, this technique may be
used to monitor lipid phase behavior in a lower range of
frequencies. Note that Band 23 in the spectra of the PG
samples exposed to all Si3N4 samples commonly revealed a
shoulder at higher frequencies (labeled as “S2” in Figure 1b−d),
as compared to the reference spectrum of as-cultured PG. This
blue shift, which is sensitive to peroxidation, is associated with
increased intermolecular distance and indicates a substantial
increase in the fluidity of the membrane structure.61

(vii) Regarding Zone IV, trends for Bands 28, 29, and 30,
assigned to Amide I in α-helix, β-sheet, and the disordered
structure, respectively, were similar to that described in the
previous section for PG cultured on as-sintered Si3N4.
However, the β-sheet Band 29 was considerably weaker, but
it did not completely disappear as was the case for as-sintered
Si3N4. The Amide I bands consistently revealed lower
metabolic activity for PG, with the reduced Raman intensity
directly representing poor nutrient conditions within the
bacteria.
(viii) The spectroscopic situation of the low frequency bands

in Zone IV is complex. Such complexity arises due to
overlapping vibrations from Amide II and asymmetric C−O
stretching in carboxylate COO− groups. The Amide II Band 24
was significantly shifted toward higher frequencies (i.e., from
1543 to 1559 cm−1) for PG cultured on the as-sintered Si3N4
(cf. label “S3“ in Fig. 1b). This blue shift was less pronounced
(from 1543 to 1545 cm−1) and null for PG cultured on HF-
etched and thermally oxidized Si3N4, respectively. A similar

trend in spectral shifts was also found for the Amide II Band 25,
whose spectral position underwent a blue shift of ∼10 cm−1, no
shift, and 2 cm−1 for PG on the as-sintered, thermally oxidized,
and HF-etched Si3N4, respectively. However, in comparison
with the as-cultured PG bacteria, a clear reduction in Raman
intensity was recorded for Band 25 for bacteria cultured on as-
sintered Si3N4. Blue shifts in Amide II vibrations are related to
both the peroxidation process and from overlapping carboxylate
vibrations. In either case, peroxidation efficiency can be
qualitatively determined by the amount of the blue shift. This
reasoning leads to the conclusion that as-sintered Si3N4 appears
to be the most efficient surface for PG protein degradation.
(ix) The Raman intensity of Band 27 in Zone IV is

unfortunately dictated by an overlap of asymmetric carboxylate
and phenylalanine vibrations (i.e., bands that represent
competing trends for bacterial degradation). In fact, formation
of peroxidation products such as carboxylic acids, aldehydes,
and ketones occurs in parallel with the vanishing of the main
constituents of both bacterial cells and wall membranes. As a
result, it is difficult to monitor any significant variation in the
intensity of the Raman emission at this specific frequency.
Nevertheless, the degradation of phenylalanine and formation
of carboxylic acids was confirmed by monitoring their isolated
bands at 1001 and 1394 cm−1, respectively.
The most striking items in the above complex description are

definitely the evidence of DNA degradation and the appearance
of the peroxynitrite Raman band at 1044 cm−1 in HF-etched
Si3N4 and as-sintered Si3N4 (cf. the above items i and iv,
respectively). These two evidences should be picked out from
the overall discussion above, since they are key in the
forthcoming Discussion section.

3.4. Fluorescence Analysis of PG Bacterial Lysis.
Confirmation of the death of the PG bacteria following 6
days of exposure was obtained using conventional fluorescence
microscopy after staining the bacteria with CFDA and PI
markers, which colored live and dead bacteria green and red,
respectively. The results of this fluorescence analysis are shown
in Figure 2a and b for as-sintered and oxidized surfaces,
respectively. A micrograph of stained bacteria on the HF-etched
surface is omitted here because it appeared conspicuously the
same as that in Figure 2a. On the one hand, all bacteria for as-
sintered and HF-etched samples were completely red-stained
and showed somewhat isolated colonization (i.e., they
preserved their original morphology). On the other hand, PG
bacteria on the oxidized surface spread widely, colonized, and
were found to form a biofilm after 6 days of exposure. An
orange rather than red stain with some weakly greenish areas
indicated a lower degree of lysis when compared to that of as-
sintered and HF-etched surfaces for the same testing
conditions.
Measurements of wetting angles, shown in Figure 3a and b

for the as-sintered and thermally oxidized materials, respec-
tively, revealed significantly improved wettability for the latter
sample (8.94° ± 0.99° vs 20.87° ± 1.27°). The extreme
hydrophilicity of oxidized Si3N4 correlates well with data
obtained from streaming potential measurements. Thermally
oxidized samples exhibited a much higher magnitude of surface
charge than the as-sintered or HF-etched samples at
homeostatic pH. Since silica surfaces typically exhibit low
wetting angles,62 it is reasonable to expect a similar result from
oxidized Si3N4. While the spreading of PG on thermally
oxidized Si3N4 could conceivably be a consequence of
improved hydrophilicity, its observed proliferation and lower
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lysis both contrast with the higher magnitude of negative
surface charge induced by oxidation (cf. Section 2.1). In other
words, this result suggests that Gram-negative PG was
minimally affected by the increase in negative charge associated
with the oxidized surface. Consequently, it is surmised that its
eventual lysis is primarily the result of chemical rather than
electrical interactions.
3.5. Chemical Reactions at the Surface of Si3N4

Bioceramics. Figure 4 shows the room-temperature evolution
of pH around an as-received (mm-sized and polished) Si3N4

sample as a function of time. The pH-buffering action of Si3N4
is evident through the gradual conversion of the surrounding
acidic gel to alkaline values (i.e., pH from ∼4.5 to ∼8.5). The
spread of the alkaline environment around the sample occurred
in a time frame on the order of tens of minutes. However, the
initial change in alkalinity at the Si3N4 interface was rather
quick, which made it difficult to map the situation at time zero.
Moreover, the pH buffering effect was found to be independent
of the sample size. The same effect was also observed by
repeating the experiment with a smaller sample (about 400 !
300 μm in size; data not shown here) which was machined
from the same Si3N4 analyzed in Figure 4. These pH mapping
tests were subsequently repeated on samples with exactly the
same geometry as the disks employed in PG bacterial
experiments, and a direct comparison was carried out among
as-sintered, thermally oxidized, and HF-etched samples. Figure
5a and b shows results of pH microscopy performed after 45

min of exposure to acidic gel for as-sintered and thermally
oxidized Si3N4, respectively. The HF-etched Si3N4 was
undistinguishable from that of the as-sintered Si3N4 in Figure
5a; so it is not explicitly displayed here. A comparison of these
samples suggests that the pH buffering trends were basically the
same, although the buffering efficiency seemed to be retarded
by thermal oxidation.
On the basis of this experimental finding, Figure 6 provides a

schematic diagram of the sequence of chemical events leading
to the observed phenomenon of pH buffering. A layer of
amphoteric SiO2, which gradually incorporates increasing
amounts of N ions toward the Si3N4 core, covers the surface
of the polished sample (Figure 6a). The initial step of the

Figure 2. Fluorescence micrograph after PI and CFDA staining of PG
bacteria exposed for 6 days to (a) an as-sintered Si3N4 surface and (b)
a thermally oxidized Si3N4 surface. Living and dead PG bacteria are
noted by the green and red colors, respectively. The fluorescence
micrograph of PG bacteria exposed for 6 days to the HF-etched Si3N4
surface is omitted since it appeared exactly the same as that shown in
panel a.

Figure 3. Measurements of wetting angle in the as-sintered (a) and
thermally oxidized (b) samples revealing significantly improved
wettability in the latter.

Figure 4. Room-temperature evolution of pH surrounding an as-
sintered (polished) Si3N4 sample as a function of time in an acidic gel.
The buffering ability of Si3N4 gradually increases pH in ever wider
zones of the surrounding acidic gel. The average pH of the
unperturbed gel = 4.5.

Figure 5. Room-temperature pH maps after 45 min of exposure to
acidic gel around as-sintered (a) and thermally oxidized (b) Si3N4
polished disks tested under exactly the same conditions.
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reaction in the acidic media (Step 1; Figure 6b) consists of the
dissolution of amphoteric silica through detachment of silanol
adsorbates, Si−OH, to form silicic acid, Si(OH)4. Note,
however, that Si(OH)4 is unstable in water. Its molecules
readily condense with one another to form water and polymeric
chains. With progressing dissolution of amphoteric silica, amine
adsorbates (Si2-NH and a minor fraction of Si-NH) begin to
proliferate on the Si3N4 surface (Step 2; Figure 6c) and to fully
replace the silanol adsorbates. Unlike silanols, the amine
adsorbates are strongly bonded to the surface63 but tend to
attract protons to form ammonia, NH3. The strong driving
force to produce ammonia induces a massive influx of protons
toward the adsorbed amine species. This depletes the solution
of protons and raises the local pH at the solid/liquid interface,
which is exactly what was observed in these pH mapping
experiments. Note also that surface oxidation of Si3N4 results in
a thicker layer of glassy silica on top of the oxynitride/nitride
structure. In turn, this requires longer exposures for the
buffering action to occur, which explains the results shown in
Figure 5a and b.

4. DISCUSSION
4.1. Mechanism of Chemically Driven Lysis in PG

Bacteria on Si3N4. This study was initiated from the
standpoint that PG bacterial lysis in contact with Si3N4 surfaces
cannot be simply attributed to osmotic shock because PG
bacteria are known to preferentially proliferate in high pH
environments.64−66 Accordingly, the mere rise in pH, which
was observed in Figures 4 and 5, cannot per se be the cause of
PG’s lysis. The experiments described herein were originally
designed to clarify the effect of surface charge on the
bacteriostatic capability of Si3N4. However, according to ζ-
potential measurements and fluorescence microscopy, it was
concluded that oxidized (hydroxyl-rich) Si3N4 (i.e., the most
negatively charged surface in the tested series) was less effective
in inducing PG lysis when compared to the as-sintered and HF-
etched (amine-rich) Si3N4. Accordingly, one cannot rationalize
PG’s lytic behavior by invoking electrical repulsion of the
bacteria from Si3N4. These considerations led to the hypothesis
that chemical interactions were mainly responsible for the
observed antibacterial behavior. The reactions that classical
surface chemistry recognizes for the overall process of
chemisorption−oxidation−dissolution at the surface of Si3N4
can be written, as follows:

+ → + → + +Si N 6H O 3SiO 4NH 3SiO 2N 6H3 4 2 2 3 2 2 2
(1)

+ →3SiO 6H O 3Si(OH)2 2 4 (2)

Reactions 1 and 2 sequentially show the release of ammonia
and the cascading formation of silicic acid. The existence of
these reactions is readily apparent to those who work with
finely divided Si3N4 powders due to the pungent presence of
ammonia gas. Moreover, in a previously published paper,67

Raman spectroscopy was used to measure an increase in pH at
the surface of silicon nitride immersed in water for various
equilibrium (acidic) pH values. That buffering effect was found
to be the same as that observed here by direct pH microscopy.
In aqueous solution, the predominant functional Si3N4 surface
groups are Si-NH2 and Si-OH. These can further dissociate via
acid−base reactions, as follows:68,69

‐ → ‐ ++ +Si OH Si OH H2(s) (s) (aq) (3)

‐ → ‐ +− +Si OH Si O H(s) (s) (aq) (4)

‐ → ‐ ++ +Si NH Si NH H3(s) 2(s) (aq) (5)

where the subscripts (s) and (aq) refer to solid and aqueous
states, respectively. Note that eq 3, which represents the
protonation of silanol groups, can only occur in highly acidic
environments, which is not the case here. Accordingly, the two
reactions represented by eqs 4 and 5 are key in determining the
pH at the Si3N4 surface under changing concentrations of H+

and OH− ions.
According to Fubini and co-workers,70 the presence of active

sites at ground and polished ceramic surfaces interferes with
macrophage metabolism stimulating fibrogenic factors. On the
basis of electron paramagnetic resonance, which only detects
unpaired electrons, these researchers were able to distinguish
the difference between hemolytic and heterolytic Si-bond
cleavage. Some of the detected active species were superoxide
radicals, such as (Si-O•) and (Si-O2

−•). In other words, the
reaction of Si3N4 with the biological environment makes
available important ionic precursors of peroxynitrite (which was
directly detected by Raman spectroscopy in PG cultures
exposed to amine-rich Si3N4 surfaces). Unpaired electrons
react with the adsorbed O2 on the Si3N4 surface to yield O2

−•

radical anions, and subsequently, other highly oxidative
protonated radicals active in bacterial inactivation. Superoxide
ions have also been reported to develop from silica in the
presence of methane, CH4, with the Si/O ratio in the surface
silica being less than 0.5 and any bonded hydrogen present only
in SiOH groups.71 Note also that hydroxyl radicals damage
nucleic acids, lipids, and amino acids (e.g., conversion of
phenylalanine to m- and o-tyrosine);72−75 and in fact, mutations
of amino acids and peroxidation of lipids were detected by
Raman spectroscopy in this study.
PG is an asaccharolytic microorganism which is capable of

metabolizing nitrogenous compounds as a source of energy and
generating a microenvironment abundant in ammonia and
other important metabolic byproducts.76 The nitrate−nitrite−
ammonia conversion process also involves the production of
nitric oxide (NO) from nitrite reductions.77−79 Despite NO
being a freely diffusible, highly reactive, and cytotoxic gas, PG
(under normal metabolic conditions) is capable of efficiently
removing it by reacting NO with oxyhemoglobin. These
reactions actually prevent NO from directly reaching oxygen.

Figure 6. Schematic diagram of the cascade of chemical events leading
to the observed phenomenon of pH buffering by Si3N4.
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Now, returning to the dissociation reactions at the surface of
Si3N4, (i.e., eqs 1 and 4), a simultaneous process is proposed
wherein the products of eq 1 actually serve to efficiently feed PG
with nitrogen, thereby inviting it to abundantly produce NO
among its metabolic byproducts. Simultaneously, eq 4 produces
active oxygen species, eventually including superoxide radicals,
in close proximity to NO. These circumstances will lead to the
quick formation of peroxynitrite (i.e., as detected by Raman
spectroscopy), which actually poisons PG. Note that NO and
the active oxygen species do not need to be produced within
the same bacterial cell to form peroxynitrite because NO can
readily move through membranes between bacterial cells.49 The
proposed mechanism of feeding and poisoning by the Si3N4
surface reactions is schematically shown in Figure 7.

Interestingly, with the occurrence of gingival inflammation,
cellular systems activate enzyme complexes, such as NADPH
oxidases and xanthine oxidase, to produce large amounts of
superoxide which favor the production of peroxynitrite.49,76

The important component of NO stress resistance in PG is its
ability to maintain nontoxic NO intracellular concentrations.
However, the cascade of chemical reactions taking place at the
surface of Si3N4 assists the cellular systems by tilting the local
chemical equilibrium toward peroxynitrite rather than nitrate
formation. Accordingly, one can explain why the antibacterial
effectiveness of Si3N4 strongly depends on surface chemistry; it
is a balance between feeding and poisoning. The chemistry of the
as-sintered surface suggests that a balance between amine and
hydroxyl surface groups leads to better lytic behavior when
compared to that of amine- or hydroxyl-rich surfaces. However,
the optimal balance has yet to be experimentally identified, and
studies are ongoing to fulfill this task. Finally, note that the
newly formed peroxynitrite selectively oxidizes tryptophan
yielding N-formylkynurenine, oxindole, hydropyrroloindole,
and nitrotryptophan.80,81 This explains why the Raman
experiments for PG cultured on the oxidized Si3N4 sample
systematically revealed a relatively stronger tryptophan band in
the DNA-dominated Zone I of the spectrum, while the Raman
band of peroxynitrite was weak.

4.2. Implications in Dental Implants and in Curing
Periodontitis. In addition to Si3N4’s unique strength and
reliability as a biomaterial,82 it now also appears to possess
biologically advantageous surface chemistry. Its affinity for
oxygen is one of its important properties, which results in a
surface “passivation layer” of tunable stoichiometry at the
molecular scale. It was demonstrated that this is a key in
engineering this bioceramic for improved functionality. The
peculiar formation of amine and silanol adsorbates on Si3N4 lies
at the origin of a stream of positive interactions between its
surface and the biological environment. They include a
pronounced pH-buffering effect through the attraction of
protons to its surface, along with the local release of ammonia,
which is interlaced with its own antibacterial activity. The use of
Si3N4 in dentistry promises improved bacteriostatic effective-
ness coupled with a unique capacity of “downregulating” PG
metabolism. Si3N4’s surface reactions naturally drift toward
protective or “smart” chemistry, which in fact, parallels the
action of cellular systems in activating enzyme complexes to
produce superoxide species and to favor the formation of
peroxynitrite.

5. CONCLUSIONS

Raman spectroscopic monitoring of PG deposited on the
surface of Si3N4 bioceramics revealed relevant alterations in its
metabolism, including degradation of nucleic acid, and drastic
reductions in phenilalanine, Amide III proteins, and lipids. Its
lysis was specifically attributed to the formation of peroxyni-
trite, which in turn was a consequence of the metabolic release
of nitric oxide by PG and its reaction with active oxygen species
at the Si3N4 surface. A mechanism of simultaneously feeding and
poisoning of PG was hypothesized as a result of systematic
monitoring of its metabolism by Raman spectroscopy. It
originated from the peculiar chemical reactions occurring at the
Si3N4 surface. It is important to note that this mechanism may
also apply to a broader family of Gram-negative bacteria, as the
chemistry involved is shared among different bacterial species.
In conclusion, Si3N4 seems to possess the “right or smart

chemistry” to be of benefit in the treatment of acute or chronic
periodontitis. Its ability to disrupt the metabolic activity of PG,
the major bacterium responsible for this disease, may eventually
prove to be of value to dental clinicians. While significant
additional studies are needed, particularly associated with a
greater understanding of the roles and ranges of surface
chemistry, Si3N4 shows early promise as a therapeutic aid in
stimulating specific beneficial human functions which may aid
in re-establishing healthy oral environments.
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Abstract
Silicon nitride (Si3N4) implants are used in spinal fusion surgery and are under devel-

opment for use in other biomedical applications. The ability to create Si3N4 implants

with anatomically relevant shapes and controllable architecture can be beneficial in

these applications. In the present study, an aqueous paste composed of Si3N4 powder

and sintering additives was prepared with the requisite rheology and formed into

structures with different geometry and architecture using a robocasting technique.

Sintering and hot isostatic pressing produced an almost fully dense Si3N4 phase

(density=3.23�0.01 g/cm3) with a fibrous microstructure. Four-point bending tests

of as-fabricated dense beams showed a flexural strength of 552�68 MPa. Together,

these results indicate that robocasting combined with sintering and hot isostatic press-

ing can provide a viable manufacturing approach to create Si3N4 implants with con-

trollable shape and architecture for applications in orthopedic and dental surgery.

KEYWORD S

additive manufacturing, flexural strength, rheology, robocasting, silicon nitride

1 | INTRODUCTION

During the past 50 years, silicon nitride (Si3N4) has
developed into a well-established material for several
structural applications, at both ambient and high tempera-
tures, due to its attractive combination of properties, such
as mechanical strength, resistance to thermal shock, high-
temperature stability, hardness, and wear resistance.1-3 Si3N4

materials fabricated by conventional powder processing
routes can be modified by controlled thermal treatment to
produce a microstructure composed of elongated (fibrous)
grains with enhanced fracture toughness. These in situ tough-
ened Si3N4 ceramics have shown a combination of flexural
strength (>1 GPa) and fracture toughness (up to 10 MPa m1/

2) that are among the highest measured values for ceramic
materials.4, 5 Medical grade Si3N4 has been shown to be bio-
compatible, stable in vivo and visible on X-ray radiographs
as a partially radiolucent implant material.6, 7 Based on these
desirable properties, in addition to the aforementioned high

strength and fracture toughness, Si3N4 is used clinically as
spinal fusion implants and it is being developed for other
biomedical applications such as bearings in hip and knee
joint arthroplasty and dental implants.8-11

Near net shape fabrication of Si3N4 materials with the
requisite geometry (shape) and architecture is particularly
desirable for custom orthopedic applications but it is also
relevant to other applications, such as high-temperature
mechanical engineering applications. As Si3N4 has a high
hardness, postfabrication machining of the dense material
to achieve the desired complexity in shape and architecture
can be costly. In particular, biomedical implants are often
required to have a complex shape to fit into existing bone
defects or unusual patient anatomy and an architecture that
is dense, porous or has a graded porosity, depending on
the specific application. For example, some implants for
spinal repair should have a dense outer region to provide
the requisite strength and a porous inner region for bone
infiltration and integration.
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Conventional forming methods such as injection mold-
ing,12, 13 slip casting,14, 15 and gelcasting16, 17 have been
used for near net shape fabrication of Si3N4 ceramics with
simple and complex shapes. However, they are limited in
their ability to produce architectures with a controlled
spatial distribution of porosity and the requisite pore size
to facilitate integration of the implants with host bone.
In comparison, it has been well-demonstrated that addi-
tive manufacturing techniques, sometimes referred to as
three-dimensional (3D) printing, can provide unprecedented
control of the shape and internal architecture (or
microstructure) of ceramic green parts.

Robocasting is a colloidal-based additive manufacturing
method based on computer-controlled layer-by-layer depo-
sition of a highly concentrated suspension (slurry or paste)
through a nozzle of diameter ~100 lm to 1 mm.18, 19

Robocasting has been used to form green parts of structural
ceramics such as alumina19, 20 and silicon carbide20, 21,
bioceramics such as hydroxyapatite and beta-tricalcium
phosphate22-24 and bioactive glass.25-27 Robocasting has
also been used to form Si3N4 parts from aqueous slurries
composed of high solids loading (52 vol. % Si3N4 particles
of size 0.77 lm), low concentration of an anionic polyelec-
trolyte (1 wt. % Darvan 821A) and a flocculating agent
(0.4 wt. % aluminum nitrate) at pH 7.8-8.5.28 Sintering
produced a linear shrinkage of 16% and a final density of
3.21 g/cm3 which was ~99% of the theoretical density,
while four-point bending tests of the sintered material
showed a flexural strength of 737�38 MPa.

The objectives of the present study were twofold. One
objective was to develop a paste formulation for continuous
and reproducible robocasting of Si3N4 parts from a more
commonly used commercial powder (SN-E10; UBE Indus-
tries, Tokyo, Japan). Because of its fine particle size, this
powder is known to have attractive sintering characteristics
but difficulties have been reported in dispersing it in aque-
ous media to high solids loading.29 The second objective
was to create Si3N4 parts with different shape and architec-
ture by robocasting. The green parts were dried, debinded,
fired using a combined sintering and hot isostatic pressing
route, and characterized to evaluate their macrostructure,
microstructure and mechanical properties.

2 | EXPERIMENTAL PROCEDURE

2.1 | Starting powders

The Si3N4 powder (SN-E10; UBE Industries) used in this
study had an average particle size (D50) of 0.70 lm, surface
area of 9-13 m2/g, and a-phase content of >95% according
to the manufacturer’s specifications. The sintering additives
that would lead to the formation of a liquid phase to aid den-
sification were 6.0 wt. % Y2O3 (D50=0.5 lm; purity 98.9%;

H. C. Starck, Newton, MA) and 4.0 wt. % Al2O3

(D50=0.3 lm; purity 99.0%; Baikowski Malakoff, Malakoff,
TX) which are a commonly used formulation in the produc-
tion of Si3N4 materials. In addition, 0.75 wt. % TiO2

(D50<0.9 lm; purity 99.8%; Spectrum Chemical, Gardena,
CA) was used as a colorant. The starting mixture composed
of Si3N4 powder, sintering additives and colorant were
mixed in a V-blender and provided by a manufacturer of
Si3N4 orthopedic implants (Amedica, Salt Lake City, UT).

The particle size distribution of the Si3N4 powder (with-
out additives) was checked using a particle size analyzer
(S3500; Microtrac, Largo, FL). Dilute suspensions com-
posed of 0.002 vol. % Si3N4 particles were used in measur-
ing the zeta potential as a function of pH using a Zetasizer
Nano ZS90 machine (Malvern Instruments, Malvern, UK).

2.2 | Preparation of suspensions and
measurement of viscosity

Based on the zeta potential data for the Si3N4 powder, a catio-
nic polyelectrolyte, polyethylenimine (PEI) (Aldrich Chemi-
cal, Milwaukee, WI), was used as a dispersant-binder system.
PEI is effectively neutral at pH values above ~10 and develops
an increasing positive charge as the pH decreases below this
value due to adsorption of H+ ions, with the amine groups
becoming ~50% protonated at pH of 5-6.30 The optimal
amount of PEI was assessed frommeasurements of the viscos-
ity versus strain rate for Si3N4 suspensions containing varying
amounts of PEI (as described below).

The powder mixture, composed of Si3N4 powder and sin-
tering additives (Y2O3+Al2O3), referred to simply as Si3N4

powder, was sieved through a 100 mesh nylon sieve to
remove large agglomerates. Suspensions were prepared for
use in rheological measurements by adding the Si3N4 pow-
der to a solution of PEI in deionized water, followed by mix-
ing in a planetary centrifugal mixer (ARE-310; THINKY,
Laguna Hills, CA). Suspensions composed of 20 vol. %
Si3N4 powder and varying amounts of PEI (0-8 wt. % based
on the weight of the Si3N4 powder) composed of a high
molecular weight PEI (designated H-PEI; molecular weight
Mw=25 000 Da), a low molecular weight PEI (L-PEI;
Mw=2000 Da) or a combination of H-PEI and L-PEI were
studied. The viscosity of the suspensions was measured at
room temperature using a controlled-rate rotational viscome-
ter (Haake Viscotester E; Haake, Paramus, NJ) with a small
sample adaptor. Measurements were performed with TR ser-
ies spindles, using 8-13 mL of suspension. The shear stress
was measured as a function of the shear strain rate.

2.3 | Preparation of paste for robocasting

The as-received Si3N4 powder (with sintering additives),
sieved through a 100-mesh sieve to remove large

2 | ZHAO ET AL.



agglomerates, was added to a solution composed of deion-
ized water and the requisite amount of PEI, and the system
was mixed using a planetary centrifugal mixer (ARE-310;
THINKY). Based on the aforementioned viscosity measure-
ments, a combination of 4.0 wt. % L-PEI and 4.0 wt. % H-
PEI was used. The powder was added to the solution in
steps and mixed for 1 min after each step. Then hydrox-
ypropyl methyl cellulose (Methocel F4M; Mw=3500 Da;
Dow Chemical, Midland, MI), abbreviated HPMC, was
added to the slurry and the system was mixed in the plane-
tary mixer for 1 min. The HPMC was used as a viscosify-
ing agent to modify the rheology of the paste.21 Pastes
containing varying amounts of HPMC were tested to deter-
mine the optimal amount required to achieve continuous
robocasting of green parts without any visible flaws. The
optimal composition of the paste used for robocasting the
Si3N4 parts in this study is given in Table 1.

2.4 | Robocasting of silicon nitride

Green parts were formed using a robotic deposition appara-
tus (3D Inks; Stillwater, OK). The three-axis motion of the
x, y and z stages was independently controlled by a com-
puter-aided program (RoboCAD 3.0, 3D Inks, Stillwater,
OK) that allowed for layer-by-layer deposition of 3D archi-
tectures. The paste was contained in a 3 mL syringe and
deposited through a tapered stainless steel nozzle (inner
diameter=410 lm) held in a plastic housing (EFD precision
tips, East Providence, RI). A constant pressure was applied
to extrude the paste through the nozzle at a volumetric flow
rate required to maintain a constant xy table speed of
10 mm/s.

The center-to-center distance between the extruded fila-
ments was varied to achieve two different architectures. A
center-to-center distance of 910 lm was used to form a por-
ous grid-like architecture composed of filaments arranged at
right angles in adjacent layers and square-shaped pores in the
plane of deposition. In comparison, a center-to-center dis-
tance of 410 lm was used to form a grid-like architecture
composed of touching filaments in the plane of deposition.
This architecture is referred to as a “solid” architecture to dis-
tinguish it from the porous grid-like architecture. For each
architecture, green parts were formed with the external
geometry of a cube (~10 mm in length) or a beam

(32 mm96 mm94 mm). The green parts were dried for
24 h at room temperature, followed by 24 hour at 70°C.

2.5 | Binder removal and firing

Thermogravimetric analysis (TGA) was performed to deter-
mine the binder burnout profile of the processing additives
alone (L-PEI, H-PEI and HPMC) and the Si3N4 green
parts. A mass of 10 mg was heated in air at 5°C/min to
600°C using a thermal analysis instrument (STA 409C;
Netsch, Selb, Germany). Then the weight loss curve was
used to develop a heating schedule for the green parts. Bin-
der burnout was performed by heating the green parts in
air at 2°C/min to 600°C, with a hold of 2 hour at 300°C
and at 600°C. The debinded parts were densified by a com-
bination of sintering and hot isostatic pressing (referred to
as sinter/HIP) according to a schedule previously developed
at Amedica Corporation. Sintering was performed for
2 hour at ~1700°C in an N2 atmosphere. Then the sintered
samples were further treated by hot isostatic pressing for
2 hour at ~1700°C and N2 gas pressure of ~200 MPa.

2.6 | Characterization of green and
fabricated Si3N4 parts

The density of the as-fabricated parts was measured using
the Archimedes technique according to ASTM C373-88.
The linear shrinkage in the sinter/HIP process was deter-
mined from the dimensions of the dried and final parts.
Field-emission scanning electron microscopy (SEM) (S-
4700; Hitachi, Tokyo, Japan) was used to examine the
microstructure of the debinded and final parts. Fractured
and polished cross-sections of the samples were coated
with Au/Pd and examined at an accelerating voltage of
15 kV and a working distance of 12 mm. Atomic force
microscopy (Nanoscope IIIa; Digital Instruments, Santa
Barbara, CA) was used to determine the average surface
roughness (Ra) and the root-mean-square roughness (Rq) of
the as-fabricated Si3N4 materials.

As-fabricated parts with the shape of beams
(2394.392.8 mm) were tested in four-point bending
according to ASTM C1674-11 to determine their flexural
strength. The parts were tested in the as-fabricated state
without any surface grinding. Testing was performed at a
crosshead speed of 0.2 mm/min in an Instron testing
machine (Model 5881; Norwood, MA) using a fully articu-
lated fixture (outer span=20 mm; inner span=10 mm). The
flexural strength was determined using the equation:

r ¼ 3PL
4bd2

(1)

where P is the applied load, L is the outer span, b is the
sample width and d is the thickness of the sample. Six

TABLE 1 Composition of slurry used in robocasting of Si3N4

Material Composition (wt. %)

Si3N4+Y2O3+Al2O3 61.8

H-PEI (high molecular wt. PEI) 2.5

L-PEI (low molecular wt. PEI) 2.5

HPMC (hydroxypropyl methyl cellulose) 0.9

Deionized water 32.3
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samples in each group were tested and the flexural strength
was determined as an average�SD.

3 | RESULTS

3.1 | Characteristics of slurries and green
parts

Figure 1 shows the particle size distribution and the zeta
potential versus pH for the as-received Si3N4 powder (with-
out sintering additives). The average particle size
D50=0.7 lm is consistent with the manufacturer’s specifica-
tions. The zeta potential curve and the isoelectric point
(IEP=6.2) of the Si3N4 powder are consistent with results
in the literature for Si3N4 powder with the same manufac-
turer’s designation.31 Although the IEP of the sintering
additives was not measured, several studies have reported
the IEP of high purity Al2O3 in the range 8-9 and Y2O3 in
the range 8.5-9.5. As these are almost stoichiometric oxi-
des, the IEPs of high purity Al2O3 and Y2O3 are not
expected to deviate from these narrow ranges.

Addition of PEI (4.0 wt. % L-PEI+4.0 wt. % H-PEI
based on the mass of Si3N4 powder) to deionized water
raised its pH to 11.5. Addition of 20 vol. % Si3N4 powder
(with Y2O3+Al2O3 sintering additives) to the PEI solution
produced little change in the pH (to 11.4), indicating that
the dispersion of the Si3N4 particles was dominated by the
adsorbed PEI. Figure 2A shows the effect of the amount of
H-PEI on the viscosity and rheological behavior of 20 vol.
% Si3N4 suspensions. The viscosity decreased and the rheo-
logical behavior changed from shear thinning to essentially
Newtonian as the amount of H-PEI increased from 0 to 4
wt. %. Increasing the amount of H-PEI to 8 wt. % showed
little further change in viscosity or rheological behavior.
The effect of a combination of H-PEI and L-PEI on the
viscosity and rheological behavior of 20 vol. % Si3N4

suspensions is shown in Figure 2B. The use of 8 wt. % of
L-PEI alone did not produce a marked difference in viscos-
ity and rheological behavior when compared to the suspen-
sion without PEI, indicating that this amount of L-PEI was
insufficient to provide good dispersion of the particles. In
comparison, a combination of 4.0 wt. % L-PEI+4.0 wt. %
H-PEI resulted in a reduction in the viscosity and a near
Newtonian rheological response which was almost identical
to the use of 8.0 wt. % H-PEI.

A combination of 4.0 wt. % H-PEI+4.0 wt. % L-PEI
was used for robocasting because it allowed the incorpora-
tion of a slightly higher volume fraction of Si3N4 particles
into the paste when compared to slurries with 8.0 wt. % H-
PEI. These pastes were extrudable but the filaments in the
porous grid-like architecture showed some deformation
while the ability to continuously form green parts without
flaws was limited. HPMC additions below 1.0 wt. % (based
on the weight of Si3N4) did not adequately improve the
forming process whereas HPMC additions greater than 2.5
wt. % required a reduction in the solids content for success-
ful robocasting. The optimal amount of HPMC used in the
slurries was ~1.5 wt. %.

Figure 3 shows examples of green parts formed by
robocasting. Two different shapes were formed, a cube and
a beam, based on the geometry required for mechanical
testing in compression and flexure. For each geometry,
parts were created with a porous grid-like architecture and
a solid architecture. All of the green parts showed a uni-
form shape and architecture and there was no observable
deformation of the individual filaments in the structures.

3.2 | Debinding of green parts

Figure 4 shows TGA curves for the binder system used in
this study (without the Si3N4 powder) and for filaments
formed by robocasting which were composed of the same

FIGURE 1 (A) Particle size distribution and (B) zeta potential versus pH for as-received Si3N4 powder (without sintering additives)
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binder system with the Si3N4 powder. The samples were
dried prior to TGA. The curve for the binder system with-
out Si3N4 powder can be divided into three regions. The
first region showed a gradual weight loss between ~100°C
and ~300°C in which ~20 wt. % of the binder was
removed. The second region between ~300°C and ~400°C
showed a much steeper weight loss, with ~40-50 wt. % of
the binder being removed. In the third region (above
~400°C), the weight loss curve decreased more slowly and
not all of the binder was removed at the heating rate used
(5°C/min) when the experiment was terminated at 600°C.

The binder burnout curve for the filament composed of
the Si3N4 powder and the binder system can also be
divided into three regions but they were less distinct. The

curve showed a more gradual decrease with temperature
over the entire range (room temperature to 600°C).
Although the weight loss curve showed the steepest drop
between 300°C and 400°C, it was not as distinctive as for
the binder system alone. It appeared that the Si3N4 powder
and sintering additives (Y2O3+Al2O3) might be having a
catalytic effect on the binder decomposition, leading to a
relatively greater amount of weight loss in the first region
(below ~300°C) relative to that in the second region.

SEM images of the surface and fractured cross-section
of a filament after binder burnout are shown in Figure 5
at different magnifications. As might be expected, the fil-
ament surface morphology was smoother than the frac-
tured cross-section (Figure 5A, B). Higher magnification

FIGURE 2 Viscosity versus shear rate for aqueous suspensions composed of 20 vol. % Si3N4 particles and varying amounts of (A) high molecular
weight polyethylenimine (H-PEI) and (B) a combination of H-PEI and low molecular weight PEI (L-PEI). The amount of PEI is expressed as a percentage
of the weight of the Si3N4 powder [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Optical photographs of Si3N4 green parts with a porous
grid-like architecture or a solid architecture and with the geometry of a
cube or a beam [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Thermogravimetric analysis (TGA) curves for the binder
system alone (4.0 wt. % H-PEI+4.0 wt % L-PEI+1.5 wt. % HPMC based
on the weight of the Si3N4 particles used in the robocasting paste) and the
paste (binder system plus Si3N4 powder) used in the robocasting
experiments. The samples were heated in air at 5°C/min to 600°C [Color
figure can be viewed at wileyonlinelibrary.com]
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images showed a fairly homogeneous particle packing
and the absence of large pores (Figure 5C, D). At
an even higher magnification, SEM images indicated
that the largest pores had a size smaller than 1-2 lm
(Figure 5E,F).

3.3 | Microstructure of fabricated Si3N4 parts

Optical images of the Si3N4 parts after sinter/HIP
(Figure 6) showed no observable distortion of the external
shape of the parts and no observable deformation of the fil-
aments in the parts with the porous grid-like architecture
when compared to the green parts (Figure 3). The apparent
density of the solid phase in the porous grid-like parts was
3.18�0.01 g/cm3, approximately 99% of the value
(~3.23 g/cm3) reported in the literature for fully dense
Si3N4 fabricated with the sintering additives used in this
study. The porosity of the open macropores in the porous
grid-like parts was 51.5% and 56.5%, respectively, for the
cube-shaped and beam-shaped samples, and the pore width
was ~350 lm in the plane of deposition. The bulk density
of the parts with the solid architecture was 3.23�0.02 g/
cm3, approximately equal to the density of a fully dense
material. The average of the measured densities for the por-
ous grid-like parts or the solid parts was not dependent on

the geometry of the parts (cube or beam). The linear
shrinkage of the samples after sinter/HIP was 27.8%.

SEM images of the polished cross-section (in the z
direction) of the cube-shaped parts with the porous

(A) (B)

(C) (D)

(E) (F)

FIGURE 5 SEM images of the filaments
in debinded parts with a porous grid-like
architecture. The fractured cross-section (A, C,
E) and surface (B, D, F) of the filaments are
shown

FIGURE 6 Optical images of Si3N4 parts after sintering and hot
isostatic pressing (sinter/HIP) [Color figure can be viewed at
wileyonlinelibrary.com]
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grid-like architecture are shown in Figure 7A, C. The
higher magnification image showed a few isolated pores of
size <1 lm in the sold phase. At similar magnification,
images of cube-shaped samples with the solid architecture
showed a fully dense microstructure (Figure 7B, D).

SEM images of the surface of the filaments in the as-
fabricated Si3N4 parts with a porous grid-like architecture
(Figure 8A-C) showed a fibrous microstructure of rod-like
grains (diameter 1-2 lm). The rod-like grains had a hexag-
onal cross-section typical of b-Si3N4 and there appeared to
be little glass phase (or solidified liquid phase) between
these rod-like grains on the filament surface. Examination
of the fractured cross-section on the filaments (Figure 8D)
showed that the rod-like grains were also present within
the filaments, as seen particularly in the areas with more
pronounced intergranular fracture. These fibrous grains
within the filaments had a diameter that was approximately
the same as those on the surface but they appeared to be
bonded together by the solidified liquid phase. The average
surface roughness (Ra) and the root-mean-square roughness
(Rq) of the as-fabricated Si3N4 parts were 0.75 lm and
0.90 lm respectively.

3.4 | Mechanical properties of as-fabricated
Si3N4 parts

The compressive strength of the cube-shaped parts were
not determined because the required force was higher
than the capacity of the available load cell (10 kN) in
the mechanical testing machine. This means that the
compressive strength of the porous grid-like parts (poros-
ity of macropores=51.5%) was higher than ~200 MPa.
The fully dense parts with the solid architecture is

expected to have a considerably higher compressive
strength. Four-point bending tests of the as-fabricated
beams showed a flexural strength of 552�68 MPa for
the solid parts and 89�11 MPa for the porous grid-like
parts (porosity of macropores=56.5%). SEM images of
the fractured surface of the samples after flexural testing
(Figure 9) showed a combination of intergranular and
transgranular fracture modes. The bottom region of the
samples, under tension in the four-point tests, apparently
showed a larger amount of intergranular fracture than the
top region (under compression during the tests). How-
ever, there was no marked difference in fracture mor-
phology between the parts with the solid architecture and
the porous grid-like architecture.

4 | DISCUSSION

The development of an aqueous paste composed of a fine
commercial Si3N4 powder, commonly used sintering addi-
tives (Y2O3+Al2O3) and organic processing additives
allowed the continuous and reproducible robocasting of
green parts with different geometry and architecture. A
combination of sintering and hot isostatic pressing (sinter/
HIP) resulted in the production of parts without any
observable shape deformation and with an almost fully
dense Si3N4 phase composed of rod-like grains. Testing of
as-fabricated dense parts in four-point bending showed an
average flexural strength of 552 MPa. The fabrication pro-
cess used in the present study could provide a viable manu-
facturing strategy for the creation of Si3N4 implants with
complex architectures and anatomically relevant shapes for
applications in orthopedic and dental surgery.

(A) (B)

(C) (D)

FIGURE 7 SEM images of the polished
cross-section of fired Si3N4 parts with a
porous grid-like architecture (A, C) and with a
solid architecture (B, D) at different
magnifications

ZHAO ET AL. | 7



4.1 | Paste development and robotic
deposition

The structural integrity of green parts created by robocast-
ing is strongly dependent on the rheological properties of
the paste (or slurry) and on the drying of the deposited lay-
ers. In addition to high solids loading, the slurry should
have the requisite rheology to flow through the nozzle but
then set rapidly to maintain the desired 3D shape and
architecture. In general, this means that the slurry should
show pseudoplastic behavior with a yield stress that is high
enough to prevent deformation of the printed structure
under its own weight.32

Difficulties were encountered in our preliminary robo-
casting experiments to continuously extrude filaments from
an aqueous paste composed of the Si3N4 powder, a com-
mercial anionic polyelectrolyte dispersant, Darvan 821A (a
solution of 40 wt. % ammonium polyacrylate) and a floccu-
lating agent (ammonium nitrate), as reported in a previous
study for a different commercial Si3N4 powder.28 Presum-
ably the negative surface charge of the Si3N4 particles and
the highly negative charge of the anionic polyelectrolyte at
basic pH values (7.8-8.5) used in that study inhibited
adsorption of the polyelectrolyte on the particle surface. In
general, Si3N4 powders produced by different manufactur-
ers have different physical characteristics (e.g., surface

(A) (B)

(C) (D)

FIGURE 8 SEM images of a fired Si3N4

part with a porous grid-like architecture
showing (A) the filaments in the part, (B, C)
the surface of a filament at lower and higher
magnification, and (D) the fractured cross-
section of a filament

(A) (B)

(C) (D)

FIGURE 9 SEM images of the fractured
surface of fired parts with a solid architecture
(A, B) and a porous grid-like architecture (C,
D) after failure in four-point bending
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area) and surface chemistry which can have a strong effect
on colloidal and rheological properties.

The present study developed an alternative paste formu-
lation based on the use of a cationic polyelectrolyte disper-
sant-binder system which provided continuous robocasting
of simple and complex structures without observable flaws.
The addition of PEI to deionized water resulted in an
increase in pH of the solution to highly basic values
(~11.4), due to adsorption of hydrogen (or hydronium)
ions.30 At these pH values, the surface of the Si3N4 parti-
cles and the Y2O3 and Al2O3 particles used as sintering
aids are negatively charged. As the surface of the particles
and the PEI are oppositely charged, adsorption by electro-
static attraction is favored.

Lower molecular weight PEI is often better suited for
use as a dispersant whereas higher molecular weight PEI
can serve as both a dispersant and an effective binder.32

The use of a combination of 4.0 wt. % L-PEI and 4.0 wt.
% H-PEI resulted in the formation of a paste with an opti-
mal combination of viscosity and solids content. However,
upon robocasting, the extruded filaments did not maintain
their shape, particularly for articles having a complex shape
or a porous grid-like architecture. The addition of HPMC
vastly improved the ability to form parts continuously with-
out observable flaws. HPMC can act as a viscosifying
agent and its addition presumably altered the rheological
response of the paste, preventing phase separation during
extrusion and improving the ability of the as-formed struc-
ture to maintain its geometry.

4.2 | Microstructure of debinded and fired
parts

In general, the microstructure of debinded (or green) cera-
mic parts provides a useful indication of their sinterability.
Homogeneous random particle packing and pores of low
coordination number (fine pores) are beneficial for sinter-
ing. SEM images of the surface and cross-section of the
extruded filaments after debinding (Figure 5) indicate that
these requirements were achieved to a large extent. Neigh-
boring regions with markedly different packing density
were apparently absent, reducing the risk of sintering prob-
lems such as differential densification. The largest pores
were smaller than 1-2 lm.

Based on the formulation given in Table 1, the solids
content of the paste used for robocasting was ~35 vol. %.
Because of this low solids content, the parts showed a
fairly large shrinkage of 27.8% during firing (sinter/HIP).
However, despite the low solids content of the paste, the
Si3N4 phase in both the macroporous grid-like parts and
the solid parts reached almost full density during sinter/
HIP. In the sinter/HIP route (which avoids the use of an
encapsulating glass or metal can), parts have to be

sintered to closed porosity (total porosity less than 5-10%,
depending on the particle packing homogeneity of the
green part) for the HIP step to be effective in removing
the remaining porosity. If open pores are present, the high
gas pressure used in the HIP step would prevent them
from shrinking. Consequently, despite the low solids con-
tent of the paste, the green parts experienced considerable
densification. While the density of the parts was not mea-
sured after the sintering step, it is reasonable to assume
that the parts were sintered to a porosity lower than
5-10% prior to HIP.

In addition to the nearly full density of the Si3N4 phase,
there was no observable deformation of the filaments in the
macroporous grid-like architecture or the external geometry
of the fired parts (Figures 3 and 6). Studies in the ceramic
literature show that some green articles, particularly articles
formed from fine particles, can be sintered to almost full
density despite a low particle packing density (<40%-
50%).32 Homogeneous particle packing and fine pores in
the green parts formed by robocasting in this study (Fig-
ure 5) were presumably beneficial for uniform shrinkage
and considerable densification without deformation of the
fired parts.

Despite the ability to produce macroporous and solid
parts composed of a dense Si3N4 phase which showed no
observable distortion, an increase in the particle packing
density of the green parts (while maintaining the homoge-
neous packing) would be useful. A higher particle packing
density leads to a reduction in the shrinkage required to
achieve a given density during firing, which is useful for
better dimensional control of the fabricated part, particu-
larly in the production of large parts. This might be
achieved by improved treatment of the starting powder
(Si3N4 and sintering aids) prior to paste formulation. In
the present study, a powder blend formed by mixing the
as-received starting powders was used in the paste formula-
tion. This powder blend was provided by Amedica Corpo-
ration and is typically used to form Si3N4 green articles by
pressing. Although the powder blend was sieved to remove
agglomerates larger than ~100 lm in the present study, the
use of additional powder treatments could improve the
solids content of the paste used for robocasting and, thus,
the green density of the part.

In a recent study, the as-received Si3N4 powder was
attrition milled alone to break up agglomerates. Then the
Si3N4 power was attrition milled a second time with the
sintering aids (Y2O3 and Al2O3 powders) to achieve good
mixing and break up agglomerates in the sintering aids.
These operations allowed the preparation of a paste with a
solids content (67.5 wt. %) that was higher than that
used in the present study (61.8 wt. %). This paste was suc-
cessfully formed into green parts by the same robocasting
technique.
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4.3 | Mechanical properties

In the present study, the specimens were tested in four-
point bending in the as-fabricated state without any surface
grinding. This is because Si3N4 implants are typically used
in the as-fabricated state (after sterilization) in spinal fusion
applications. Consequently, the flexural strength of the
as-fabricated material provides a better approximation to
the flexural strength of Si3N4 constructs that are implanted
clinically. The flexural strength measured in the present
study (552�68 MPa) was lower than the value
(737�38 MPa) reported in a previous study for a different
Si3N4 powder formed by robocasting.28 One factor that
might account for the difference in flexural strength is the
surface finish of the specimens. Typically, specimens used
in flexural tests have their surfaces finished with diamond
grinding to provide a controlled surface free from large
flaws. In comparison, the specimens used in the present
study were tested in the as-fabricated state. The surface of
these specimens consisted of a random arrangement of pro-
truding fibrous grains (Figure 8C). Consequently, the sur-
face of these as-fabricated specimens can be approximated
to a surface with a distribution of flaw sizes. It is well
known that the strength of brittle materials varies inversely
as the square root of the largest flaw size.

4.4 | Biomedical applications of Si3N4 parts
created by robocasting

The fabrication approach used in the present study, consist-
ing of robocasting and sinter/HIP, can provide significant
advantages in the production of Si3N4 implants for orthope-
dic and dental applications. One advantage is the ability to
create custom implants with the requisite dimensions, com-
plex anatomical shape, and controlled internal architecture
tailored to the individual patient which cannot be easily
achieved by conventional forming methods. Consequently,
the need for expensive postfabrication diamond machining is
avoided or reduced. Implants used in spinal repair should
have a complex shape to match the patient’s anatomy and a
microstructure to provide a combination of strength and
capacity to support bone infiltration. Si3N4 implants with a
composite microstructure, composed of a solid outer region
and a porous inner region, have been found to fuse the cervi-
cal spine of patients without the need for added cells or bone
fillers.33 The robocasting technique has the capacity to form
solid or porous architectures, as well as more complex archi-
tectures composed of both solid and porous regions.

Another advantage of the present fabrication route is
that it leads directly to the production of Si3N4 parts with a
controlled surface roughness that is determined by the mor-
phology of the fibrous grains at the surface. The average
surface roughness (Ra) found by AFM was 0.75 lm. The

effect of surface roughness on the response of cells and on
bone formation has been widely studied and documented
for titanium dental implants.34 Microtextured titanium sur-
faces have been shown to stimulate osteoblastic cell differ-
entiation in vitro and to favor bone formation in vivo.35 A
fibrous surface morphology or surface roughness, similar to
that achieved in the present study, has been found to have
a beneficial effect in endowing Si3N4 implants with
antibacterial activity.9, 36, 37 Bacterial infection of implants
in vivo is a serious concern in orthopedic surgery. Conse-
quently, the creation of Si3N4 implants with a fibrous sur-
face morphology, as demonstrated in the present study, can
provide a key advantage over other spinal repair materials
such as titanium and polyether ether ketone. Furthermore,
conventional forming methods that rely on postfabrication
machining to create Si3N4 implants with the requisite
dimensions and shape would eliminate this favorable sur-
face roughness.

Si3N4 parts fabricated in the present study have strengths
that are more than adequate for orthopedic applications.
The compressive and flexural strengths of human cortical
bone are in the range 100-150 MPa.38 The flexural strength
of solid Si3N4 specimens fabricated in the present study
(552�68 MPa) is considerably higher than that of cortical
bone. The compressive strength of the specimens was too
high to be measured with the available testing machine but,
like ceramics in general, it is expected to be several times
the flexural strength. Specimens with a porous grid-like
architecture (porosity=56.5%; pore width ~350 lm) showed
a flexural strength (89�11 MPa) comparable to human cor-
tical bone. The present study showed that when combined
with sinter/HIP, robocasting has the capacity to create
Si3N4 implants with precise shape and dimensions to match
a patient’s anatomy, high strength to support physiological
loads, controllable pore characteristics for bone infiltration
and a fibrous surface morphology for antibacterial activity.
Consequently, the present fabrication approach could find
considerable use in the production of Si3N4 implants for
spinal repair and dental implant applications.

5 | CONCLUSIONS

An aqueous paste composed of Si3N4, sintering additives
and organic processing additives was developed for contin-
uous robocasting of green parts with different geometry
and architecture. Sintering followed by hot isostatic press-
ing (sinter/HIP) produced macroporous parts with a grid-
like architecture and solid parts with an almost full dense
Si3N4 phase (density 3.23�0.01 g/cm3) and a microstruc-
ture of fibrous grains typical of in situ toughened Si3N4.
Four-point bending tests of as-fabricated solid samples in
the shape of beams showed a flexural strength of
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552�68 MPa. Samples with a macroporous grid-like archi-
tecture (porosity=56.5%; pore width=350 lm) showed a
flexural strength of 89�11 MPa. Together, the results indi-
cate that robocasting combined with the sinter/HIP technique
could provide a viable approach to create Si3N4 implants
with anatomically relevant shapes and internal architectures
for applications in orthopedic and dental surgery.
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Indentation micro-fracture is revisited as a tool for evaluating the surface toughness of

silicon nitride (Si3N4) bioceramics for artificial joint applications. Despite being unique and

practical from an experimental perspective, a quantitative assessment of surface fracture

toughness using this method is challenging. An improved method has been developed,

consisting of coupling indentation with confocal (spatially resolved) Raman piezo-

spectroscopy. Empowered by the Raman microprobe, the indentation micro-fracture

method was found to be capable of providing reliable surface toughness measurements

in silicon nitride biomaterials. In designing the microstructures of bioceramic bearing

couples for improved tribological performance, surface toughness must be considered as a

fundamentally different and distinct parameter from bulk toughness. The coupling of

indention crack opening displacements (COD) with local stress field assessments by

spectroscopy paves the way to reliably compare the structural properties of bioceramics

and to quantitatively monitor their evolution during environmental exposure.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Modern bioceramics for load-bearing applications in artificial hip
joints possess refined microstructures which are thoroughly
optimized for the concurrent achievement of bioinertness, high
structural reliability, and superior wear resistance (Heros, 1998;
Goldsmith et al., 2000; Olofsson et al., 2012). Their structural
reliability is usually certified through statistically validated and
standardized procedures, including assessments of bulk fracture
toughness, flexural strength, andWeibull distribution (Richter and
Willmann, 1999; Tateiwa et al., 2008). Conversely, less attention
and standardization have been given to an assessment of their
surface mechanical properties. Wear analyses performed by
rved.

zotti).
standard simulation testing is the main, and typically only,

evaluation with outputs usually being weight loss, wear rate,

and friction coefficient (Kaddick andWimmer, 2001; McKellop and

D’Lima, 2008). However, advanced studies concerned with the

way in vitro simulations are kinematically conducted have clearly

demonstrated a need to modify the existing standards. In

particular, inclusion of a lateral shift in contact during the swing

phase, usually referred to as “microseparation,” is deemed to be

particularly important in hip-joint simulation (Nevelos et al., 2000).

This additional kinematical feature serves to simulate an offset

deficient head, or joint laxity, and represents the physical origin of

enhancedwear detected on retrievals (Nevelos et al., 2000; Stewart

et al., 2003). Repeated micro-shock events that accompany

http://dx.doi.org/10.1016/j.jmbbm.2015.09.036
http://dx.doi.org/10.1016/j.jmbbm.2015.09.036
http://dx.doi.org/10.1016/j.jmbbm.2015.09.036
http://dx.doi.org/10.1016/j.jmbbm.2015.09.036
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microseparation have a profound impact on in vivo micromecha-
nical damage and wear. Evidence for the actual occurrence of
microseparation has been provided by in vivo fluoroscopy studies
and microscopic observations of long-term retrievals (Komistek
et al., 2002; Glaser et al., 2008). Lateral displacement of the femoral
head with respect to the edge of the acetabular cup during gait is
the principal precursor to surface damage by impingement and
micro-shock, which can be particularly severe at high cup-
inclination angles (Leslie et al., 2009).

From amicromechanical point of view, repeated impingement
and micro-shock events have a large impact on both the amount
and type of expected in vivo surface damage. This contrasts with
much lower wear envisaged by standard hip simulation tests
under continuously lubricated sliding. Indeed, larger amounts of
damage were observed when microseparation was introduced
into gait simulation kinetics for oxide ceramics (Clarke et al., 2006).
Note also that the formation of hard ceramic debris, which occurs
during the micro-shock events, might also amplify wear damage
due to trapped particles between the sliding surfaces. Designing
bioceramic microstructures with high fracture toughness and/or
introducing appreciable magnitudes of compressive residual
stress into joint surfaces are two key concepts counteracting
microseparation-related surface damage. Moreover, tougher bio-
ceramics have shown, ceteris paribus, a lesser amount of surface
damage (Clarke et al., 2006). In other words, hip-joint simulations
including microseparation have produced outputs that are closer
to real patterns observed on retrievals, and have proven the
importance of designing biomaterial microstructures with high
fracture toughness for better in vivo wear resistance.

The amount of shock-induced damage in vivo is certainly
exacerbated by environmentally driven stoichiometric modifica-
tions of the bioceramic surfaces, especially next to grain bound-
aries. Off-stoichiometric modifications are quite substantial in
their chemical and crystallographic characteristics, but highly
localized to the very surface of the bioceramic bearings. Conse-
quently, their detection requires advanced microscopy and
spectroscopy methods (Rainforth, 2004; Takahashi et al., 2011).
No systematic studies have properly examined the effects of off-
stoichiometry during in vitro wear simulations, although they
have clearly been observed in long-term in vivo-exposed (oxide)
ceramic retrievals, and classified as a function of surface rough-
ness (Rainforth, 2004; Takahashi et al., 2011). Yet, the impact of
both chemical and stoichiometric alterations at the biomaterial's
surface on wear and toughness properties is almost completely
unexplored. Although brittle bioceramics are more prone to
surface damage (Buljan and Sarin, 1985; Fischer et al., 1989;
Basu and Kalin, 2011), a variety of tribochemical and environ-
mental effects can strongly degrade their surface toughness
below respective bulk values (Pezzotti et al., 2009). Accordingly,
toughness analyses at bioceramic surfaces require a specialized
(local) evaluation method, different from those standardized for
bulk toughness. One viable method (and, so far, the only
available) resides in using Vickers indentation-induced micro-
cracks as microscopic probes for screening the local toughness of
ceramic surfaces (Lawn and Wilshaw, 1975; Marshall and Lawn,
1979; Anstis et al., 1981). This method is simple and expeditious
in its experimental application, but, unfortunately, quite complex
in the successive quantification and rationalization of its metro-
logical outputs. Many researchers have used this approach
(Petrovic et al., 1975; Petrovic and Jacobson, 1976; Miyoshi et al.,
1985; Ponton and Rawlings, 1989; Cook and Pharr, 1990; Kruzic
and Ritchie, 2003; Fett et al., 2005; Quinn and Bradt, 2007; Kruzic
et al., 2009). However, this paper introduces the use of Raman
piezo-spectroscopy to directly measure and quantitatively dec-
onvolute the different stress fields associated with the indenta-
tion imprint. By doing so, an intrinsic surface toughness for crack
initiation (and its increase upon crack propagation) can be dire-
ctly extracted from experimental data, rather than being indir-
ectly deduced according to semi-empirical equations (Anstis
et al., 1981; Niihara, 1983). This study, aimed at validating this
micromechanical methodology, is applied to a pristine femoral
head surface made of toughened silicon nitride. Pursuant to the
development of this methodology, application of this technique
to environmentally exposed surfaces of the same material in
comparison with oxide biomaterials is reported in a com-
panion paper.
2. Experimental procedures

A Ø36mm femoral head made of a Si3N4 bioceramic (AMEDICA
Corporation, Salt Lake City, UT, USA) was investigated. This Si3N4

bioceramic contained a substantial amount of sintering aids,
namely 6 wt% Y2O3 (Grade C, H.C. Starck, Munich, Germany) and
4wt% Al2O3 (SA8-DBM, Baikowski/Malakoff, Charlotte, NC, USA)
(Bal and Rahaman, 2012). This sample was first sintered in
nitrogen atmosphere at �1700 oC for �3 h, and then hot-
isostatically pressed also at �1700 1C for �2 h under �150MPa
of N2-gas pressure. This was followed by cooling to 1500 1C at a
relatively slow rate (i.e., �75 oC/h) in order to promote crystal-
lization of the oxynitride phases entrapped at triple and multiple
grain junctions. Using the same raw Ube SN-E10 powder, an
equiaxed Si3N4 material was prepared without addition of sinter-
ing aids in order to obtain a control material. It was sintered at
1950 oC under high pressure after sealing the compacted powder
into a Pyrex glass capsule (Tanaka et al., 1989). This undoped
Si3N4 material was very brittle, due to its equiaxedmicrostructure
which allowed transgranular crack-propagation and an absence
of toughening by crack-wake bridging (Pezzotti, 1993).

Vickers indentations were imprinted on finely polished
surfaces of the silicon nitride components using a conven-
tional Vickers indentation tester (AVK-C1, Akashi Co., Tokyo,
Japan) with a pyramidal diamond indenter at loads between
1 and 30 kgf. The indentation load was applied for 20 s and
slowly released. Crack lengths and the related crack opening
displacement (COD) profiles were measured by observing
them in a field-emission gun scanning electron microscope
(FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan).

All Raman spectroscopic experiments were carried out in a
backscattering configuration using a triple monochromator
(T-64000, Horiba/Jobin-Yvon, Kyoto, Japan) equipped with a
liquid nitrogen-cooled charge coupled device (CCD), a con-
focal pinhole, and (cross or parallel) polarization filters. The
excitation source was a 532 nm Nd:YVO4 diode-pumped
solid-state laser (SOC JUNO, Showa Optronics Co. Ltd., Tokyo,
Japan) operating with a power of 200 mW. A neon lamp was
used throughout all of the stress-assessment experiments as
an internal calibration for the spectrometer. An objective lens
with a numerical aperture of 0.5 was used both to focus the
laser beam on the sample surface and to collect the scattered
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Raman light. The 182 cm�1 Raman band of Si3N4 was selected
for stress assessments because of its relatively strong inten-
sity, which minimized time involved with individual mea-
surements. Confocal experiments were conducted with a
pinhole aperture of 100 mm and by employing an objective
lens with a magnification of 100� . The dimensions of the
confocal probe were evaluated according to previously estab-
lished procedures using the probe response function (PRF)
approach (Lipkin and Clarke, 1995; Atkinson and Jain, 1999;
Zhu et al., 2006). The diameter of the probe waist in the focal
plane and the penetration depth to which emission of the
Raman signal reached 90% of total observed intensity were
found to be �1.5 and 10.4 mm, respectively, when the focal
plane was fixed on the free surface of the sample. Additional
details regarding the theoretical background and the experi-
mental determination of Raman probe response and probe-
size calibrations are presented in Section 3.3 and in Appendix
A, respectively.
3. Theoretical background

3.1. Overlapping stress fields associated with the
indentation imprint

When a ceramic surface (e.g., Si3N4) is imprinted, and then the
indenter removed, a variety of (elastic) residual stress fields are
generated. These include: (i) a three-dimensional stress field
Fig. 1 – Diagrams of (a) indentation imprint with related geomet
describing the Yoffe stress field; (b) a surface crack propagated fr
in-plane hoop stress, and the crack-tip stress field with polar co
profile showing the near-tip zone elastically bridged by elongate
crack tip, in which the profile morphology is drawn at three suc
associated with the irreversible displacement of plastically
deformed matter beneath the indenter; (ii) a two-dimensional
stress field associated with the presence of microcracks propa-
gating from the corners of the Vickers imprint which is stored
ahead of the crack tips; and, (iii) a stress field associated with
the presence of acicular grains left unbroken or partly broken in
the wake of the propagated crack, usually referred to as elastic
and frictional crack-face bridging sites, respectively.

The stress field associated with the plastically deformed
zone beneath the imprint (i.e., the above item (i)) has been
extensively modeled in the literature. According to Yoffe, this
elastic stress field is generated by a point-load which is
applied to a semi-infinite space. Furthermore, the point-
load overlaps the plastic strain field arising from an idealized
expanding cavity (Yoffe, 1982; Zeng and Rowcliffe, 1995).
Accordingly, the residual elastic stress field that remains in
the material after completely unloading the indenter can be
represented by three stress components expressed in sphe-
rical coordinates, ðr;ϕ;ϑÞ, as shown in Fig. 1(a), with their
equations given as follows:

sr ¼
P

2πr2
1�2v�2 2�vð Þ cos ϕ½ � þ 4B

r3
5�vð Þ cos 2 ϕ� 2�vð Þ� � ð1Þ

sϕ ¼
P

2πr2
ð1�2vÞ cos 2 ϕ

1þ cos ϕ
� 2B

r3
1�2vð Þ cos 2 ϕ ð2Þ

sϑ ¼
Pð1�2vÞ
2πr2

cos ϕ� 1
1þ cos ϕ

� �
rical parameters and spherical coordinates (r, ϕ, ϑ) for
om the corner of an imprint, the related COD profile, δ(x'), the
ordinates (x, χ) ahead of the crack tip; (c) an indentation crack
d grains; and (d) a portion of crack profile far away from the
cessive stages: sub-critical, critical, and relaxed state.



Table 1 – PRF parameters for the investigated Si3N4

biomaterial.

Probe parameter p (μm) α (μm�1) zd (μm) R (μm)

7.0 0.014 18.3 2.0
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þ2B
r3

1�2vð Þ 2�3 cos 2 ϕ
� � ð3Þ

where P is the applied indentation load, ν is the Poisson's
ratio of the polycrystalline material (i.e., taken as 0.28 in
Si3N4), r is the polar distance from the indentation center, and
the angle, ϕ, is the polar angle taken with it rotating toward
the sub-surface of the crystal (cf. Fig. 1(a)). Note that, in this
context, the stress field as described by Eqs. (1)–(3) is inde-
pendent of the other polar angle, ϑ, since for polycrystalline
samples any in-plane anisotropy of elastic properties can be
neglected. The constant, B, has been described as a measure
of the “strength” of the elastic field (also referred to as
“blister” strength). For a material whose crystal structure is
unaltered under the indentation load, the parameter, B, is
simply given by Zeng and Rowcliffe (1995)

B¼
E

2 1þvð Þ
d
2

� �3
tan β

2 1�2vð Þ ð4Þ

with β being the geometrical half-angle of the indenter (i.e., 68o

for a Vickers indenter), d is the diameter of the “blister” plastic
zone, and E is the Young's modulus of the polycrystalline
material (i.e., 320 GPa for this Si3N4). At any location on the
surface of the material, ϕ¼ π=2, the stress components, sr and
sϑ, correspond to the radial and hoop stress components,
respectively.

The residual microscopic stress field stored ahead of a
surface crack (i.e., the above item (ii)) can also be modeled
according to micromechanical equations (Rice, 1972; Sun and
Jin, 2012). Surface cracks can be produced with morphological
reliability using a pyramidal indenter. From the corners of the
imprint, the polycrystal cracks locally along the sub-surface
region, with the plastically deformed material under the
indenter penetrating as a wedge to keep the crack mouth
open. The halfpenny shaped microcracks are arrested from
further propagation due to equilibrium conditions of residual
plane stress. Two normal stress components are generated
ahead of the crack tip, sxx and syy (i.e., along directions
parallel and perpendicular to the crack path, respectively) in
addition to a shear stress component, τxy (Fig. 1(b)). The stress
tensor field developed ahead of the tip of a surface crack in
equilibrium on the plane of its propagation (i.e., under mode I
loading) along any arbitrary direction, x, with the origin set at
the crack tip can be expressed as

sxx ¼
KIffiffiffiffiffiffiffiffi
2πx

p cos
χ

2
1� sin

χ

2
sin

3χ
2

	 

þ Ω

� ð5Þ

syy ¼ KIffiffiffiffiffiffiffiffi
2πx

p cos
χ

2
1þ sin

χ

2
sin

3χ
2

	 

þ Ω

� ð6Þ

τxy ¼ τyx ¼
KIffiffiffiffiffiffiffiffi
2πx

p sin
χ

2
cos

χ

2
cos

3χ
2

þ Ω
� ð7Þ

where KI is a parameter referred to as the crack-tip stress
intensity factor, χ is an in-plane rotation angle, and ~Ω are higher
order terms that are negligible in the neighborhood of the crack
tip (Haerle et al., 1991). The fracture mechanics parameter, KI,
represents the effective stress intensification occurring at the
crack tip. KI is also directly related to the COD profile and can be
determined from an independent measurement of its profile in
the scanning electron microscope (Fett et al., 1996; Seidel and
Rödel, 1997; Njiwa et al., 2004; Fett et al., 2005). However, note
that the COD profile is strongly influenced by the presence of
bridging and residual stresses stored around the indentation
imprint, as discussed in the next sub-section. The parameter, x,
is a polar coordinate locating any arbitrary point ahead of the
crack tip (cf. Fig. 1(b)). In the present treatment, x and χ are taken
with an origin at the crack tip and at the average direction of the
crack path, respectively. The abscissa, x, is oriented toward the
crack propagation direction. Fig. 1(b) summarizes the Cartesian
system and Euler angles in crack-tip stress assessments. While
there is no direct proof that the indentation cracks are actually
arrested at their critical threshold from further propagation (i.e.,
KI¼KIC), this is a commonly made assumption in measuring the
KIC by the so-called indentation method, based on earlier
published work (Lawn and Fuller, 1975).

In the wake of the indentation crack, the bridging stress
field (i.e., the above item (iii)) arises from the presence of
unbroken grains across the separated crack faces (Fig. 1(c)).
This stress field is peculiar to toughened non-oxide ceramics.
From a microstructural viewpoint, it arises from two con-
current factors: the presence of acicular grains dispersed
throughout the microstructure, and the occurrence of inter-
granular fracture propagation (i.e., relatively weak grain
boundaries). Crack meandering around acicular grains, as a
consequence of intergranular crack propagation, creates
unbroken ligaments behind the crack tip. “Bridging stresses”
along the indentation crack are defined as those stresses
generated by unbroken or partly broken acicular grains in the
crack wake when the wedge-effect at the indentation corner
and the stress field (i.e., above item (ii)) exert actions to open
the crack. Bridging sites are usually divided into two cate-
gories: elastic-bridging sites near the crack tip, and pullout (i.
e., interlocking/frictional) sites farther behind in the crack
wake. These two different types of bridging sites are sche-
matically depicted in Fig. 1(c) and (d), respectively, which
have been drawn from experimentally observed crack pro-
files. The equations that quantitatively describe the morphol-
ogy of the COD profile in the presence of crack-wake bridging
stresses acting on an indentation crack are discussed in the
next sub-section.

3.2. Crack opening displacements in a bridged equilibrium
crack

The total crack opening displacement of an indentation crack
can be expressed as (Barenblatt, 1962; Fett et al., 2005)

δð~rÞ ¼ 2ffiffiffi
π

p
E0

Z a

r

Ktotða0Þ
ffiffiffiffi
a0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a02�r2

p da0 ð8Þ

where a is the crack length, E0 ¼ E
1�v2 and v are the plane-

strain Young's modulus and the Poisson's ratio of the
material, respectively. The stress–intensity-factor term, Ktot,
in Eq. (8) is the cumulative stress intensity at which the
equilibrium crack is arrested. If the COD assessments are



Fig. 2 – Profiles of Raman band spectral position as observed upon line scanning along a line perpendicular to the edge of
indentations imprinted with 1, 5, 10, and 30 kgf (in (a)–(d), respectively).
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limited to a very near-tip region, in which the stress intensity
factor can approximately be taken as a constant, Eq. (8) can
be rewritten in a simplified form, as follows:

δ rð Þ ¼ 4KIffiffiffi
π

p
E0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 a�rð Þ

p
ð9Þ

However, for indentation cracks propagated in materials
toughened by bridging, the stress intensity factor is composed
of three separate contributions given by the following equation:
Ktot¼KtipþΔKbrþΔKY. These terms correspond to the intrinsic
stress intensity for crack initiation, the extrinsic contribution to
crack resistance due to the presence of bridging stresses in the
crack wake, and the biased effect on crack opening by the three-
dimensional elastic stress field associated with the imprint (i.e.,
the so-called Yoffe field), respectively. The Ktip value is also
reflected in the stress field stored ahead of the crack tip (i.e., the
KI value shown in Eqs. (5)–(7)). Furthermore, the latter two
contributions, ΔKbr and ΔKY , are additional contributions that
can be represented by the following equations:

ΔKbr a
0ð Þ ¼ 2ffiffiffi

π
p

a0

Z a0

a0

r� sbrðrÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�r2

p dr ð10Þ

ΔKY a0ð Þ ¼ 2ffiffiffi
π

p
a0

Z a0

a0

r� sYðrÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�r2

p dr ð11Þ

in which sbr is the traction stored in the unbroken bridging
ligaments in the crack wake at equilibrium, and sY is the stress
component of the Yoffe stress field (in Eqs. (1)–(3)) that acts
along a direction perpendicular to the opening crack faces.

In the experimental practice, Raman wavenumber shifts
represent the cumulative effect of these stress fields and can
be mapped by monitoring the Raman spectra along the crack
direction at small lateral steps. Note that this experimental
procedure can only generate a discrete stress distribution.
Accordingly, Eqs. (10) and (11) should be reformulated as

ΔKbr a
0ð Þ � 2ffiffiffi

π
p

a0
Xr ¼ a0 �Δr

r ¼ a0

r� sbrðrÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�r2

p Δr ð12Þ

ΔKY a0ð Þ � 2ffiffiffi
π

p
a0

Xr ¼ a0 �Δr

r ¼ a0

r� sYðrÞffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�r2

p Δr ð13Þ

Note that Raman wavelength shifts recorded along the
crack wake give access only to the cumulative effect of þ
along the crack direction. Therefore, a method for the
deconvolution of the different contributions needs to be
established in the treatment of the Raman data. According
to the above reasoning, Eq. (8) should be rewritten as
(Barenblatt, 1962; Fett et al., 2005):

δtot rð Þ ¼
2Ktipffiffiffi
π

p
E0

Z a

r

ffiffiffiffi
a0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a02�r2

p da

þ 2ffiffiffi
π

p
E0 �

Xr ¼ a�Δa0

a0 ¼ rþΔa0

ffiffiffiffi
a0

p � Δa0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a02�r2

p
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� 2ffiffiffi
π

p
a0

X~r ¼ a0 �Δr

r ¼ a0

r� sbr rð Þ þ sY rð Þ½ �ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2�r2

p Δr

( )
ð14Þ

where the term, δtot rð Þ, represents the COD profile as devel-
oped under the cumulative effect of crack-tip, bridging, and
Yoffe stress fields. The additional term on the right hand of
the equation represents the effect of crack opening displace-
ment inferred by bridging and Yoffe-related stress fields. Note
that, according to the location monitored (i.e., the value of the
abscissa, r), both sbr and sY can act as either closure or
opening stresses on the crack faces. In the case of elastic
bridging tensile stresses, (i.e., sbr40) detected at unbroken
bridging sites in the crack wake (cf. Fig. 1(c)), the presence of
these closure forces on the crack faces lead to ΔKbr40.
Therefore, they increase the KI value that should be exter-
nally applied to propagate the crack. Tensile stresses in the
crack wake are thus the micromechanical consequence of a
toughening mechanism by crack-face bridging. However,
after bridging sites undergo fracture, an eventual partial re-
closure of the crack faces leads to the formation of compres-
sive stresses sbro0. Compressive stresses arise from inter-
locking grains across the crack faces, producing ΔKbro0.
Specifically, fractured interlocking grains act to keep open
the crack mouth upon relaxation of the externally applied
stress field. This micromechanical circumstance is schema-
tically reproduced in Fig. 1(d), which has been deduced from
experimental practice. The figure shows how a subcritical
crack develops into a critical one, and how relaxation is partly
impeded by the interlocking fragments and rotated grains. If
the indentation crack is arrested exactly at its threshold from
further propagation, no partial re-closure of the crack faces
will occur upon releasing the indentation load, and no crack-
wake stresses of a compressive nature will be generated.
Regarding the Yoffe residual stress field in the neighborhood
of the cracked sample surface, the two main components are
hoop and radial stresses, sϕ and sr, respectively. Along the
crack path, the radial component, sr, should be released,
while the hoop component, sϕ, is compressive in nature and
thus generates a ΔKY40. However, this is only an apparent
toughening effect, with no correlation to the material’s
microstructure. It is only peculiar to the indentation proce-
dure adopted for testing fracture toughness. Fig. 1(b)
schematically shows the crack-closure effect operated by
the sϑ(r) component of the Yoffe residual stress field asso-
ciated with the imprint.

3.3. Wavenumber shifts and the effect of finite probe size
on stress evaluation

In Raman microprobe assessments, an optical microscope was
coupled to a motorized three-axis stage, while a confocal
pinhole configuration in the optical circuit allowed for the
acquisition of maps over pre-determined microscopic areas on
or below the free surface of the sample. With the laser focused
onto the surface, the beam length below the surface is affected
by the refractive index of the material and its absorption
characteristics. The Raman signal scatters from the entire
probe volume, but the intensity of its emission varies along
the beam length and across the focal plane. The spectrum
measured from any given individual point, P0� (x0, y0), (i.e., the
geometrical center of the laser beam focused at the sample
surface) will actually resolve a convolution of different infor-
mation from a family of circular sectors around the center of
the focal spot and from a population of z-planes below the
surface. A quantitative deconvolution of Raman maps either
within a given focal plane and/or into individual z-planes
inside the sample requires a precise knowledge of the so-
called probe response function (i.e., the morphological function
expressing the intensity of the Raman emission from the
irradiated probe volume; henceforth referred to as PRF)
(Lipkin and Clarke, 1995; Atkinson and Jain, 1999; Zhu et al.,
2006). The PRF is composed of two main components, both
depending on the geometry and the physical character of the
probed sample: (i) the in-plane probe response, Gip(x,y,x0,y0),
which gives the lateral resolution of the probe; and, (ii) the in-
depth probe response, Gid(z,z0), which gives the resolution
along the defocusing axis, z0, perpendicular to the sample
surface. Regarding the general morphology of the PRF, the
observed intensity of the Raman spectrum depends on the
intensity distribution of scattered light around the irradiation
point, P0� (x0,y0,z0). The intensity distribution in a three-
dimensional Euclidean space, namely the above-mentioned
PRF, G(x,y,z,x0,y0,z0), represents the cumulative morphology of
in-plane and in-depth probe functions. Thus, the cumulative
PRF is the function which influences the intensity of light
scattered from a given point, P� (x,y,z), when the incident
beam is focused at the point (x0,y0,z0) (Atkinson and Jain, 1999)

G x; y; z; x0; y0; z0
� �

pGip x; y; x0; y0
� �� Gid z; z0ð Þ

¼ exp �2
ðx�x0Þ2 þ ðy�y0Þ2

R2

" #
p2

p2 þ ðz�z0Þ2
exp �2αzð Þ ð15Þ

where 2R is the laser beam diameter in the focal plane, p is the
probe response parameter (which for an unfocused beam tends
to infinity), and α is the effective coefficient of absorption of
the material at the incident wavelength and for the employed
optical circuit. In other words, the term 2α in Eq. (15) is the sum
of the absorption coefficients for incident and emitted light.

All the relevant parameters for the Raman probe in the Si3N4

sample are given in Table 1, as the outputs to the calibration
experiments described in Appendix A. Accordingly, the “aver-
aging” effect of the Raman probe can be rationalized for a given
spatial distribution (in a system of Cartesian coordinates (x,y,z))
for any measurable spectroscopic property, ℘ x; y; z

� �
(e.g., band

intensity, band width, or frequency shift). When the Raman
probe is centered at the location Poðx0; y0; z0Þ , the observed
property value,℘ x0; y0; z0

� �
, is indeed a PRF-weighted average of

the real property, ℘ x; y; z
� �

, within the probe volume, as follows:

℘ x0; y0; z0
� �
¼

R1
x ¼ �1

R1
y ¼ �1

R1
z ¼ 0 ℘ x; y; z

� �
G x; y; z; x0; y0; z0
� �

dx dy dzR1
x ¼ �1

R1
y ¼ �1

R1
z ¼ 0 G x; y; z; x0; y0; z0

� �
dx dy dz

ð16Þ
where the Cartesian coordinates are taken with their origin on
the sample free surface (i.e., at z0¼0, here corresponding to the
focal plane of the Raman probe; cf. Appendix A), the z axis is
taken perpendicular to the free surface and oriented toward the
sample sub-surface, while the x and y axes are arbitrarily located
on the free surface (i.e., neglecting any anisotropy within the
focal plane). Once the PRF characterizing the interaction between



Fig. 3 – The Yoffe (residual) stress field as developed around an indentation imprinted with 5 kgf as a function of radial
distance, r, and out-of-plane rotation angle, ϕ.

Fig. 4 – The Yoffe residual stress field as developed around an indentation imprinted with 10 kgf as a function of radial
distance, r, and out-of-plane rotation angle, ϕ.
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the Raman probe and the studied material is known, Eq. (16) can
be quantitatively used for spatial deconvolution of spectroscopic
data (namely, to derive the real property distribution, ℘ x; y; z

� �
,

and its gradients in the three-dimensional space from the
(averaged)measured one). Note, however, that Eq. (16) represents
an inverse integral equation in which the unknown function,
℘ x; y; z
� �

, displays within a triple integral in Cartesian coordi-
nates. Therefore, the possibility of extracting a restored property
distribution function will depend on the correct selection of a
trial function (i.e., correctly guessing the so-called “character” of



Fig. 5 – Experimental plots of crack length, a, (a) and of the
magnitude of the hoop stress, rtipϕ , at the tip of the
indentation crack (b) as a function of indentation load, P.
Values predicted with using an empirical equation (Anstis
et al., 1981) for linearly elastic materials are also shown and
compared with a control Si3N4 material in which cracks
developed without bridging stresses.
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the real distribution function) (Pezzotti, 2013). This approach is
followed to deconvolute the complex residual stress field devel-
oped in the vicinity of the imprint.
4. Results and discussion

4.1. Yoffe stress field as a function of indentation load

According to Eqs. (1)–(3), Yoffe theory predicts the presence of
a three-dimensional stress field in spherical coordinates of
symmetrical nature around the imprint, inside which equili-
brium cracks propagated from the corner of the indentation
are embedded. The first step of the experimental programwith
the Raman microprobe was the quantitative characterization
of the residual Yoffe stress field as a function of indentation
load. For this characterization, line scans along a direction
perpendicular to the indentation edge were performed while
keeping the focal plane of the Raman probe set on the sample
surface. This procedure is the same as shown in prior work on
piezoelectric ceramics (Pezzotti, 2013). Fig. 2 represents the
Raman wavelength shift of the band of Si3N4 located at
�182.6 cm�1 (i.e., the stress-free state), recorded as a function
of distance, r, from the indentation center (cf. Fig. 1(a)) for
different indentation loads (i.e., 1, 5, 10, and 30 kgf in (a)–(d),
respectively; as shown in the inset). Since spectra collected
inside the imprint were strongly affected by plastic deforma-
tion and by the local pyramidal inclination of the surface, data
are displayed starting from the indentation edge. Spectral
shifts with respect to the unstressed wavelength can be
converted into stress magnitudes upon dividing them by the
so-called piezo-spectroscopic coefficient, Π, which equals
0.5670.013 cm�1/GPa in the case of the 182 cm�1 band of
Si3N4 under a uniaxial stress field (Muraki et al., 1997)

ΔωY rð Þ ¼ωðrÞ�ω0 ¼Π � sY ¼Π

� sr r;ϕð Þ þ sϑ r;ϕð Þ þ sϕ r;ϕð Þ� � ð17Þ

Owing to the finite size of the Raman probe, the wave-
number shift, ΔωY

obs rð Þ, detected by the probe can be related to
the true wavenumber shift, ΔωY rð Þ, through the PRF algorithm
in Eq. (16), as follows:

ΔωY
obs x0; y0; z0

� �¼∭VΔω x; y; z
� �� Gðx; y; z; x0; y0; z0Þdx dy dz

∭VGðx; y; z; x0; y0; z0Þdx dy dz

¼Π �∭V srðx; y; zÞ þ sϑðx; y; zÞ þ sϕðx; y; zÞ
� �� Gðx; y; z; x0; y0; z0Þdx dy dz

∭VGðx; y; z; x0; y0; z0Þdx dy dz

ð18Þ
where the integral operator in three-dimensions is over the
entire Raman probe volume, V, and the Yoffe stress field
needs to be expressed in terms of Cartesian coordinates.
Upon introduction of the stress components from Eqs. (1) to
(3) into Eq. (18) and using the parameters of the PRF from
Table 1, a least-squares computer routine was developed to
search for a best-fit curve of the experimental data shown in
Fig. 2. The computer program basically consisted of solving a
system of n4100 integral equations for each indentation
load, thus finding the value of the unknown parameter of
blister strength, B (or plastic zone diameter, d, according to
Eq. (4)) for each indentation condition. Once the best-fitting
value was found (cf. plots in Fig. 2), the three-dimensional
Yoffe stress field was plotted. It is shown in Figs. 3 and 4 for
indentation loads P¼5 and 10 kgf, respectively.

An understanding of the residual stress field associated with
the imprint represents a fundamental prerequisite in the quan-
titative evaluation of surface toughness by indentation. The
procedure described above was repeated for different loads.
Shown in Fig. 5(a) and (b) are experimental plots of crack length,
a, and the magnitude of the hoop stress, stipϕ , as a function of
indentation load, P, respectively. For comparison, the values
predicted by an empirical equation (Anstis et al., 1981) for
linearly elastic materials (i.e., in the absence of bridging stresses)
are also shown. Note, from Figs. 3 and 4, that the hoop stress
near the sample surface is compressive on the overall crack
extension and it acts to close the crack faces. Although signifi-
cantly smaller in the vicinity of the crack tip as compared to



Fig. 6 – Wavelength shift data collected ahead of the tip of
cracks propagated from the corners of 5 kgf and 10 kgf
indentation imprints (in (a) and (b), respectively). The solid
lines show the best-fitting curves according to Eq. (20).

Table 2 – Parameters related to the geometry and to the
Yoffe stress field generated around indentations
imprinted with different loads on the surface of the
investigated Si3N4 biomaterial.

P (kgf) b (μm) a (μm) d (μm) B (GPax μm3)

1 26.8 50.6 5.1 7137
5 37.3 123.6 9.5 64,080
10 54.1 203.6 12.8 112,834
20 61.0 232.3 12.6 114,332
30 72.1 274.2 13.0 118,206
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around the indentation edge, the hoop stress extends over a
sample volume that is actually larger than the volume through
which the halfpenny shaped median microcracks extend (cf.
Fig. 5(b)). Blister strength values, B, plastic zone diameter, d,
indentation crack length, a, and imprint diagonal length, b, as a
function of indentation load are summarized in Table 2.

4.2. Crack-tip stress field as a function of indentation load

In the previous section, the hemispherical symmetry of the Yoffe
field around an indentation imprint was discussed. It was
demonstrated that extension of its non-zero magnitude along
the radial abscissa actually exceeds the length of themicrocracks
propagated from the indentation corners. When examining the
individual stress components of the Yoffe field along a radial
direction coincident with the crack path, all of the stress
components, sϕ r;ϕð Þ, sr r;ϕð Þ, and sϑ r;ϕð Þ, should occur ahead
of the crack tip (i.e., unbroken region). However, having selected
the radial abscissa ahead of the crack tip as x, (cf. Fig. 1(a)), the
crack-tip stress field will produce a Raman band-shift, Δωtip xð Þ,
which in turn determines the KI value for crack-tip equilibrium in
Eqs. (5)–(7). The crack-tip KI value can be obtained from a line
scan of cumulative wavenumber shifts, Δωobs xð Þ, ahead of the
crack tip, provided that the shift contribution from the Yoffe
field, ΔωY aþ xð Þ, is subtracted beforehand. Accordingly, the total
shift of the Raman band detected straight ahead of the indenta-
tion crack tip (i.e., at χ ¼ 0; cf. Fig. 1(a)) arises from the cumulative
contributions of two parts as follows:

Δωobs xð Þ ¼ΔωY x;φð Þ þ Δωtip xð Þ
¼Π � sr aþ x;φð Þ þ sϑ aþ x;φð Þ þ sφ aþ x;φð Þ� ��

þsxx x; y
� �þ syy x; y

� �þ sxy x; y
� �� ð19Þ

Taking into account the finite size of the probe, one should
first translate the spherical coordinates of the Yoffe stress field
into Cartesian coordinates. Then, according to a PRF approach (i.
e., similar to Eq. (18)), one can set a basic equation that represents
a stress computational algorithm for determining the magnitude
of the stress intensity factor at the crack tip as follows:

Δωobs xoð Þ ¼ ∭VΔωðx; y; zÞ � Gðx; y; z; x0; y0; z0Þdx dy dz

∭VGðx; y; z; x0; y0; z0Þdxdydz

¼ Π �∭V sxxðx; yÞ þ syyðx; yÞ þ sxyðx; yÞ
� �� Gðx; y; z; x0; y0; z0Þdx dy dz

∭VGðx; y; z; x0; y0; z0Þdxdydz

þΠ �∭V srðaþ x; y; zÞ þ sϑðaþ x; y; zÞ þ sϕðaþ x; y; zÞ� �� Gðx; y; z; x0; y0; z0Þdx dy dz
∭VGðx; y; z; x0; y0; z0Þdx dy dz

ð20Þ
Substituting into Eq. (20) for Eqs. (1)–(3) and (5)–(7), the

parameter, KI, can be determined by superimposing a best-
fitting criterion of the experimental data into the computa-

tional routine. Fig. 6(a) and (b) shows wavelength data

collected ahead of the tip of cracks propagated from the

corners of 5 kgf and 10 kgf indentation imprints, respectively.

Note that the overall observed wavelength shift, plotted here
as a function of distance, x, from the crack tip, included the
contribution of the Yoffe residual stress field. Upon substitut-
ing for the characteristic functions of both Yoffe and crack-tip
fields (cf. Eqs. (1)–(3) and Eqs. (5)–(7), respectively) into Eq. (20)
and using the PRF parameters from Table 1, the curves that
best-fit the crack-tip wavenumber data in Fig. 6(a) and
(b) could be located. The results of this computational routine
are also plotted in the respective figures. In performing the
computations, a computer routine was developed for solving
a system of n¼40 integral equations for each indentation
load. As a result, KI values of 1.8 and 1.7 MPa m1/2 could be
retrieved for the stress intensity factor, KI, stored ahead of the
crack tip (cf. Eqs. (1)–(3)) for 5 and 10 kgf indentation loads,
respectively. Best-fitting values for the crack-tip stress field
are explicitly shown in Fig. 7(a) and (b) for indentation loads
P¼5 and 10 kgf, respectively. The procedure was eventually
repeated for crack-tip assessments on indentation cracks
generated by different loads. Their KI values are plotted as a
function of indentation load in Fig. 8 (cf. plot labeled as
“crack-tip data”). As seen, a nearly constant value for the KI

parameter, independent of indentation load and crack length,



Fig. 7 – Crack-tip stress fields developed ahead of cracks propagated from the corner of indentations imprinted with (a) 5 and
(b) 10 kgf (cf. labels in the inset).
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was retrieved. The critical stress intensity for crack initiation
in the investigated silicon nitride experienced a relatively low
value common to other silicon nitrides (Pezzotti et al., 1993,
1999). Its toughening effect mainly arises from crack-face
bridging mechanisms operating in the crack wake (Becher
et al., 1998; Pezzotti et al., 1999, 2001; Njiwa et al., 2004).

4.3. COD profiles and crack-wake toughening
contributions

The constant onset value for the crack-tip stress intensity
factor, KI, described in the previous section as being indepen-
dent of crack length agrees with basic fracture mechanics
principles of brittle materials, but contrasts with the results
obtained by scanning electron microscopy on crack profiles
propagated from imprints of increasing loads. COD profiles
were discernably different for various indentation loads. As an
example, Fig. 9 compares the COD profiles obtained from cracks
for 5 and 10 kgf indentation loads. Both profiles showed COD
values significantly larger than expected from the stress field
retrieved ahead of the crack tip. A plot of the expected COD
profile from a material obeying a linearly elastic fracture
behavior (i.e., according to Eq. (8)) for the value, KI¼1.7 MPa
m1/2, from Fig. 8 is plotted for comparison in Fig. 9. In a linearly
elastic material, the COD profile should locate, according to Eq.
(8), a stress intensity factor value that is exactly the same as
that retrieved from analyzing the stress field ahead of the crack
tip (i.e., Ktot ¼ KI) (Irwin, 1958). This equality should be indepen-
dent of the propensity of the crack to continue its propagation.
However, the experimental data did not support this conclu-
sion. Instead, it confirmed that polycrystalline Si3N4 belongs to
a category of quasi-brittle materials, obeying non-linear elastic
fracture mechanics. Now, the new challenge is the quantitative
establishment of factors leading to this non-linear behavior.

The Ktot best-fitting values retrieved from COD measure-
ments according to Eq. (9) were 9.0 and 6.1 MPa m1/2 for
cracks from 5 and 10 kgf indentations, respectively. Fitting
of the experimental points was increasingly poor at larger
COD values. In toughened ceramics one should expect a trend
of increasing fracture resistance with crack extension (i.e.,
indentation load, P), which was actually opposite to the
experimental observation. Additional COD profiles, retrieved
from cracks with increasing lengths (i.e., P410 kgf), confirmed
this counterintuitive trend. Crack resistance apparently
decreases with increasing crack length (cf. plot labeled as
“COD data Eq. (9)” in Fig. 8). This is obviously the consequence
of competing effects from bridging and Yoffe stress fields on
cracks propagated from imprints under increasing loads. This
point will be discussed later in more detail and reconsidered
throughout the next section in comparing surface and bulk
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toughness values. An improved fitting routine for COD data
was also attempted based on an equation given by Fett for
indentation cracks, as follows (Fett, 2002):

δtot rð Þ ¼
2

ffiffiffi
a

p � Ktipffiffiffi
π

p
E0 � ln

aþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2� aþ rð Þ2

q
aþ r

ð21Þ

This attempt actually led to better fits of the COD profiles (cf.
Fig. 9), but the crack-resistance results showed a decreasing trend
similar to values obtained through Eq. (9) (cf. plot labeled as “COD
data Eq. (21)” in Fig. 8). Thus, the use of Eq. (21) could not improve
the quality of the fracture toughness analysis.

Fig. 10 shows the Raman frequency shifts that were
retrieved from a line-scan along the indentation crack path
behind the tip of imprints obtained with 5 and 10 kgf. As
already mentioned, such shifts in wavenumber represent the
cumulative effect of both bridging and Yoffe stress fields. As
previously described, the so-called “bridging stress field”
arises from local crack-face interactions in the crack wake
(i.e., including elastic traction at unbroken ligament sites,
interlocking sites between broken grains, and elastically
compressive forces at non-conservative displacement sites
(cf. Fig. 1(c) and (d))). Translating these microstructural
notions into a mechanistic view of the crack propagation
phenomenon, one expects to find both tensile and compres-
Fig. 9 – Experimental COD data for cracks propagated from
indentations imprinted with 5 and 10 kgf. Data were
collected into the FEG-SEM and fitted to different equations
as shown by labels in the inset.

Fig. 8 – Comparison between stress intensity factor, KI,
values as computed from Raman assessments of stresses
ahead of the crack tip and by means of COD measurements.
In the latter case, COD data are treated according to different
equations as shown by labeling in the inset.
sive micro-stresses in the wake of a crack propagated in
polycrystalline Si3N4. As discussed earlier, the radial compo-
nent of the Yoffe stress field should be annihilated along the
crack wake. However, the diameter of the Raman probe is
larger than the COD at any location along the crack wake (cf.
Table 1) and, therefore, the contribution by radial stress is
still recorded along the crack wake. An experimental proof of
this assertion is given in Appendix B. Accordingly, the
wavenumber shifts retrieved in a line scan along the crack
path behind the tip should be deconvoluted as follows:

Δωobs ¼Δωbr x0ð Þ þ ΔωY
ϕ x0ð Þ þΔωY

ϑ x0ð Þ þΔωY
r x0ð Þ

¼Π � sbr x0ð Þ þΠ � sϑ x0;ϕð Þ þ sϕ x0;ϕð Þ þ sr x0;ϕð Þ� � ð22Þ

where the newly defined inward abscissa behind the crack tip is
x'¼�x¼r�a (cf. Fig. 1(d)). By means of Eq. (22), we can subtract the
wavenumber shift contribution, ΔωY

ϕ x0ð Þ þ ΔωY
ϑ x0ð Þ þ ΔωY

r x0ð Þ,
expected from the three components of the Yoffe stress field (i.e.,
sϕðx'Þ, sϑ x'ð Þ, and sr x'ð Þ) in order to retrieve the bridging stress
contribution, Δωbr x0ð Þ, at each location along the crack wake. These
stress distributions along the crack wake are shown in Fig. 11
(a) and (b) for cracks propagated from indentations imprinted with
5 and 10 kgf, respectively. In Fig. 11(c) and (d), histograms and
cumulative frequency values are also shown for 5 and 10 kgf
imprints, respectively. It is noteworthy that the magnitude of the
bridging stresses reaches the GPa level. However, interestingly,
bridging stresses were found to be of a mixed tensile and
compressive nature, with the former stress being preponderant in
(but not exclusive to) regions closer to the crack tip for lower
indentation loads (i.e., Pr5 kgf). The presence of compressive
stresses in the crack wake, which was more pronounced for
10 kgf than 5 kgf imprints, was previously observed in cracks stably
propagated in a toughened Si3N4 from sharp straight-through
notches upon unloading of an externally applied bending load
(Pezzotti et al., 1999). Fig. 1(d) shows an explanatory diagram
justifying the possible presence of these compressive “bridging”
stresses in the wake of a “relaxed” crack propagating in a ceramic
microstructure toughened by crack-face bridging. Moreover,
Fig. 10 – Wavelength shift data collected along the wake of
cracks propagated from the corners of 5 kgf and 10 kgf
indentation imprints. Data, which are plotted as a function
of the inward abscissa, x'¼�x, with origin at the crack tip,
are contributed by both crack-face bridging and Yoffe stress
fields.
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unbroken acicular grainswith their long axis inclined perpendicular

to the crack faces might become subjected to a multiaxial stress
state upon crack opening, which involves both tensile and com-

pressive stress components. The random morphological nature of
the fracture surface obviously plays a role, namely, that, in “re-

joining” the two broken pieces of a fractured sample, a precise
match might not be achieved due to displaced fragments on, and

local interlocks in between the crack faces. However, if this
argument actually holds, the fact that compressive stresses in the

wake of indentation cracks were detected means that, to some
extent, re-closure must have occurred at the mouth of the

indentation crack. In other words, the presence of compressive
“bridging” stresses is proof that, upon unloading the indenter, the

initial separation of the crack faces has undergone partial re-
closure. Therefore, the arrested indentation crack is stable and
not at its onset for further propagation. In turn, this implies that the

KI value measured ahead of the crack tip could be smaller than the
actual (critical) KI0 value for crack propagation.

Leaving aside further speculation on whether or not indenta-
tion cracks are actually arrested at their onset state for further
propagation, the micromechanical procedure provides the basis

for a detailed discussion on the two distinct stress components
that act to clamp an indentation crack and determine its stable

arrest at a given crack length. They are: (i) a stress component
intrinsic to the material, namely the bridging stress, sbr x'ð Þ, which
Fig. 11 – Bridging stress distributions developed along the wake
imprinted indentations (in (a) and (b), respectively). In (c) and (d
bridging stress distributions given in (a) and (b), respectively.
is a consequence of thematerial's acicular microstructure; and, (ii)

a residual stress component merely related to the indentation
testing procedure, namely the Yoffe hoop stress, sϕ x'ð Þ, which

actually represents a bias in assessing fracture toughness by the
indentation method. Deconvolution of the effects of these two

contributions can provide insight into intrinsic, extrinsic, and
biased factors affecting surface fracture toughness, as measured

by indentation. Fig. 12(a) and (b) shows the real and apparent
toughening effects that are involved with the distributions of

bridging stresses, ΔKbr, and Yoffe hoop stresses, ΔKY , along the
crack wake for indentation cracks propagated from 5 to 10 kgf

imprints, respectively. These stress profiles were obtained accord-
ing to Eqs. (12) and (13) using experimental data from Figs. 2 to 11.

Eq. (14) can now be used in a computational routine to the
experimental COD data in order to find the ¼values for each crack
and compare them with the plots in Fig. 8. The results of the

procedure are shown in Fig. 9, while the Ktip values are plotted in
Fig. 8 as a function of indentation load (plot labeled as “COD data

Eq. (14)”). The values calculated by this latter procedure were
found to be in reasonable agreement with those obtained by an

independent Raman measurement ahead of the crack tip. There-
fore, these results provide evidence of the correctness of this

newly developed indentation fracture mechanics method.
One striking feature in Fig. 12(a) is represented by the

capacity of the acicular Si3N4 microstructure to generate,
of cracks propagated from the corner of 5 and 10 kgf
), histograms and cumulative fractions are plotted for the
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within tens of microns, bridging tractions that lead to a
remarkable toughening effect (cf., ΔKbr¼5 MPa m1/2 in Fig. 12
(a)). This finding agrees with previously published Raman

studies on toughened Si3N4 (Pezzotti et al., 1999). The balance
of stress intensity contributions given by intrinsic, extrinsic,
and biased “toughening” mechanisms on indentation cracks
can be summarized with a simple equation, as follows:

Ktot ¼Ktip þ ΔKbrðΔaÞ þ ΔKYðΔaÞ ð23Þ

where Δa represents the crack extension. Eq. (23) clarifies how
the apparent toughness value obtained from CODmeasurements
on surface cracks might be overestimated, due to a significant
crack-closure contribution by the residual hoop-stress compo-
nent of the Yoffe field. This is obviously a bias related to the
procedure adopted for generating the equilibrium crack path
using indentation. However, compressive bridging stresses along
the crack wake reduced the critical stress intensity factor at the
crack-tip to a sub-critical level. Note that the two above-
mentioned mechanisms might partly compensate each other.

The presence of the Yoffe (clamping) stress and the phenomenon
of partial COD relaxation explain why COD measurements for
evaluating indentation toughness have been reported to produce
inconsistencies using data obtained by other toughnessmeasure-
mentmethods in ceramics, bioceramics, and natural biomaterials
(Kruzic and Ritchie, 2003, 2009; Pezzotti et al., 2009). As a final step
in the present study, a plot of crack resistance, KR, as a function of
crack extension, Δa, (i.e., obtained with increasing indentation
load) is given in Fig. 13. This experimental plot is obtained by

eliminating the biased contribution by the Yoffe stress field.

(

(

(

Fig. 12 – Contributions by crack-face bridging and Yoffe
stress fields to the observed stress intensity factor of cracks
propagated from the corner of indentations imprinted with
5 and 10 kgf (in (a) and (b), respectively).
According to the plot, rising R-curve behavior is detected at crack

extensions up to Δa≊120 mm (i.e., corresponding to an indentation

load of 5 kgf), while the crack resistance value abruptly drops at

larger crack lengths. The mechanistic reason for such a drop is

the increasing presence of compressive “bridging” stresses, which

keep the crack mouth open and thus produce a negative ΔKbr (cf.

Fig. 11(b) and Eq. (12)). Since compressive “bridging” stresses are

mainly the consequence of a partial re-closure of the crack

mouth, it is indeed a relaxation effect on the crack that creates

a bias to the measurement of rising R-curve behavior as obtained

from indentation cracks. The plot in Fig. 13 suggests that higher

indentation loads result in more relaxation which places a limit

on crack extensions for meaningful toughness assessments.
4.4. Surface vs. bulk toughness in polycrystalline Si3N4

Published about ten years ago, an enlightening paper (Njiwa

et al., 2004) on COD and fracture toughness of reaction-bonded

Si3N4 clarified the underlying physics regarding crack initiation

and propagation in ceramics toughened by crack-face bridging.

In particular, they presented an interesting discussion on the

dualism betweenmacroscopic fracture mechanics using notched

bend test bars and microscopic indentation. In the work pre-

sented here, direct stress measurements by spatially resolved

Raman spectroscopy shed further light on the complex micro-

mechanics involved with the measurement of fracture tough-

ness using indentation cracks. The former researchers (Njiwa

et al., 2004) identified three controversial items, as follows:

1) The COD method applied on through-thickness cracks intro-
duced in bending bars gave contrasting results as compared to

procedurally the same COD method applied to Vickers radial

cracks, the latter test leading to substantially higher and more

scattered toughness values as compared to the former one.
2) The presence of a residual stress field associated with the

indentation imprint was suggested, although its actual

magnitude and impact on the fracture toughness evalua-

tion could not be quantitatively assessed.
3) An extrapolation procedure was proposed to determine the

critical COD profile obtained at different degrees of
Fig. 13 – Rising R-curve behavior as obtained on indentation
cracks for the toughened Si3N4 biomaterial. Note the bias
introduced by crack opening relaxation at indentation loads,
PZ10 kgf.
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unloading, thus proving the tangible effect of subcritical
crack growth on the determination of KI0.

The Raman microprobe approach enabled a quantitative
evaluation of the three-dimensional Yoffe (residual) stress field,
separating it from crack-face bridging contributions, and sub-
tracting its effect from the COD profile. One peculiarity of the
indentation test, which makes its micromechanics inherently
different from that of bending tests on through-thickness-
notched bars, is that the indentation crack is not a “freely”
propagated crack. Indeed, as demonstrated earlier, it is embedded
up to (and beyond) its tip in a crack-shielding stress environment
(i.e., the hoop stress, sϕ), while through-thickness cracks propa-
gated from a notch are residual-stress-free due to the fact that
their tips lie on the tensile side of the bending bar. Themagnitude
of the hoop stress around an indentation imprint and the length
of the crack are a function of indentation load, P. However, as
Fig. 5 clearly shows, the rate in terms of an increased P value at
which the crack length grows never allows the tip of the
indentation crack to arrest into a completely stress-free region.
In other words, the selection of large indentation loads actually
produces longer cracks, but also larger hoop-stresses acting to
close them. Consequently, a variety of COD profiles and (appar-
ent) fracture toughness values are generated by varying the
applied indentation load, P. In testing a toughened Si3N4 material,
prior researchers (Njiwa, Fett et al. 2004) reported a critical stress
intensity factor for crack initiation, KI0 ¼ 1.7MPam1/2, by the COD
method applied to through-thickness cracks in bending. This
value is very close to the intrinsic toughness that was found by
spatially resolved Raman spectroscopy (i.e., KI¼1.770.05MPam1/

2), which was independent of indentation load after having
subtracted the effect of the Yoffe stress field. This finding
demonstrates that spatially resolved Raman assessments of
stress fields ahead of the crack tip actually represent a viable
approach to reliably assess the intrinsic fracture toughness, KI0, of
ceramic materials using indentation cracks. Specifically, the
micromechanical situation is far more complex for COD values
since there is no independent way to know the actual stress
intensity factor that keeps the crack mouth open, (i.e., the value
equivalent to what can be measured as the externally applied
stress intensity factor, Kapp, in a controlled bending test on a
through-thickness notched bar). In this study, the value was
obtained in an indirect way from best-fitting the experimental
COD profiles to Eq. (14) (cf. Fig. 9). The COD results were consistent
with crack-tip Raman values and with data reported in literature
(Njiwa, Fett et al. 2004). Note, however, that in COD measure-
ments, as in the case of the KI0 assessment from direct stress
measurements ahead of the crack tip, there is no proof that the
retrieved value of the stress intensity factor actually represents
the critical KI of the material at the given crack length (i.e., usually
referred to as the crack-length dependent resistance, KR). Fitting
the near-tip COD profiles to Eq. (9), thus neglecting the residual
stress (shielding) contribution by the Yoffe field, leads to unrea-
sonably high KI0 values (i.e., 6–9MPam1/2). Moreover, it was not
possible to precisely fit the entire COD profile, as was discussed
by the other authors (Njiwa et al., 2004). In substance, this study
quantified the actual effect of the residual stress field stored
around the imprint on the COD profile. Furthermore, an improved
COD procedure is proposed that enables the reliable retrieval of
the “true” crack-tip toughness from an analysis of indentation
crack profiles similar to that of through-thickness cracks arrested
in bending bars (Njiwa et al., 2004). This improved procedure
provides reliable surface toughness values (i.e., as distinct from
bulk toughness) which might be prone (unlike bulk values) to
chemical effects from environmentally aggressive hydrothermal
and biological environments. Regarding the reliability of the COD
method on indentation cracks, our findings agree with (Njiwa et
al., 2004) on the fact that the crack front of a through-thickness
crack in a bending bar certainly offers a more accurate statistical
sampling of the crack/microstructure interaction as compared to
the limited curvilinear crack-front extension of a halfpenny-
shaped indentation crack. However, from this work, repetitive
cracks generated using the same indentation load, did not show
an unacceptable level of data scatter for the KI0 values (cf. error
bars in Fig. 7). Larger uncertainty was foundwhen the crack-wake
toughness contribution was evaluated. Moreover, the presence of
“bridging” stresses of a compressive nature in the wake of the
indentation cracks suggests that these cracks were not arrested at
their onset state for propagation (i.e., KtipoKI0). This situation was
only observed on unloaded cracks from a previous study of
toughened Si3N4 tested in through-thickness pre-cracked bending
bars (Pezzotti et al., 1999). Consequently, the KI0 value measured
by the present method represents a slight underestimate, and
therefore a safe lower boundary for crack initiation toughness.

The Raman microprobe-assisted assessment of surface
fracture toughness method concerns the cumulative toughen-
ing effect by crack-face bridging as a function of crack length.
The plots shown in Fig. 12 predict the occurrence of a sub-
stantial ΔKbr contribution within only �40 mm of crack exten-
sion. While this finding clarifies the near-tip nature of the
toughening behavior in Si3N4 ceramics, significant scatter might
be found in evaluating the ΔKbr crack-wake contributions. The
cumulative toughness determined on short cracks (i.e., obtained
with P¼1 kgf) were within an interval, 2.5rKR¼KI0þΔKbrr3.8
MPam1/2, which included crack-tip and crack-wake bridging
contributions for different crack lengths. However, the length of
the indentation crack is not the only factor that determines the
extent of the rising R-curve (i.e., as expected from a statistically
meaningful number of bridging sites in the crack wake). The
scatter in the KR value is also determined by the local distribu-
tion of bridging sites behind the tip due to limited crack
extension. Upon evaluating several profiles of indentation
cracks propagated from 5 kgf imprints, an average value of
KR¼7.1 MPam1/2 was found for a �40 mm extension of the
crack front. A bulk toughness value, KIC¼1071 MPam1/2, was
measured for mm-long cracks propagated in a standard
through-thickness test on notched (without notch-root shar-
pening) bending bars (ASTM, 1997) for the same Si3N4 bioma-
terial (Taylor et al., 2010; Bal and Rahaman, 2012). Also, a value
of �7.070.5 MPam1/2 was measured on notched (with notch-
root sharpening) samples on the same Si3N4 biomaterial (Martin
et al., 2012). This later method of fracture mechanics testing is
obviously closer to the present case, as indentation flaws are
naturally propagated cracks with atomically sharp tips.
5. Conclusion

A new procedure has been developed to assess the crack-tip
toughness KI0 and the rising R-curve behavior of a Si3N4 biomaterial
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using Ramanmicroprobe-assisted CODmeasurements on indenta-
tion cracks. Local stress measurements by Raman piezo-
spectroscopy were made both ahead of the crack tip and over
the whole crack-face interaction zone of bridged cracks in the crack
wake. A PRF-based probe deconvolutionmethodwas applied to the
stress data measured by Raman spectroscopy to minimize the
averaging effect of the finite size of the probe in highly graded
stress fields. A consistent picture of crack-tip stress fields and
crack-wake toughening phenomena was obtained. The crack-tip
toughness evaluated by this improved COD method incorporates a
minimized effect on the determination of KI0 from the residual
stress field stored around the indentation imprint. For the Si3N4

biomaterial investigated in the present work, this evaluation yields
KI0¼1.7–2.0 MPam1/2 and a sharply rising R-curve behavior (i.e.,
over a �40 mm crack extension) up to a crack resistance, KR¼7.1
MPam1/2. Coupled with an appropriate sampling procedure to
ensure statistical validity, the proposedmethod appears to improve
the testing reliability in estimating surface toughness with respect
to other indentation-related methods. Surface toughness could
significantly differ from bulk toughness and represents a funda-
mental parameter in evaluating the potentiality of ceramic bioma-
terials with respect to their long-term tribochemical performance.
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Fig. A1 – (a) Geometry of the Raman probe when a confocal pinh
for in-depth PRF calibration; and, (c) procedure for and in-plane
coordinates x; y; z

� �
and x0; y0; z0

� �
, as described in Section 3.3, is
Appendix A

Raman probe in polycrystalline Si3N4 and related PRF
calibrations

For Si3N4 ceramics, the “character” of the overall response

function of the probe, G x; y; z; x0; y0; z0
� �

pGip x; y; x0; y0
� ��

Gid z; z0ð Þ , as given in Eq. (15), fully describes the Raman

probe. Details about the PRFs in ceramics have been clearly

explained in related references (Lipkin and Clarke 1995;

Atkinson and Jain 1999; Zhu et al., 2006). In quantitatively

characterizing the Raman probe interaction with the present

Si3N4 biomaterial, the intensity of selected Raman bands was

systematically collected as a function of both in-plane dis-

placements, x0, across a sharp biomaterial interface and

defocusing displacements, z0, along the sample sub-surface.

In the former case, the focal plane of the laser was fixed on

the sample surface, while in the latter it was shifted along the

in-depth direction perpendicular to the sample surface. The

geometry of the Raman probe when a pinhole is used to

achieve a confocal configuration is schematically depicted in

Fig. A1 The procedures for in-depth and in-plane PRF calibra-

tions are then shown in Fig. A1(b) and (c), respectively,

together with the definition of the two sets of Cartesian

probe coordinates x; y; z
� �

and x0; y0; z0
� �

described in Section

3.3. The eventual occurrence of Raman probe anisotropies

and microstructural textures along different directions by

means of in-plane rotation experiments was also checked.
ole is used to achieve a confocal configuration; (b) procedure
PRF calibration. Definition of the two sets of Cartesian
also shown in (b) and (c).



Fig. A2 – : (a) In-depth and (b) In-plane PRFs for the investigated Si3N4 biomaterial.

Fig. B1 – (a) Schematic diagram of the interaction between the Raman probe and the COD profile for the Raman experiments
conducted on the control Si3N4 material; (b) explanatory diagram of the scanning along lines perpendicular to the indentation edge
and parallel to the crack path (i.e., Lines A and B, respectively). (c) Raman shift profiles collected upon scanning along lines A and B.

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 4 ( 2 0 1 6 ) 3 2 8 – 3 4 5 343



j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 4 ( 2 0 1 6 ) 3 2 8 – 3 4 5344
However, none of these items could be found. Raman scans
were always made in confocal probe configuration (pinhole
aperture of 100 mm). The experimental (normalized) intensity
trends (i.e., the PRF) for the polycrystalline Si3N4 biomaterial
are shown in Fig. A2(a) and (b), respectively. From these plots,
the parameters characterizing the Raman probe could be
retrieved as shown in Table 1.
Appendix B

Edge vs. corner line-scans in control Si3N4 without bridging
stresses

Raman shifts, Δωobs, were recorded upon line-scans along
indentation paths with or without a crack on a control Si3N4

material, in which no toughening effect existed and no
bridging stresses were present along the crack wake
(Pezzotti, Tanaka et al. 1993, Pezzotti, Muraki et al. 1999). A
search was made for any significant difference in the
recorded profiles that could arise from the presence of the
indentation crack. It should be noted that the diameter of the
Raman probe is always larger than the COD at any location
along the indentation crack profile. Fig. B1(a) provides a
schematic diagram of the interaction between the Raman
probe and the COD profile. The fact that the probe partly hits
unbroken areas leads to the detection of band shifts equiva-
lent to uncracked locations at the same distance from the
imprint center, although the intensity of the Raman signal is
reduced at the crack mouth. An explanatory diagram for the
Raman experiments conducted on the control Si3N4 material
is presented in Fig. B1(b). The Raman shift profiles collected
upon scanning along lines perpendicular to an (1 kgf) inden-
tation edge and parallel to the crack path (i.e., Lines A and B in
Fig. B1(b), respectively) in the control Si3N4 material are given
in Fig. B1(c). No significant difference could be found from
comparing the two plots.
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Raman microprobe-assisted indentation, a micromechanics method validated in a com-

panion paper, was used to compare the surface toughening behaviors of silicon nitride

(Si3N4) and alumina-based bioceramics employed in joint arthroplasty (i.e., monolithic

alumina, Al2O3, and yttria-stabilized zirconia (ZrO2)-toughened alumina, ZTA). Quantita-

tive assessments of microscopic stress fields both ahead and behind the tip of Vickers

indentation cracks propagated under increasing indentation loads were systematically

made using a Raman microprobe with spatial resolution on the order of a single

micrometer. Concurrently, crack opening displacement (COD) profiles were monitored on

the same microcracks screened by Raman spectroscopy. The Raman eye clearly visualized

different mechanisms operative in toughening Si3N4 and ZTA bioceramics (i.e., crack-face

bridging and ZrO2 polymorphic transformation, respectively) as compared to the brittle

behavior of monolithic Al2O3. Moreover, emphasis was placed on assessing not only the

effectiveness but also the durability of such toughening effects when the biomaterials were

aged in a hydrothermal environment. A significant degree of embrittlement at the

biomaterial surface was recorded in the transformation-toughened ZTA, with the surface

toughness reduced by exposure to the hydrothermal environment. Conversely, the Si3N4

biomaterial experienced a surface toughness value independent of hydrothermal attack.

Crack-face bridging thus appears to be a durable surface toughening mechanism for

biomaterials in joint arthroplasty.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Wear of hard-on-hard bioceramic couples for artificial joints is

a complex phenomenon, which is affected by surface micro-

fracture, chemical dissolution, and local heating at the contact
rved.

zotti).
interface (Mattei et al., 2011; Hosseinzadeh et al., 2012). Several

types of surface degradation behaviors have been observed

depending on the dominant wear interactions (e.g., frictional

or abrasive sliding, micro-shocks, etc.). Although the structural

properties at the material's surface play a major role, wear
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performance also depends on dynamic surface responses to
frictional heating, protein deposition, chemical reactions, bio-
film formation, microseparation, off-stoichiometry drifts, and
their possible combinations (Lu and McKellop, 1997; Kerkwijk
et al., 1999; Kato and Adachi, 2002). However, wear of hard-on-
hard bearings generally does not occur by a single mechanism,
but is due to a combination of several factors (Adachi et al.,
1997). Our present understanding of wear in ceramic-on-
ceramic joints is limited, but even more limited are notions
that link the phenomenologically observed wear behavior to
the mechanical, tribochemical, thermal, and crystallographic
properties of the material's surface. In previous papers
(Pezzotti et al., 2008, 2010; Takahashi et al., 2011; Fukatsu
et al., 2012), local spectroscopic probes (i.e., confocal lasers and
electrons) were used to demonstrate the effects of wear on
crystallographic, chemical, and off-stoichiometry alterations
occurring at the very surface of oxide bioceramics employed in
artificial hip joints. In particular, drifts in off-stoichiometry or
phase instability and residual stresses at oxide bearing sur-
faces were clearly visualized after both in vivo and in vitro
exposures (Pezzotti et al., 2010; Takahashi et al., 2011). Addi-
tionally, chemistry-independent damage was also observed on
retrievals due to hard-on-hard micro-shock events associated
with microseparation and stripe wear (Kerkwijk et al., 1999;
Takahashi et al., 2011). This type of damage depends more on
the surface toughness of the bioceramic than its surface
chemistry and/or off-stoichiometry. Unlike bulk fracture
toughness, surface toughness is prone to environmentally
driven degradation. In this latter context, zirconia-toughened
alumina (ZTA) biomaterials have previously been shown to
undergo polymorphic transformation in a hydrothermal envir-
onment (Pezzotti et al., 2008; Chevalier et al., 2009), with local
embrittlement of the material surface (Chevalier et al., 2009).

For brittle materials, wear debris are generated as a con-
sequence of grain detachment due to repeatedmicroseparation
shocks, or by third-body abrasive particles. This phenomenon
is directly related to the brittle propagation and successive
coalescence of surface microcracks. Consequently, in the
absence of environmental effects, wear of brittle ceramics is
strongly dependent upon surface fracture toughness. An early
study (Fischer et al., 1989) clearly demonstrated the effect of
fracture toughness on the wear rate of zirconia under abrasive
contact. Although mainly of a phenomenological nature, they
showed that fracture toughness is the key parameter deter-
mining abrasive wear of brittle materials. Successive models by
Evans and Wilshaw (1976) and Evans and Marshall (1980)
explicitly demonstrated the roles of hardness and fracture
toughness on the wear of brittle materials. They found that
wear resistance was directly proportional to the products
(hardness1/2� toughness3/4) and (hardness5/8� toughness1/2)
in their analyses, respectively. Predicted wear rates from both
studies agreed with experimental data. In particular, a later
study Buljan and Sarin (1985) validated the theoretical depen-
dence given by Evans and Wilshaw (1976) and indicated that
Si3N4 was the most resistant ceramic material to abrasive wear.
However, according to the phenomenological nature of the
models (Evans and Wilshaw, 1976; Buljan and Sarin, 1985), the
main difficulty in their practical application to biomaterials
resides in the fact that they utilize bulk rather than surface
toughness values. Yet, the material's surface properties might
significantly differ from those in the bulk as a consequence of
environmental and tribochemical effects since these can also
lead to embrittlement.

In this paper, the circumstances under which hydrother-
mal conditions trigger a reduction of surface as compared to
bulk fracture toughness are explored. Raman microprobe-
assisted indentation, as validated in the companion paper, is
applied to evaluate and compare the surface toughness of the
most popular bioceramics nowadays employed in hip joints,
before and after exposure to a hydrothermal environment.
Ultimately, this procedure aims at establishing a new criter-
ion for evaluating structural reliability at the surface of
ceramic biomaterials. By conjugating micromechanics and
tribochemistry, our aim is to provide new insight into the
durability of hard-on-hard bearings in joint arthroplasty.
2. Experimental procedures

Three bioceramics were utilized in this study, including Si3N4

(MC2s, AMEDICA Corporation, Salt Lake City, UT, USA) which is
described in the companion paper, and two commercially
available oxide ceramics: BIOLOXs delta and BIOLOXs forte
(CeramTec, GmbH, Plochingen, Germany). BIOLOXs delta is a
composite material (henceforth, simply referred to as ZTA)
consisting of 80 vol% Al2O3, 17 vol% ZrO2, and 3 vol% strontium
aluminate. Y2O3 and Cr2O3 were added to the raw materials in
quantities of 0.6 and 0.3 wt%, respectively, together with aminor
fraction of SrO. During sintering, Y and Cr elements were mainly
dissolved in the ZrO2 and Al2O3 lattices, respectively. Average
alumina and zirconia grain sizes in the final product were �1.0
and �0.3 μm, respectively. The BIOLOXs forte material was
made of monolithic polycrystalline Al2O3. Impurity contents
were: (SiO2þCaOþNa2O)o0.05 wt% and MgOo0.25 wt%. The
average size of the alumina grains in the final component was
�1.4 μm. All tested specimens were Ø36mm femoral heads.
The three investigated biomaterials, MC2s Si3N4, BIOLOXs delta
ZTA, and BIOLOXs forte Al2O3, were autoclaved for 200 h at
121 1C under 1 bar of water-vapor pressure.

Vickers indentations were imprinted on the finely polished
surfaces of the femoral heads before and after the autoclave
cycle. A conventional pyramidal (Vickers) indentation tester
(AVK-C1, Akashi Co., Tokyo, Japan) was used, while indenta-
tion imprints were made with loads varying between 1 and
10 kgf. The indentation load was applied for 20 s and released
slowly to avoid partial detachment at the surface of the
material and to minimize the occurrence of circumferential
cracks around the imprint. Crack lengths and crack opening
displacements (COD) profiles were then assessed by means of
microscopy observation in a Schottky-emission gun scanning
electron microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo,
Japan).

Raman spectroscopic experiments were performed with

the same equipment and under exactly the same conditions

as those shown in the companion paper. The 182 cm�1

Raman band of Si3N4, related to the skeletal symmetric

stretching of Si–N bonds (E2g mode) (Honda et al., 1999), was

selected for stress assessments because of its relatively

strong intensity, which minimized the time involved with

the measurements and allowed high band fitting reliability.
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The linear dependence of the shift of this band on stress was

represented by a piezo-spectroscopic (PS) coefficient equal to

0.56 cm�1/GPa. The most intense Raman band emitted by the

corundum structure, which is located at �417 cm�1, was

employed for piezo-spectroscopic stress assessments in

Al2O3. This band corresponded to the Al–O symmetric

stretching (A1g) mode, whose stress dependence is linear

with a slope (i.e., a PS coefficient) equal to �0.76 cm�1/GPa.

Regarding the tetragonal and monoclinic polymorphs of ZrO2,

the piezo-spectroscopic behavior of the Raman bands located

at �145 and �179 cm�1 was used, respectively. The former

band represents Eg symmetry and arises from the combina-

tion of O–Zr–O and Zr–O–Zr bending modes (Michel et al.,

1986), while the latter band, representative of the AgþBg
mode, arises from the Zr–Zr stretching vibrations (Kim and

Hamaguchi, 1997; Daramola et al., 2010). The stress depen-

dences of these bands, which were linear up to several GPa of

stress, are represented by PS coefficients equal to �0.6 and �
0.8 cm�1/GPa for the 145 (t-ZrO2) and 179 (m-ZrO2) bands,

respectively (Pezzotti and Porporati, 2004). Note that a nega-

tive PS coefficient means that a shift toward higher frequen-

cies occurs in the presence of a compressive stress and

vice versa.
Raman experiments were conducted with a pinhole aper-

ture of 100 mm by employing an objective lens with a
magnification of 100� . The diameter of the probe waist in
Fig. 1 – Profiles of Raman band spectral position as observed upo
indentations imprinted with 5 kgf before and after autoclaving i
the focal plane was similar for all the investigated biomater-

ials at �1.5 mm. However, the penetration depth to which

emission of the Raman signal reached 90% of the total

observed Raman intensity was �10.4, �16.7, and �18.5 mm in

Si3N4, Al2O3, and ZTA, respectively.
3. Results and discussion

3.1. Yoffe stress fields in different bioceramics

Our applicative analysis of surface toughness by the indenta-

tion method started from the quantitative assessment of the

residual stress field associated with the Vickers imprint (i.e.,

the so-called Yoffe stress field) (Yoffe, 1982). In the theoretical

analysis proposed in the companion paper, this residual

stress field was experimentally shown to depend on indenta-

tion load, and to strongly influence the COD profile of

polycrystalline Si3N4. A selected fixed indentation load (i.e.,

5 kgf) was used to compare the behavior of the different

bioceramics with respect to the Yoffe stress field collected

upon scanning along a straight line perpendicular to the

indentation edge. Fig. 1(a)/(b) and (c)/(d) compares the shifts

of selected Raman bands and the Yoffe stress-field behaviors

of monolithic Si3N4 and Al2O3 bioceramics in their respective

as-received and autoclaved states. Three main features could
n scanning along a straight line perpendicular to the edge of
n Si3N4 (a)/(b) and Al2O3 (c)/(d).



Fig. 2 – Profiles of monoclinic phase fraction (a) and equilibrium stress before and after long-term autoclaving ((b) and (c),
respectively) as observed upon scanning along a straight line perpendicular to the edge of an indentation imprinted with 5 kgf
in the ZTA composite.
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be recognized from a comparison of the plots in Fig. 1 for
these two biomaterials, as follows:

(i) Unlike the case of Al2O3, the stress-free Raman frequen-
cies for Si3N4 differed when measured before and after
autoclaving (cf. Fig. 1 insets in both (a) and (c)). This
difference could be attributed to the enhanced formation
of amphoteric SiO2 (i.e., an oxidation layer) on the surface
of the environmentally exposed Si3N4. Such an oxidation
layer is known to possess a compositional gradient,
which gradually incorporates an increasing amount of N
ions toward the bulk Si3N4 core, to form a silicon oxyni-
tride layer (Greil et al., 1991). Incorporation of oxygen into
the lattice has been shown to produce a spectral shift
toward lower frequencies for the skeletal vibrations of the
Si–N bonds (i.e., the low-frequency triplet including the
band at 182 cm�1 used in this experiment) (Takase and
Tani, 1984), which represent the spectroscopic stress
tensor. For this reason, an overall shift toward lower

frequencies in the line-scan plot perpendicular to the

indentation edge was observed (cf. Fig. 1(a)). Note also

that a preliminary calibration to substantiate possible

differences in the PS coefficient due to such a structural

change was made; and it was found to be negligible for

the adopted Raman probe configuration.
(ii) The maximum compressive stress found in the neighbor-

hood of the indentation edge in Si3N4 (i.e., directly

proportional to the observed trend of spectral shift

through the PS coefficient) was about half that measured

in the as-received sample (cf. Fig. 1(b)). This feature could

conceivably be attributed to the presence of a surface

silicon oxynitride layer and, consequently, to a lower

Young's modulus at the material surface as compared

to the bulk. As discussed in the companion paper, the

Yoffe stress field is indeed directly proportional to the
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elastic modulus of the material through the so-called
“blister” strength.

(iii) The Raman results collected on monolithic Al2O3 before
and after autoclaving are compared in Fig. 1(c) and (d) in
terms of Raman band-shifts and residual stresses, respec-
tively. The trends showed the same stress-free frequencies
(i.e., the average frequency collected far away from the
imprint; cf. inset in Fig. 1(c)). Very close gradients were also
found along the distance, r, starting from the edge of the
indentation imprint. However, a difference of �8 μm could
be observed for the size of the indentation imprint before
and after autoclaving (i.e., larger in the autoclaved sample)
for the same applied load. Although the physical origin of
this phenomenon could not be fully substantiated in this
Fig. 3 – Trends of Raman shift and the Yoffe (residual) stress field
of the ZTA composite upon scanning along a straight line perpe
before autoclaving. In (d), (e), and (f), similar characterizations a
environment for the above materials, respectively.
study by direct experimental evidence, this phenomeno-
logical observation is interpreted as a stoichiometric
alteration of the near-surface Al2O3 lattice as has been
observed in previous in vitro and in vivo studies
(Takahashi et al., 2011; Pezzotti, 2014). As a matter of fact,
in biomedical grade Al2O3, formation of increasing
amounts of oxygen vacancies systematically occurs upon
exposure to a hydrothermal environment. This off-
stoichiometry drift leads to an overall “softening” of the
sample surface (i.e., to the observed lower hardness).

Regarding the Raman characterization of the Yoffe stress field
in ZTA, Fig. 2(a) documents the most striking phenomenon
occurring around the indentation imprint, namely the stress-
as observed in the t-ZrO2 (a), m-ZrO2 (b), and Al2O3 (c) phase
ndicular to the edge of an indentation imprinted with 5 kgf
re shown after long-term exposure to the hydrothermal
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induced polymorphic transformation of ZrO2 dispersoids. A
comparison between line-scans as a function of the abscissa, r,
which recorded the volumetric fraction of monoclinic ZrO2 in the
ZTA material before and after autoclaving, revealed some inter-
esting features, as follows:

(i) Profiles of tetragonal-to-monoclinic (t-m) transformed
fractions of zirconia phase, Vm, before and after autoclav-
ing were both steeply graded. The maximum content (i.e.,
Vm¼36%), which was detected at the edge of the indenta-
tion in the as-received ZTA sample roughly corresponded
to a four-fold increase above the Vm value recorded at the
as-received surface.

(ii) Prolonged exposure to the autoclave environment
enhanced the monoclinic content at the surface of the
pristine sample by a factor of 4, on top of which the
indentation imprint introduced a strong Vm gradient
decreasing with distance, r, from a maximum value of
�73% measured at the indentation edge.

Note also that the polymorphic transformation has pre-
viously been shown to alter the residual stress field at the
surface of ZTA bioceramics (Pezzottia et al., 2008). Accord-
ingly, one should expect to find a complex residual stress
field around indentations imprinted on ZTA, comprised of
two distinct elastic contributions, namely, Yoffe-related and
phase-transformation-related stresses. Fig. 3(a)–(c) and (d)–
(f) shows the shift/stress profiles recorded for each of the ZTA
constituent phases (i.e., (a)/(d) tetragonal (t-)ZrO2, (b)/
(e) monoclinic (m-)ZrO2, and (c)/(f) Al2O3, respectively) along
a line scan perpendicular to the indentation edge in pristine
and autoclaved samples, respectively. The PS profile as a
function of abscissa, r, for the tetragonal ZrO2 phase (Fig. 3(a))
shows an overall shift towards higher frequencies in the
autoclaved sample as compared to the pristine one. If one
compares the average Raman frequency collected from the
as-received ZTA material far away from the imprint (e.g., an
average value obtained from �50 randomly selected points
on the sample surface under exactly the same probe geome-
try) to the spectral shifts in the t-ZrO2 phase in both pristine
and autoclaved samples, these shifts corresponded to
remarkable compressive stresses on the order of several
GPa (cf. the negative PS coefficient given in Section 2). The
larger magnitude of compressive stress recorded in the
pristine sample as compared to the autoclaved one, which
decreased with increasing the distance, r, was related to the
larger fraction of polymorphically transformed ZrO2 after
autoclaving. A confirmation of this assertion can be obtained
by observing that differences in the Raman band shift and
associated stress are at a maximum near the edge, where the
difference in volume fraction is also at its maximum (cf.
Fig. 2). The PS trends for the monoclinic ZrO2 phase (Fig. 3
(b) and (e)) were tensile in nature, with only a slight magni-
tude of enhancement upon autoclaving. Note also that in this
case the PS coefficient is negative. However, unlike the stress
profiles in the alumina phase (cf. Fig. 3(c) and (f) for the
pristine and autoclaved samples, respectively) these profiles
both showed shifts in wavenumber toward the compressive
side, but this was more pronounced in the pristine as
compared to the autoclaved sample. Similar to the case of
the other phases, these shifts were graded with distance,
r. Again, depending on the purposes of the stress analysis,
one could assume different stress-free frequencies (i.e., as
done in plotting these figures) or a common stress-free
reference equal to the average frequency in the pristine
sample collected far away from the indentation imprint. In
the former case, only the micromechanical effect related to
the indentation imprint is evaluated, while in the latter case
the computed stress includes both the residual stresses
developed during the autoclave cycle and those associated
with the indentation imprint. It is clear from the experimen-
tal results shown in Fig. 3(a)–(f) that the residual stress fields
developed in the different phases of ZTA obey complex
patterns. Such complexity arises from the overlapping effects
of mechanically and environmentally driven patterns of
polymorphic transformation. A full explanation of the
observed patterns is clearly beyond the scope of this report.
However, one simplified way to rationalize the results resides
in considering an equilibrium stress, ⟨s⟩ , which locally takes
the value given by the following equation:

⟨s⟩¼ stVt þ smVm þ saVa ð1Þ
where V and s are volume fractions and traces of the residual
stress field, respectively; and, the subscripts t, m, and a refer to
the tetragonal ZrO2, the monoclinic ZrO2, and the Al2O3

phases, respectively. Fig. 2(b) and (c) shows profiles of equili-
brium stress along a line perpendicular to the indentation
edge in the ZTA samples before and after autoclaving, respec-
tively. As can be seen, the autoclave cycle pushed the surface
of the ZTA material toward an equilibrium stress field less
compressive than that stored in the pristine material. Never-
theless, both samples experienced equilibrium stresses with
magnitudes on the order of 1–2 GPa. Interestingly, the equili-
brium stress field was similarly tensile far away from the
imprint for both samples, which suggests that a mechanical
equilibrium was established between the surface and subsur-
face, with the surface undergoing a tensile stress due to the
effect of the polymorphic transformation and the sub-surface
subjected to compression in order to balance the surface
tensile stress. This trend has been described in more detail
elsewhere for the present ZTA material (Zhu et al., 2013).

3.2. Crack-tip stress fields in monolithic and composite
bioceramics

Subtraction of the Yoffe stress field from the stress profiles

collected along the indentation crack path enabled delinea-
tion of the elastic stress field associated with the presence of
the crack tip (cf. this procedure was shown in detail in the
companion paper). Once subtraction of the overlapping effect
of the Yoffe field is made, the stress profile recorded ahead of
the crack tip becomes representative of the stress intensity
factor, KI, of the indentation crack at equilibrium. In the

companion paper, the occurrence of stress relaxation at the
tips of indentation cracks was more pronounced at higher
indentation loads and involved partial re-closure of the crack
mouth. Although such relaxation appeared minimal at loads,
Po5 kgf, the KI measured on indentation cracks might not
exactly represent the toughness (i.e., KI0) but a slight under-
estimate. Having acknowledged this uncertainty, shown in



Fig. 4 – Wavelength shift data collected in the neighborhood of the tip of cracks propagated from the corners of 5 kgf
indentation imprints in Si3N4 (a) and Al2O3 (b) before and after autoclaving. In (c), similar plots are given for the ZTA material
in terms of equilibrium stress. The solid lines show the best fitting curves of the plots according to Eq. (24) of the companion
paper. The corresponding crack-tip stress intensity factors are given in an inset to each plot.
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Fig. 4(a), (b), and (c) presents the stress profiles recorded

before and after autoclaving ahead of the crack tip in Si3N4,

Al2O3, and ZTA, respectively. Stress intensity factors, KI,

representative of the surface fracture toughness of mono-

lithic and composite samples before and after autoclaving

were obtained by best-fitting of these profiles to the crack-tip

stress field trial functions developed in the companion paper.

The crack-tip KI data are shown in insets to Fig. 4(a)–(c) and

are summarized in Table 1 together with other parameters

related to the indentation imprint. Note that the crack-tip
toughness values shown in Table 1 were computed according

to the spatial probe deconvolution procedure developed in

the companion paper. No statistically meaningful difference

could be found in both monolithic materials between the KI

values measured before and after autoclaving. In other

words, the surface toughness of both Si3N4 and Al2O3 was

not significantly affected by prolonged exposure to the

hydrothermal environment. Regarding the ZTA material,

the same equilibrium stress formalism put forward with Eq.

(1) was adopted and applied to analyze its Yoffe field (cf. Fig. 2
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(b) and (c)). Despite the additional residual stress field created
by polymorphic transformation, the peculiar morphology of
the ZTA crack tip could still be fitted to the same trial
function employed for non-transforming materials (cf. com-
panion paper and Fig. 4(c)). However, more scatter was noted
in the stress data as compared to monolithic materials, which
was reflected in higher uncertainty for the extracted crack-tip
KI values (cf. Fig. 4(c) inset and Table 1). According to crack-tip
measurements, the surface toughness recorded in the as-
received ZTA material was basically the same as that of
monolithic Al2O3 and Si3N4 bioceramics. However, the phase
transformation induced by the hydrothermal cycle in
autoclave (cf. Fig. 2(a)) resulted in a decrease in crack tip
toughness. In terms of static equilibrium at the micromecha-
nical scale (i.e., according to Eq. (1)), embrittlement is
obviously related to decreased availability of transformable
Table 1 – Geometrical parameters associated to the inden
different approaches in Si3N4, Al2O3, and ZTA biomateria

Si3N4

Before After

Crack length, a (μm) 124 96
Print size, b (μm) 37 24
Plastic-zone side, d (μm) 10.5 5
KI (Eq. (13)

a) (MPa m1/2) 1.7 1.8
KI (Eq. (25)

a) (MPa m1/2) 8.5 9
KI (Eq. (24)

a) (MPa m1/2) 1.8 1.8
rϕ-tip (GPa) �0.186 �0.366

a Companion paper, Ref. [18].

Fig. 5 – Experimental COD data for cracks propagated from inde
(c) before and after autoclaving. Data were collected into the FEG-
the newly proposed approach in this study.
(metastable) tetragonal ZrO2 dispersoids at the material sur-

face. Therefore, under the hypothesis that an equilibrium

stress (i.e., as defined by Eq. (1)) could actually be used in the

toughness analysis of the ZTA composite, the environmen-

tally driven phase transformation in ZTA is shown to have a

detrimental effect on crack-tip toughness. The recorded

reduction of crack-tip toughness was in the order of 25% in

terms of crack-tip KI value.
The conclusive statements of this sub-section are that, on

the one hand, both oxide and non-oxide monolithic biocera-
mics possessed a surface fracture toughness (i.e., a critical
stress intensity for shallow crack propagation) which
remained conspicuously unaffected by prolonged exposures
to hydrothermal environment. On the other hand, the ZTA
biomaterial underwent embrittlement at its surface due to its
structural instability upon environmental exposure.
tation imprint and stress intensity factors obtained by
ls.

Al2O3 ZTA

Before After Before After

115 135 125 125
24 24 24 24
3.7 5.5 5.5 7
1.65 1.5 1.7 1.2
2.0 2.5 7.5 9
1.6 1.5 1.6 1.2
�0.321 �0.227 �0.359 �0.255

ntations imprinted with 5 kgf in Si3N4 (a), Al2O3 (b), and ZTA
SEM and fitted to the Fett's equations (Fett et al., 2005) and to
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3.3. Crack-wake stress fields and their effect on COD
profiles

Fig. 5(a), (b), and (c) shows COD profiles that were experimen-
tally determined on cracks propagated from the corners of
5 kgf imprints in Si3N4, Al2O3, and ZTA biomaterials, respec-
tively. As discussed in the companion paper, there might be
different approaches to rationalize the COD data. The compu-
tational output suggested by Fett et al. (2005), who proposed a
best-fitting procedure based on a boundary collocation, is
shown together with plots made according to the Raman-
assisted COD method proposed in the companion paper. The
approach by Fett et al. proved successful in modeling the total
COD profile in Si3N4 (Fig. 5(a)) and the near-tip COD profiles of
both Al2O3 (Fig. 5(b)) and ZTA (Fig. 5(c)). However, this method
only provides a cumulative KI value including the contribution
of the Yoffe field (cf. values listed in Table 1), while the actual
toughness of the material remains undetermined. In the
Raman-assisted COD approach, the effects of residual stress
fields of different nature on the profiles of indentation cracks
behind the crack tip are all explicitly separated. In particular,
the effect of the Yoffe field is considered as an extrinsic biased
factor related only to the indentation testing procedure itself.
Consequently, it should be subtracted to obtain the true
toughness of the material. Conversely, toughening arising
from acicular Si3N4 grains (i.e., crack-face bridging) and
Fig. 6 – Bridging stress distributions developed along the wake
imprinted indentations before and after autoclaving (in (a) and
fractions are plotted for the bridging stress distributions given in
the total crack length, a.
metastable ZrO2 phase (i.e., transformation toughening) is
basic to each material, and should be incorporated into their
respective toughness values. The determination of toughening
effects therefore requires the explicit analyses of the stress
fields acting along the crack wake, which can be obtained by
directly subtracting the Yoffe stress from the overall stress
field recorded along a straight line behind the crack tip. Figs. 6–
8 show the stress field recorded before and after autoclaving in
Si3N4, Al2O3, and ZTA. Note that the stress field obtained in
this way is defined as the “bridging” stress field, sbr. However,
both shielding and opening forces act along the crack wake, so
that the generally defined “bridging” stress could act to either
close or open the crack mouth. Microscopic observations show
that, in the case of a Si3N4 microstructure, tensile stresses
recorded behind the crack tip represent traction exerted by
elongated bridging grains, which resist crack opening and thus
act as closure forces on the crack mouth. Conversely, com-
pressive stresses exerted in the crack wake arise from the
presence of interlocking grains, a consequence of locally non-
conservative crack-opening displacements occurring during
fracture. It has been noted that compressive “bridging” stres-
ses in non-transforming ceramics necessarily require the
occurrence of a partial re-closure of the crack mouth and are
evidence of relaxation of the crack-tip stress developed at
criticality (Pezzotti et al., 1999, 2001). Similar considerations
apply to the fracture behavior of monolithic Al2O3, although its
of cracks propagated in Si3N4 from the corner of 5 kgf
(c), respectively). In (b) and (d), histograms and cumulative
(a) and (c), respectively. Tip distance has been normalized by



Fig. 7 – Bridging stress distributions developed along the wake of cracks propagated in Al2O3 from the corner of 5 kgf
imprinted indentations before and after autoclaving (in (a) and (c), respectively). In (b) and (d), histograms and cumulative
fractions are plotted for the bridging stress distributions given in (a) and (c), respectively. Tip distance has been normalized by
the total crack length, a.
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equiaxed microstructure produces bridging sites of signifi-

cantly lower stresses as compared to those recorded in Si3N4.

In the case of transformation toughening in ZTA, which was

newly analyzed by Raman microprobe spectroscopy in this

paper, compressive stresses in the crack wake represented the

expected crack-closure toughening effect. However, tensile

stresses could also be found as a consequence of the complex

stress field associated with phase transformation. Both tensile

and compressive stresses spontaneously occurred in hydro-

thermal environment and under the stress field induced by

the indentation imprint (cf. Fig. 3(a)–(f)). Microscopic inspec-

tion revealed that tensile stresses in the ZTA material only

sporadically arose from unbroken (i.e., branched) ligaments.

Explanatory diagrams that summarize the above discussion

for the role of crack-wake stresses in toughening by crack-face

bridging and by transformation toughening are given in Fig. 9

(a) and (b), respectively. These diagrams provide simple sche-

matic explanations of the different mechanisms. For a com-

prehensive spectroscopic description and proof of

transformation paths around the crack tip in ZTA, the inter-

ested reader is referred to prior publications (Pezzotti, 2013).
Now, turning the focus of the discussion to the effect of

the hydrothermal environment, it appears evident from data

in Figs. 6 and 7 that prolonged exposure to hydrothermal

environment scarcely affected the fracture behavior of Si3N4
and Al2O3 bioceramics, respectively. A comparison between

the bridging stress distributions in Fig. 6(a) and (c) reveals

similar stress distributions along the crack wake of Si3N4

before and after autoclaving (cf. histograms in Fig. 6(b) and

(d), respectively). More scatter was found in the bridging

stress distributions for the monolithic Al2O3 bioceramic

before and after autoclaving (cf. Fig. 7(a) and (c)). Accordingly,

measurements were repeated on four different cracks (not

shown here) for substantiating possible differences. However,

the bridging stresses only depended on individual crack

paths, and no statistically meaningful difference could be

found before and after autoclaving (cf. histograms in Fig. 7

(b) and (d)). Conversely, as shown in the crack-wake stress

distributions recorded before and after autoclaving in ZTA (cf.

Fig. 8(a) and (c) respectively, and related histograms in Fig. 8

(b) and (d), respectively), a clear tensile shift could be detected

in the crack-wake stress distribution after environmental

exposure as compared to the pristine sample. This was a

direct result of the reduced efficiency of the transformation

toughening mechanism operative on the crack path, and also

a consequence of the tensile shift of the equilibrium residual

stresses piled up at the material’s surface due to the poly-

morphic transformation occurring in the autoclave.
With the knowledge of the bridging stress field developed

along the crack wake, and after subtraction of the Yoffe field,



Fig. 9 – Schematic diagrams of crack-face bridging and transformation toughening mechanisms and the respective
development of crack shielding mechanisms.

Fig. 8 – Equilibrium bridging stress distributions developed along the wake of cracks propagated in ZTA from the corner of
5 kgf imprinted indentations before and after autoclaving (in (a) and (c), respectively). In (b) and (d), histograms and cumulative
fractions are plotted for the bridging stress distributions given in (a) and (c), respectively.
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it is possible to compute the material toughness by fitting the

experimental COD curves to the computational algorithms

explicitly developed in the companion paper. These values

are shown in Table 1 as an average of four different cracks

for each material. The computational procedure showed a

reduction of �10% and �42% in toughness for autoclaved
Al2O3 and ZTA biomaterials, respectively, as compared to

their respective pristine samples. Regarding Si3N4, the reduc-

tion in toughness upon hydrothermal treatment was negli-

gible. Moreover, these toughness measurements were in

agreement with the values determined by Raman stress

assessments ahead of the crack tip (cf. Table 1).



Fig. 10 – Contributions by crack-face bridging and Yoffe stress fields to the observed stress intensity factor of cracks
propagated from the corner of indentations imprinted with 5 kgf in Si3N4 before and after autoclaving (in (a) and (b),
respectively).

Fig. 11 – Contributions by crack-face bridging and Yoffe stress fields to the observed stress intensity factor of cracks
propagated from the corner of indentations imprinted with 5 kgf in Al2O3 before and after autoclaving (in (a) and (b),
respectively).

Fig. 12 – Contributions by crack-face bridging and Yoffe stress fields to the observed stress intensity factor of cracks
propagated from the corner of indentations imprinted with 5 kgf in ZTA before and after autoclaving (in (a) and (b),
respectively).
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3.4. Environmental effects on surface toughening
mechanisms

The final step of our micromechanical characterization con-
sisted in comparing the effect of the Yoffe and bridging
stresses on crack lengths. Figs. 10–12 show a comparison
between intrinsic, ΔKbr, and Yoffe, ΔKY , toughening effects
operating on indentation cracks propagated in as-received
and autoclaved samples of Si3N4, Al2O3, and ZTA. These plots,
computed according to data in Figs. 6–8, show that, indepen-
dent of the material tested, the closure effect of the Yoffe
stress field is preponderant or comparable to the toughening
effect by bridging. This also explains why the outputs of
fitting an algorithm to Fett's equation (Fett et al. 2005), which
measures cumulative toughness, including both ΔKbr and
ΔKY , lead to unreasonably high values for all the biomaterials



Fig. 13 – Near-tip rising R-curve behavior as obtained on indentation cracks for Si3N4, Al2O3, and ZTA biomaterials before
(a) and after (b) autoclaving.
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tested (cf. Table 1). The final plots of this Raman spectro-
scopic study, given in Fig. 13(a) and (b), summarize the near-
tip rising R-curve behavior of different biomaterials before
and after autoclaving, respectively. Displayed in these plots
are the total crack resistance, KR(Δa)¼KI0þΔK(Δa), using data
for different crack lengths obtained from 1 and 5 kgf imprints.
Environmentally driven effects were confirmed to be negli-
gible in the monolithic biomaterials, while the ZTA composite
clearly underwent surface embrittlement with respect to
propagation of short cracks. This is particularly important
in the case of Si3N4, which showed a high surface toughness
value completely independent of environmental exposure.
The straightforward reason for this stable toughening beha-
vior resides in the “mechanical” nature of its toughening
mechanism. Crack-face bridging in Si3N4 is unaffected by
hydrothermal conditions in contrast to the stoichiometric-
and crystallographic-related nature of the transformation
toughening mechanism in ZTA. While one might foresee
the need for additional slow crack growth experiments on
the present biomaterials to verify environmental effects on
crack initiation resistance, the present data unequivocally
show better structural performance for the surface of non-
oxide versus oxide bioceramics.

Finally, from a general perspective, the present Raman-
assisted fracture mechanics characterizations confirmed the
complex nature of surface toughness assessments by inden-
tation, which nevertheless remains the only possible mea-
surement option in contrast to multiple techniques for bulk
toughness. However, as discussed earlier, surface toughness
is one of the most relevant material properties determining
the wear resistance of hard-on-hard bearings.
4. Conclusion

The newly developed Raman-assisted micromechanics pro-
cedure of the companion paper has been applied to assess
and compare the crack-tip toughness, KI0, and the rising R-
curve behavior at the surface of Si3N4, Al2O3, and ZTA

biomaterials. Local stress measurements by Raman piezo-

spectroscopy both ahead and behind the crack tip clarified

the roles of different toughening mechanisms and gave a

consistent picture of the micromechanics of surface micro-

fracture. The effectiveness of crack-face bridging versus

transformation toughening, namely the main toughening

mechanisms operative in Si3N4 and ZTA, respectively, was

quantitatively assessed and compared with the brittle beha-

vior of monolithic Al2O3. The surface toughness evaluated by

this improved method revealed a significant dependence on

exposure to the hydrothermal environment for the ZTA

material, namely a consistent embrittlement of the material

surface. The detrimental effect of surface embrittlement did

not occur in monolithic Al2O3 and Si3N4 bioceramics. In

particular, the latter material preserved its steeply rising R-

curve behavior for short surface cracks even after long-term

(i.e., up to 200 h) exposure to the hydrothermal environment.

In conclusion, the surface toughening behavior of the biome-

dical grade Si3N4 was not only more effective, but also more

durable in an aggressive hydrothermal environment as com-

pared to the corresponding behavior of ZTA.

r e f e r e n c e s

Adachi, K., Kato, K., Chen, N., 1997. Wear map of ceramics. Wear
203, 291–301.

Buljan, S.T., Sarin, V.K., 1985. The future of silicon nitride cutting
tools. Carbide Tool J. 14, 4–7.

Chevalier, J., Grandjean, S., Kuntz, M., Pezzotti, G., 2009. On the
kinetics and impact of tetragonal to monoclinic transforma-
tion in an alumina/zirconia composite for arthroplasty appli-
cations. Biomaterials 30 (29), 5279–5282.

Daramola, D.A., Muthuvel, M., Botte, G.G., 2010. Density func-
tional theory analysis of Raman frequency modes of mono-
clinic zirconium oxide using gaussian basis sets and isotopic
substitution. J. Phys. Chem. B 114 (29), 9323–9329.



j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 4 ( 2 0 1 6 ) 3 4 6 – 3 5 9 359
Evans, A.G., Marshall, D.B., 1980. Wear Mechanisms in Ceramics.
In: Rigney, D.A. (Ed.), Fundamentals of Friction and Wear of
Materials. American Society for Metals, Metals Park, Ohio, pp.
439–452.

Evans, A., Wilshaw, T.R., 1976. Quasi-static solid particle damage
in brittle solids—I. Observations analysis and implications.
Acta Metall. 24 (10), 939–956.

Fett, T., Njiwa, A.K., Rödel, J., 2005. Crack opening displacements
of Vickers indentation cracks. Eng. Fract. Mech. 72 (5), 647–659.

Fischer, T.E., Anderson, M.P., Jahanmir, S., 1989. Influence of
fracture toughness on the wear resistance of yttria-doped
zirconium oxide. J. Am. Ceram. Soc. 72 (2), 252–257.

Fukatsu, K., Leto, A., Zhu, W., Sugano, N., Pezzotti, G., 2012.
Kinetics and the role of off-stoichiometry in the environ-
mentally driven phase transformation of commercially avail-
able zirconia femoral heads. Acta Biomater. 8 (4), 1639–1647.

Greil, P., Nitzsche, R., Friedrich, H., Hermel, W., 1991. Evaluation
of oxygen content on silicon nitride powder surface from the
measurement of the isoelectric point. J. Eur. Ceram. Soc. 7 (6),
353–359.

Honda, K., Yokoyama, S., Tanaka, S.-i, 1999. Assignment of the
Raman active vibration modes of β-Si3N4 using micro-Raman
scattering. J. Appl. Phys. 85 (10), 7380–7384.

Hosseinzadeh, H.R.S., Shahi, A.S., Eajazi, A., 2012. The Bearing
Surfaces in Total Hip Arthroplasty-Options, Material Charac-
teristics and Selection. InTech Open Access Publisher.

Kato, K., Adachi, K., 2002. Wear of advanced ceramics. Wear 253
(11), 1097–1104.

Kerkwijk, B., Winnubst, L., Mulder, E.J., Verweij, H., 1999. Proces-
sing of homogeneous zirconia-toughened alumina ceramics
with high dry-sliding wear resistance. J. Am. Ceram. Soc. 82
(8), 2087–2093.

Kim, B.K., Hamaguchi, H. o, 1997. Mode assignments of the
Raman spectrum of monoclinic zirconia by isotopic exchange
technique. Phys. Status Solidi B 203 (2), 557–563.

Lu, Z., McKellop, H., 1997. Frictional heating of bearing materials
tested in a hip joint wear simulator. Proc. Inst. Mech. Eng. H: J.
Eng. Med. 211 (1), 101–108.

Mattei, L., Di Puccio, F., Piccigallo, B., Ciulli, E., 2011. Lubrication
and wear modelling of artificial hip joints: a review. Tribol. Int.
44 (5), 532–549.
Michel, D., Van Den Borre, M., Ennaciri, A., 1986. Vibrational
spectra and force fields of tetragonal zirconia and zirconium
germanates. Adv. Ceram. 24, 555–562.

Pezzotti, G., 2013. Advanced Materials for Joint Implants. Pan
Stanford, Singapore.

Pezzotti, G., 2014. Bioceramics for hip joints: the physical chem-
istry viewpoint. Materials 7 (6), 4367–4410.

Pezzotti, G., Ichimaru, H., Ferroni, L.P., Hirao, K., Sbaizero, O.,
2001. Raman microprobe evaluation of bridging stresses in
highly anisotropic silicon nitride. J. Am. Ceram. Soc. 84 (8),
1785–1790.

Pezzotti, G., Munisso, M.C., Porporati, A.A., Lessnau, K., 2010. On
the role of oxygen vacancies and lattice strain in the tetra-
gonal to monoclinic transformation in alumina/zirconia
composites and improved environmental stability. Biomater-
ials 31 (27), 6901–6908.

Pezzotti, G., Muraki, N., Maeda, N., Satou, K., Nishida, T., 1999. In
situ measurement of bridging stresses in toughened silicon
nitride using Raman microprobe spectroscopy. J. Am. Ceram.
Soc. 82 (5), 1249–1256.

Pezzotti, G., Porporati, A.A., 2004. Raman spectroscopic analysis
of phase-transformation and stress patterns in zirconia hip
joints. J. Biomed. Opt. 9 (2), 372–384.

Pezzotti, G., Yamada, K., Sakakura, S., Pitto, R.P., 2008. Raman
spectroscopic analysis of advanced ceramic composite for hip
prosthesis. J. Am. Ceram. Soc. 91 (4), 1199–1206.

Takahashi, Y., Zhu, W., Sugano, N., Pezzotti, G., 2011. On the role
of oxygen vacancies, aliovalent ions and lattice strain in the
in vivo wear behavior of alumina hip joints. J. Mech. Behav.
Biomed. Mater. 4 (7), 993–1003.

Takase, A., Tani, E., 1984. Raman spectroscopic study of β-sialons
in the system Si3N4–Al2O3–AIN. J. Mater. Sci. Lett. 3 (12),
1058–1060.

Yoffe, E., 1982. Elastic stress fields caused by indenting brittle
materials. Philos. Mag. A 46 (4), 617–628.

Zhu, W., Sugano, N., Pezzotti, G., 2013. Nondestructive inspection
of phase transformation in zirconia-containing hip joints
by confocal Raman spectroscopy. J. Biomed. Opt. 18 (12),
127002.



Research Article

The Effect of Cervical Interbody
Cage Morphology, Material
Composition, and Substrate
Density on Cage Subsidence

Abstract

Background: Interbody cages used in spinal fusion surgery can
subside into the adjacent vertebral bodies after implantation, leading
to loss of spinal height, malalignment, and possible radicular
symptoms. Several factors may contribute to cage subsidence.
Methods: This in vitro investigation examined the possible
contribution of substrate density, cage contact area (ie, cage
footprint), cage filling, cage end plate surface texture, and cage
material composition on the magnitude of subsidence. Commercially
available cervical interbody cages of two sizes (16 · 12 mm and 17 ·
14 mm) were implanted between foam blocks of two different
densities and were cyclically loaded. Cages were made of titanium
alloy (Ti4Al6V), silicon nitride ceramic (Si3N4), or polyether ether
ketone (n = 8 cages of each material type). Additional testing was
performed on Si3N4 cages of the smaller size with nontextured
surfaces and with filled cores.
Results: Subsidencemeasurements showed that lower foamdensity
had the greatest influence on subsidence, followed by smaller cage
footprint. Cagematerial had no effect on subsidence. In the additional
testing of small-footprint Si3N4 cages, the cages in which the core
was filled with a load-bearing porous material had less subsidence in
lower-density foam than the cages with an empty core had, whereas
cage end plate surface texture had no effect on subsidence.
Conclusion: Ranking of the relative impact of these factors indicated
that substrate density had the greatest contribution to the measured
subsidence (approximately 1.7 times and approximately 67 times
greater than the contributions of cage footprint area and material,
respectively). The contribution of cage footprint area to subsidence
was found to be 40 times greater than the contribution of cagematerial
to subsidence.

In cervical spine fusion surgery,
vertebral interbody spacers pre-

serve disk height and sagittal align-
ment, thereby avoiding neural
compression and kyphotic collapse.1

Subsidence refers to an undesirable
penetration of the interbody cage into

adjacent vertebral bone, which, when
severe enough, can lead to radicular
pain and loss of sagittal plane align-
ment.2 A clinical study demonstrated
.2 mm loss of disk space height in
77% of patients with paired rectan-
gular lumbar fusion cages.3
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Although several factors have been
shown to contribute to subsidence,
the interactions between these factors
is unclear. In an experimental model
using polyurethane foam blocks and
an expandable cage design, increases
in the angular mismatch between the
cage and end plate surfaces led to
progressively greater subsidence.4 In
a study of lateral lumbar interbody
fusion, more subsidence occurred
when narrower rather than wider
cages were used, although clinical
outcomes were similar between the
study groups.5 A biomechanical
study of cadaver cervical spines
showed that end plate destruction
resulting from surgical preparation
reduces the ability of the spine to
withstand compressive loads,
thereby contributing to the risk of
subsidence.6 Cage geometries that
have a larger surface contact area
with bone have also been shown to
result in less subsidence.7 Although
each of these studies identified one or
two factors that influenced cage
subsidence, the relative contribution
of multiple combined factors to
subsidence remains unknown.
Vertebral interbody cages are often

made of polyether ether ketone
(PEEK) because this material is inex-
pensive, is radiolucent, and has a
modulus of elasticity that approxi-
mates that of cortical bone.8 In con-
trast to roughened titanium alloy
surfaces that promote osteogenesis
when implanted in living bone,
PEEK surfaces result in the devel-
opment of fibrous tissue.9 Therefore,
cages made of PEEK are usually
packed with bone graft to achieve

spinal fusion. Alternatively, cages
may be made of porous materials
that support bony healing into the
cage itself, such as metal alloys and/
or ceramic materials.10-14

The purpose of this study was to
investigate the contribution of cage
material composition, substrate den-
sity, cage footprint size, cage surface
texture, and cage filling to the degree
of subsidence. The relative effect of
these factorswas ranked toprovide the
surgeon with a strategy to minimize
subsidence.

Methods

Testing Substrate
Closed-cell, rigid polyurethane foam
(Sawbones; Pacific Research Labora-
tory) was chosen in two densities to
model two discrete scenarios of bone
quality. The lower-density foamhad a
density of 160.19 kg/m3 and a com-
pressive modulus of 58MPa, whereas
the higher-density foam had a density
of 320.37 kg/m3 and a compressive
modulus of 210 MPa. The higher-
density foam was intended to model
removal of the cartilaginous end plate
with complete preservation of the
cortical end plate. The lower-density
foam was intended to model total
removal of the cortical end plate with
only cancellous bone remaining.
Partial removal of the cortical end
plate was not investigated in this
study. Test substrates of each density
(40.5-mm thickness · 50.8-mm
diameter) were prepared from the
same manufacturing lot (to reduce

variability) with the use of a 2-inch
diameter circular saw.

Interbody Cages
Commercially available cervical in-
terbody cages of open-core design
(Valeo C; Amedica) were tested using
three material compositions: Si3N4,
Ti4Al6V, and PEEK, with eight cages
of each material type (Figure 1).
These materials have elastic moduli
of 296 GPa, 110 GPa, and 4 GPa,
respectively.11 Each cage material
was tested in two sizes: 16 · 12 mm,
with a footprint area of 103.2 mm2,
and 17 · 14 mm, with a footprint
area of 125.5 mm2. The footprint
area does not include the cross-
sectional area of the graft window.
All cages were 10-mm thick and had
a 0� lordosis angle. In this portion of
the study, the central cavity, de-
signed to hold bone graft, was left
unfilled during testing. All of these
cages had the same gross morphology
of the end plate, with a spiked surface
designed to improve mechanical fit.
The end plates of the Si3N4 cages also
included laser texturing (with a tex-
ture depth of approximately 50 to
150 mm) (Figure 1).
To evaluate the effect of cage end

plate texture and the filling of the
central cavity with a porous material
(analogous to bone graft), two addi-
tional cage types were investigated.
Specifically, two small-footprint
Si3N4 cage types with smooth, non-
textured end plates were tested. In
one group (n = 8), the central
cavity was left empty. The cages
in the other group (n = 8) were
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immediate family member serves as a paid consultant to or is an employee of Medtronic Sofamor Danek and has received research or
institutional support from Medtronic, the National Institutes of Health (the National Institute of Arthritis and Musculoskeletal and Skin
Diseases and the Eunice Kennedy Shriver National Institute of Child Health and Human Development), and Stryker. Dr. Lewis or an
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or institutional support from DePuy Synthes, Johnson & Johnson, Medtronic Sofamor Danek, the National Institutes of Health (the National
Institute of Arthritis and Musculoskeletal and Skin Diseases and the Eunice Kennedy Shriver National Institute of Child Health and Human
Development), Orthofix, and Stryker.
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manufactured with a composite
design in which the central cavity was
filled with porous Si3N4 (Figure 1).

Cyclic Loading
The experimental constructs, each
consisting of a cage between foam
blocks, were axially loaded in
a servohydraulic material-testing
machine (MTS Systems) with
custom-made fixtures to measure
subsidence (Figure 2). The experi-
mental apparatus conforms to
ASTM standard F2267-04, which is
used to assess subsidence risk.15 To
ensure proper alignment of each cage
within the testing fixture, a template
was used to mark the center of the
testing substrates, and the graft
window of each cage was centered
on the substrates. An alignment jig
was used to ensure that the top and
bottom fixtures were coaxial before
testing (thereby eliminating off-
center loading). Cyclic compression
between 50 and 250 N (in a sinu-
soidal wave form) was applied at a
rate of 1 Hz under force control
feedback. Compression of 50 N
corresponds to the load of the aver-
age human head on the cervical
spine.16 Because the intent was to
examine implant subsidence under
cyclic loading, a maximum limit of
250 N was selected to allow a factor
of safety with respect to the pub-
lished failure loads of vertebral body
end plates (published failure loads of
the implant–end plate interface range
from 754 to 2,238 N).16

Two trackingmarkerswere fixed to
each cage with cyanoacrylate, and
one trackingmarker was rigidly fixed
to each of the adjacent foam blocks.
Subsidence was detected with a high-
resolution digital camera (Grasshop-
per 3; Point Grey Research) and an
attached macro lens (50 mm/F1.8,
No. 86574; Edmund Optics), pro-
ducing an effective pixel resolution
of 5 mm. Digital image correlation
(DIC) was used to quantify

Figure 1

Illustration depicting the cage types used in the study. The small cages
measured 16 · 12 mm; the large cages measured 17 · 14 mm. PEEK =
polyether ether ketone

Figure 2

Photographs depicting the custom-made testing fixture and the servohydraulic
material-testing machine used for cyclic and quasi-static subsidence testing.
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subsidence of the cage into the foam
blocks after 1 cycle, 500 cycles,
1,000 cycles, 2,000 cycles, and 3,600
cycles. The DIC system demon-
strated accuracy to within two pixels
with a standard deviation on
repeated measurement of ,3%.
Load and displacement data (ie, DIC
images of subsidence) were recorded
throughout each cycle of interest at
100 Hz. The maximum number of
test cycles was limited to 3,600
because pilot data previously
showed that the percentage increase
in subsidence beyond 3,600 cycles
was negligible (ie, ,10% increase in
subsidence up to 10,000 cycles). In
findings consistent with our obser-
vations, other investigators reported
that most subsidence occurred dur-
ing the first 500 cycles of loading.16

The DIC data were analyzed with
the use of custom software code
(MATLAB release R2014a; Math-
Works). The geometric centers of the
tracking markers were calculated in
two-dimensional space, and sub-
sidence was expressed as the mean
cage displacement, in micrometers,
into the adjacent foam at the highest
load for each cycle of interest. Spe-
cifically, the distance between the
tracking markers on the cage and
those on the top and bottom sub-
strates were calculated and averaged.
The baseline subsidence value was
calculated at the lowest load (ie,
50 N) during the first cycle.

Ramp-to-Failure Testing
Ramp-to-failure testing was per-
formed to assess the stiffness and
yield point of the foam-cage-foam
constructs, in accordance with the
ASTM F2267-04 standard for cervi-
cal devices. This testing was per-
formed to understand how the
factors contribute to catastrophic
failure. Compressive loads were
applied quasi-statically at a rate of
0.1 mm/s to the foam-cage-foam
constructs. The load and displace-

ment data were recorded at 100 Hz;
output parameters of the ramp-to-
failure testing included yield load and
construct stiffness (in newtons per
millimeter). Yield loadwas defined as
the applied force required to cause a
permanent deformation equal to the
offset displacement (ie, 1-mm offset,
according to the ASTM F2267-04
standard for cervical devices). The
quasi-static system stiffness was the
slope of the initial linear portion of
the load-displacement curve. Stiff-
ness was calculated between 200 and
250 N of compressive loading for all
foam-cage-foam constructs.

Statistical Analyses
Power calculations using pilot data
and R statistical software17 demon-
strated that a minimum of eight
samples per test group was required
to achieve statistical significance
(inputs and outputs were as follows:
power = 0.8, delta = 0.21, standard
deviation [SD] = 0.11, P = 0.01,
type = “two-sample,” alternative =
“two-sided,” n = 8.0).
To examine the effects and interac-

tions of foam density (high versus
low), cage footprint area (small versus
large), and cage material (Si3N4,
Ti4Al6V, or PEEK) on subsidence
(measured at selected cycles), a gen-
eral linear model was used to analyze
the multiple effects. Similarly, the
effects and interactions of cage design
(ie, presence or absence of a textured
contact surface, open or filled central
cavity) and foam density were also
assessed using a general linear model.
To determine the relative contribu-
tion of each effect (foam density, cage
footprint area, and material) on
subsidence after 3,600 cycles, a
model comparison approach was
used.18 All comparisons were deter-
mined using Tukey post hoc adjusted
least squares means to control type I
error rate. Statistical tests were per-
formed with Minitab 15 statistical
software (Minitab) with a = 0.05.

Results

All biomechanical tests were run to
completion with no cage damage or
experimental complications. Statisti-
cal analyses were performed after
3,600 cycles. All data passed nor-
mality and equal variance tests.

Effects of Foam Density,
Cage Footprint, and Cage
Material on Subsidence
Subsidence increased as the number
of cycles increased across all test
groups (Figure 3). Foam density and
cage footprint area had significant
effects on subsidence after 3,600
cycles (both P, 0.01), whereas cage
material composition did not have a
significant effect (P = 0.20). Lower-
density foam was associated with
significantly greater subsidence
compared with higher-density foam
(P , 0.01) (Figures 3 and 4). In
lower-density foam, the small-
footprint cages had significantly
greater subsidence (approximately
5.3 times greater) than the large-
footprint cages had (P , 0.01)
(Figures 3 and 4). Subsidence mag-
nitudes were notably reduced when
higher-density foam was used, which
substantially diminished the effects
of the footprint area on subsidence
(P = 0.49) (Table 1). Interestingly,
subsidence was significantly greater
for Ti4Al6V and PEEK cages com-
pared with Si3N4 cages when tested
with lower-density foam (both P ,
0.05, small-footprint cages: Si3N4,
406 6 91 mm; Ti4Al6V, 449 6
61 mm; PEEK, 468 6 36 mm; large-
footprint cages: Si3N4, 189 6
22 mm; Ti4Al6V, 233 6 38 mm;
PEEK, 214 6 37 mm) (Figure 4).
Testing with higher-density foam
revealed no significant differences
between the cage materials (all P $

0.57; small-footprint cages: Si3N4,
99 6 15 mm; Ti4Al6V, 72 6 18 mm;
PEEK, 77 6 15 mm; large-footprint
cages: Si3N4, 71 6 12 mm; Ti4Al6V,
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53 6 6 mm; PEEK, 75 6 15 mm)
(Table 1 and Figure 4).

Effects of End Plate Surface
Texture and Core Filling on
Subsidence
To test the effects of end plate surface
texture and filling of the central cav-
ity with a load-bearing porous mate-

rial, two additional variations of the
small-footprint Si3N4 cage were
tested for subsidence. One variation
had a nontextured end plate surface
with an empty cavity. The other
variation was identical to the origi-
nal small-footprint Si3N4 cage except
that the central cavity was filled with
porous Si3N4. Data were compared
with those obtained previously for

the small-footprint Si3N4 cages
(Table 2).
At 3,600 cycles, cageswith textured

end plates had less subsidence than
nontextured cages had in testing with
lower-density foam, but the differ-
ence was not statistically significant
(406 6 91 mm versus 513 6 2 mm;
P = 0.06). End plate texture also did
not significantly affect subsidence in

Figure 3

Graphs depicting the mean subsidence per number of loading cycles for each cage size and cage material for lower-density
foam (A) and higher-density foam (B). The lower-density foam (A) and smaller cage size were associated with more
subsidence. With the higher-density foam (B), differences in subsidence between the two implant sizes were reduced.
PEEK = polyether ether ketone

Table 1

Subsidence After Cyclic Loading According to Cage Size, Cage Material, and Substrate

No. of Cycles Cage Size (mm)

Subsidence (mm)a

Lower-Density Foam Substrate Higher-Density Foam Substrate

Si3N4 Cage Ti4Al6V Cage PEEK Cage Si3N4 Cage Ti4Al6V Cage PEEK Cage

1 16 · 12 120 6 18 1186 9 123 6 7 686 10 516 11 556 4
17 · 14 103 6 7 1226 28 111 6 8 506 7 436 4 526 4

500 16 · 12 291 6 61 2866 34 315 6 20 866 12 616 13 656 12
17 · 14 160 6 13 1926 33 178 6 24 636 11 496 5 616 7

1,000 16 · 12 325 6 65 3426 36 358 6 25 906 13 656 14 706 12
17 · 14 169 6 16 2046 34 188 6 30 666 12 516 5 656 8

2,000 16 · 12 368 6 78 3916 52 412 6 28 956 14 696 16 736 13
17 · 14 180 6 19 2196 36 204 6 33 696 11 526 5 686 9

3,600 16 · 12 406 6 91 4496 61 468 6 36 996 15 726 18 776 15
17 · 14 189 6 22 2336 38 214 6 37 716 12 536 6 756 15

PEEK = polyether ether ketone
a Subsidence is given as mean 6 standard deviation.
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testing with higher-density foam (P =
0.99; 99 6 15 mm with texture
versus 78 6 0 mm without texture).
A notable reduction in subsidence
was observed in cages in which the
core was filled with load-bearing
porous Si3N4 compared with cages

with an empty core (with or without
textured end plates) in lower-density
foam (P, 0.01; filled, 2126 31 mm;
nonfilled textured, 406 6 91 mm;
nonfilled nontextured, 5136 2 mm).
In higher-density foam, the differ-
ence between cages with filled cores

and those with nonfilled cores was
not significant (P = 0.99; filled, 93 6
8mm; nonfilled textured, 996 15mm;
nonfilled nontextured, 78 6 0 mm).

Relative Contribution of
Foam Density, Footprint
Area, and Material to
Subsidence
Using the model comparison
approach, the proportional reduc-
tion in error was found to be 0.78 for
foam density, 0.46 for cage footprint
area, and 0.01 for cage material.
Thus, foam density had the greatest
contribution to the measured sub-
sidence (approximately 1.7 times and
approximately 67 times greater than
the contributions of footprint area
and material, respectively). The rela-
tive contribution of cage contact area
to subsidence was found to be 40
times greater than the contributions
of variations in material.

Construct Stiffness and
Offset Yield Load
No significant differences in the
foam-cage-foam construct stiffness
were found between cage materials
(P = 0.946; PEEK, 642.16 343.3 N/
mm; Si3N4, 647.0 6 375.0 N/mm;
Ti4Al6V, 660.0 6 390.0 N/mm).
Although the larger footprint area
had greater stiffness, the footprint
area was not found to have a sig-
nificant effect on construct stiffness
(P = 0.122; large footprint, 685.9 6
344.1 N/mm; small footprint,
613.3 6 380.3 N/mm). Foam den-
sity had the greatest effect on con-
struct stiffness; specifically, the
higher-density foam constructs had,
on average, three times more stiff-
ness than the lower-density foam
constructs had (P , 0.001; 980.8 6
174.1 N/mm and 318.5 6 57.6
N/mm, respectively). The offset yield
was significantly greater in higher-
density foam than in lower-density
foam when data were averaged

Table 2

Subsidence of Small-footprint Si3N4 Cages After Cyclic Loading According
to Cage End Plate Surface Texture and Cage Filling

No. of
Cycles

Subsidence (mm)a

Lower-Density Foam
Substrate

Higher-Density Foam
Substrate

Regular
Cageb

Nontextured
Cage

Filled
Cage

Regular
Cageb

Nontextured
Cage

Filled
Cage

1 120 6 18 1336 2 1376 8 686 10 526 18 616 1

500 291 6 61 3656 3 1856 24 866 12 746 0 836 5

1,000 325 6 63 4166 8 1946 26 906 11 756 1 876 7

2,000 368 6 78 4706 9 2036 29 956 14 776 1 896 9

3,600 406 6 91 5136 2 2126 31 996 15 786 0 936 8

a Subsidence is given as mean 6 standard deviation.
b Regular indicates the standard Si3N4 cage type (textured end plate surface and no central
cavity filling).

Figure 4

Bar graph depicting subsidence at 3,600 cycles of loading with 50 to 250 N of
compression. Data are means; error bars indicate standard deviation. Paired
letters A, B, and C indicate statistically significant differences (P , 0.01).
Statistically significant differences in subsidence were also observed between all
lower-density foam samples and their corresponding higher-density foam
samples for both cage sizes and all cage materials (P# 0.01). PEEK = polyether
ether ketone
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across all other variables (P , 0.01;
21,636 6 193 N versus 2395 6 34
N). In addition, the offset yield was
greater for the large-footprint area
than for the small-footprint area
(P , 0.01; 21,123 6 718 N versus
2909 6 561 N). Ramp-to-failure
testing highlighted that the denser
substrate provided a stiffer construct
and higher yield point (Table 3).
Other factors, including cage mate-
rial and cage size, did not show sig-
nificant differences in construct
stiffness and yield point.

Discussion

This biomechanical investigationwas
designed to simulate cyclic, axial
loading in the cervical spine after
single-level fusion with a spacer
device. The loads applied were simi-
lar to physiologic conditions in the
human cervical spine. Our methods
allowed the detectionof subsidence at
the 5-mm level; thus, the experi-
mental setup allowed increased fi-
delity compared with that of a digital
radiograph.19 This consistent and
reproducible model, coupled with
the high measurement sensitivity,
yielded data that allowed determi-
nation of the relative impact of dif-
ferent factors on cage subsidence.
The results demonstrated that lower
substrate density was associated

with higher subsidence. To a lesser
degree, a smaller cage footprint re-
sulted in more subsidence. Also,
filling the cage with structural
material reduced subsidence in test-
ing with a lower substrate density.
Cage material and surface texture
had no statistically significant effect
on subsidence.
Our findings corroborate those of

previous investigations. In a study of
cadaver specimens, for example,
surgical burring of the cortical end
plate led to increased subsidence, as
did risk factors for osteoporosis, such
as female sex and increasing patient
age.6 Finite element analyses have
shown that preservation of the
structural integrity of the vertebral
end plate protects against sub-
sidence, particularly in the cortical
periphery, as does packing of the
cage cavity with graft material.20

Other investigators have found that
the material properties of the end
plate, modeled as different foam
densities in our study, are more
important determinants of sub-
sidence than the cage material itself
is.21

In our study, the large-footprint
cages had less subsidence than the
small-footprint cages had, suggesting
that the area of contact between cage
and bone is relevant. Other authors
have reported that cages that match
the vertebral end plate morphology

result in less subsidence-related neck
pain after single-level cervical fusion
than other cages do.22 Biomechanical
investigations have also shown that
larger-diameter spinal cages can
withstand greater loads, with a lower
risk to failure, compared with
smaller, comparable constructs.23 In
100 consecutive patients who
underwent cervical diskectomy and
interbody fusion, when subsidence
was defined as .2 mm reduction in
segmental height, investigators re-
ported that the ratio of the spacer
surface area to the end plate surface
area was substantially smaller in
implants with subsidence than in
implants without subsidence.24

Other authors have suggested that
filling the cage cavity with densely
packed bone graft increases the sur-
face area and provides structural
support against the vertebral end
plate, thereby decreasing the risk of
subsidence.20 When identical inter-
body cages were tested in a bio-
mechanical model similar to the one
used in our study, the cages filled
with corticocancellous bone graft
had substantially less subsidence
than empty cages had at 20,000
cycles of load testing. When sub-
sidence was compared among cervi-
cal fusions in which a fibular
allograft, a titanium mesh cage
packed with cancellous bone chips,
or a trabecular metal cage was used

Table 3

Ramp-to-Failure Dataa

Cage Material Cage Size (mm)

Lower-Density Foam Substrate Higher-Density Foam Substrate

Stiffness (N/mm) Offset Yield (N) Stiffness (N/mm) Offset Yield (N)

Si3N4 16 · 12 259.86 26.8 2368.7 6 9.5 995.9 6 261.6 21,469.8 6 5.9
17 · 14 366.56 7.4 2432.8 6 7.8 964.9 6 159.6 21,880.1 6 17.2

Ti4Al6V 16 · 12 259.86 25.4 2368.2 6 7.7 913.5 6 194.8 21,472.9 6 19.9
17 · 14 371.166 4.5 2426.6 6 18.8 1,095.7 6 230.1 21,785.6 6 25.9

PEEK 16 · 12 274.56 14.0 2355.6 6 11.5 976.5 6 146.8 21,416.9 6 27.0
17 · 14 379.36 13.0 2417.7 6 19.6 938.1 6 146.1 21,795.3 6 14.2

PEEK = polyether ether ketone
a All data are given as mean 6 standard deviation.
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as the interpositional structure, the
latter two constructs subsided less,
which the authors of the study
attributed to a larger cage surface
contact area.16

Our results show that foam density
had the most influence on subsidence
risk, suggesting that the bone quality
of the vertebral end plate and/or the
vertebral body is important in pre-
dicting subsidence. Destructive com-
pression testing and finite element
analyses have shown that load
to failure is associated with
bonemineral density but notwith end
plate thickness.25 Load to failure
decreases with progressive removal
of the end plate, such that specimens
with an intact end plate failed at
substantially higher loads than those
with no end plate did.25 Three-
dimensional experimental models
of the cervical spine have suggested a
high correlation between decreasing
bone mineral density and increasing
amounts of subsidence.26

Interbody cages made of PEEK are
well accepted by clinicians because,
at least in theory, PEEKmay produce
lower contact stresses, resulting in
less subsidence.26 The Young mod-
ulus of PEEK (4 GPa) is closer to that
of cancellous bone (100 MPa) com-
pared with the other materials
examined and is much lower than
that of Ti4Al6V.26 Although these
numbers suggest that a stiffer mate-
rial should subside more, several
studies have shown instead that the
bone quality (ie, degree of vertebral
body osteoporosis) and end plate
integrity are the dispositive factors
affecting subsidence risk.27 Our data
show that cage material composition
did not affect subsidence, even
though the materials tested had a
100-fold difference in the modulus of
elasticity.
The present study has limitations.

The foam used to mimic vertebral
segments is homogenous and iso-
tropic and cannot completely model
the mechanical behavior of living

bone, which is anisotropic, with a
cortical end plate and cancellous
core. Also, only axial loads were
applied in our study, while in vivo
cervical loads reflect complex shear
and rotational vectors in addition to
axial forces. We modeled loading in
both routine physiologic cyclic loads
as well as loads resulting in cata-
strophic failure. Our model was
purely biomechanical and did not
consider biologic responses to cages,
which may also contribute to sub-
sidence. The model was limited to
only two densities of foam and two
implant sizes; therefore, caution
should be used when interpreting
these results across the clinically rel-
evant spectrum of bone qualities and
implant sizes.
Additional limitations of our study

relate to the fact that the cages were
left empty during mechanical testing
instead of being filled manually with
bone graft or related material, as is
done clinically. We chose to test the
cages in their manufactured state,
that is,with empty cores, tomaximize
the effect of the material modulus on
cage subsidence and to avoid the
potential variation in cage density
that manual packing of bone graft
might induce. Also, the Si3N4 cages
that were manufactured with a
porous Si3N4 core offered a clean
comparison to the identically de-
signed cages made of the same size
and material but with an empty core.
These composite Si3N4 cages, which
require no bone graft, are used
clinically in Europe but are not
available in the United States.

Conclusion

Prior studies of cage subsidence have
investigated one or two factors lead-
ing to subsidence. Our study investi-
gated five factors in a cohesive and
systematic fashion to determine the
relative contribution of each factor to
cage subsidence. The ranking of these

factors can help surgeons develop a
more precise strategy to avoid cage
subsidence.
With the limitations of the study

in mind, our results allow the fol-
lowingmeaningful conclusions. First,
although end plate preparation for
interbody fusion must include
removal of the cartilaginous endplate
to facilitate fusion, our data suggest
that the surgeon should preserve the
cortical end plate and avoid perfo-
rating the cancellous bone to reduce
the risk of subsidence. The peripheral
rim of the end plate has thicker cor-
tical bone and may need to be burred
to flatten the end plate surface to
match the cage surface. Second, in the
present study, the larger cage size re-
sulted in less subsidence in the less
dense substrate. Therefore, the use of
larger cages in vivo may result in
much less subsidence because they
are positioned on stronger bone in the
periphery of the end plate, indepen-
dent of cage size. We observed that
filling the cage with robust structural
material reduced subsidence in the
less dense substrate. Furthermore,
although cage footprint geometry
and texture may contribute to initial
cage stability, these variables do not
appear to influence cage subsidence.
Finally, the intrinsic stiffness of the
cage material (PEEK, Ti4Al6V, or
Si3N4) had no effect on subsidence in
our study.
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Abstract 

An added level of safety and reliability is required of implantable medical devices, particularly 
when they are prepared from brittle materials.  For ceramics, proof-testing has been commonly 
employed as an inspection method to assure that devices meet minimum acceptance standards.  
However, proof-testing does not necessarily identify all latent defects.  Consequently, subsequent 
visual inspection methods are employed to eliminate potentially flawed components.  In this 
study, a novel approach of coupling acoustic emission (AE) monitoring with proof-testing was 
developed for silicon nitride (Si3N4) intervertebral spinal spacers in order to eliminate the need 
for subjective visual inspection.  The characteristic difference in AE signals for defective and 
non-defective components was rationalized and validated.  AE testing was able to identify 
defects which led to crack propagation during proof-testing. These types of defects would have 
otherwise remained undetected or required additional inspection using less reliable and more 
time-consuming techniques. 

Introduction 
Silicon nitride (Si3N4) is currently used as intervertebral spacers in spinal fusion surgery, and is 
being developed as a bearing material in total hip arthroplasty (THA) because of its favorable 
properties which include high strength, toughness, biocompatibility, osseointegration, 
bacteriostasis, improved imaging, hardness and wear resistance.[1–14]  While demonstration of 
acceptable biocompatibility, mechanical properties and wear behavior are regulatory 
prerequisites for approval of implantable devices, the ongoing assurance that manufactured 
implants consistently satisfy safety and efficacy requirements rests primarily with the device 
manufacturer.  Process validation and compliance with current good manufacturing practices 
(cGMP) are additional regulatory necessities ensuring the reliability of manufactured 
components.[15]  However, further assurance is provided by subjecting components to 100% 
proof-testing, which is particularly critical for ceramics due to their stochastic brittle nature.  
Proof testing of ceramic components is a well-established technique used in a variety of settings 
to ensure that implants have sufficient strength for the intended application and that defective 
parts are rejected.[16–25]  However, if failure is not readily apparent during proof testing, 
subjective additional examinations, such as magnified visual or fluorescent penetrant inspection 
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(FPI), are required.  These techniques check for defects or damage which may be present prior 
to, or occurring during proof testing.  Unfortunately, these additional inspection steps have 
several limitations including those related to the defect itself (size and detectability), as well as 
environmental and operator factors such as lighting, visual acuity and inspector fatigue,[26,27] 
all of which result in a time consuming process subject to human error.  To combat this 
deficiency, extensive operator training is employed to reduce inspection time while attempting to 
maximize detectability and minimize human error.  Nevertheless, a finite risk of misidentifying 
defects remains due to the subjective nature of these inspection methods.   
 
Non-destructive testing (NDT) or inspection (NDI) of ceramics using methods, such as 
ultrasonics, thermal imaging, x-ray computed tomography (CT), nuclear magnetic resonance 
(NMR) and other forms of radiography or spectroscopy, dye or fluorescent penetrant testing, are 
commonly employed for identifying defects without inducing damage to components.[28–30]  
These can be effective in detecting defects in less complex geometries, but are also time and 
labor intensive with subjective, operator dependent outcomes.  Another NDT technique, acoustic 
emission (AE) testing, was suggested by Evans et al.[31] as a means of stress monitoring and 
failure prediction of ceramic parts.  AE testing is a method particularly well-suited for 
identifying failures during proof testing.[25,32]   
 
There are broadly three application areas for the AE technique: 1) structural testing and 
surveillance, 2) process monitoring and control, and 3) materials characterization.[33] The work 
performed in this paper falls within the structural (proof) testing and materials characterization 
areas. Today, the goals of acoustic emission examinations in industrial applications are: 
detection, location and assessment of flaws in structures. The structures or parts monitored can 
be made of various materials. AE has been widely used for in situ monitoring of damage 
development in metals,[34–36] composites, and ceramics.[37,38] AE signals are used to identify 
crack growth and propagation, as well as to establish pass-fail relationships of various material 
types and structures.[39–41] Collection and characterization of AE signals has been used for 
controlling various industrial processes, like grinding,[42] precision manufacturing or 
machining,[43,44] welding,[45] and tool quality.[46] In these applications, the correlation 
between acoustic emission signals and subsurface integrity is determined to analyze the 
progression of the processes and the workpiece quality.[47] 
 
Application of acoustic emission as a diagnostic method, as part of a proof test or as a structural 
integrity assessment tool, is possible when a qualitative or quantitative relationship between the 
detected acoustic emission and material condition is established for a specific material and 
structure. There are two major approaches to achieve this goal: 1) Determining experimentally a 
characteristic set (fingerprints) of acoustic emission parameters and their characteristics that 
uniquely describe a material condition, fracture stage, flaw type, etc., and (2) Establishing a 
theoretical relationship between acoustic emission parameters and their characteristics and 
material properties, fracture mechanics parameters, etc. A summary of the work developing both 
approaches for various structures and materials is presented by Miller et al.[48] 
 
Unlike other NDT techniques which rely on an external energy source (i.e., ultrasonic, X-rays, 
thermal, etc.) to interact with flaws, it is the defect itself in AE testing that acts as the source of 
excitation in response to an applied stress.  In the case of proof testing ceramic spinal implants, 
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the stress is simply applied through mechanical means. Movement of a discontinuity, fracture 
development and crack jumps under static or dynamic loads are followed by a rapid release of 
energy which produces high frequency elastic waves (20KHz to 1MHz) traveling within the 
material. The acoustic emission technique uses one or more piezoelectric type sensors to detect 
these waves.  
 
By monitoring acoustic emissions produced by the implant during proof testing, immediate 
feedback about new or existing damage in the implant is provided to the operator, and 
components can be directly accepted, rejected or subjected to further evaluation as may be 
necessary.  Due to the capability of AE to detect crack initiation and propagation, as well as 
friction between existing crack surfaces, employment of AE testing is less subjective, and has the 
advantage of eliminating secondary NDT methods, including microscopic visual and fluorescent 
penetrant testing. 
 
In this study we report on the development, validation and use of AE monitoring during proof 
testing of silicon nitride intervertebral spinal spacers.   Crack propagation signals were collected 
from testing to failure and such characteristics were used to filter and differentiate crack 
propagation from friction. The combination of AE monitoring during mechanical loading of 
implants proved to be an effective approach to assuring their structural integrity, while 
concurrently reducing or eliminating subsequent subjective and labor intensive secondary 
inspection methods.  Important general observations and considerations when using AE testing 
are presented and discussed. 

Materials and Methods 
Material and Component Production 
Various silicon nitride interbody spinal spacers (ValeoTM, AMEDICA Corp, Salt Lake City, UT) 
were manufactured using standard industry techniques to mix, consolidate and form Si3N4, yttrium oxide (Y2O3) and aluminum oxide (Al2O3) powders into compact green bodies. The 
material composition (6 wt.% Y2O3, 4 wt.% Al2O3, 90 wt.% Si3N4) and processing methods were 
reported previously,[3] and are similar to those discussed by Iturriza et al.[49]  Following 
production of the implants, proof testing and acoustic emission monitoring were performed as 
outlined in Figure 1.  
 
Proof Testing & AE Monitoring 
Proof testing was conducted using a universal test machine (Model 5567, Instron, Norwood, 
MA) by applying compressive and shear loads to the implant through a polymeric fixture at a 
crosshead speed of 5 mm/min to a pre-determined proof test stress and unloaded at a crosshead 
speed of 20 mm/min.  The proof testing apparatus with mounted AE sensors is shown in Figure 
2.  The applied proof test stress was determined as the mathematical product of the maximum 
expected in vivo stress and a nominal safety factor of 2.5.  The maximum possible in vivo stress 
was conservatively estimated to be 15 MPa based on reported vertebral bone strengths.[50,51]  
At stresses above 15 MPa, the vertebral bone would be expected to fail resulting in subsidence of 
the implant into the vertebral endplate.  Polypropylene spacers which deformed under the proof 
test load were placed in-between the steel loading fixture and implant in order to eliminate high 
contact stresses associated with point-loading, and to allow for a more uniformly distributed 
proof test load. 
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 Figure 1. Primary steps for establishing acoustic emission monitoring 
as a method for identifying defects during proof testing.   

 

 Figure 2. Proof testing apparatus instrumented with AE sensors.  The mounted AE 
sensors are covered with protective tape to limit user contact. The implant (not 
visible) is positioned within the test apparatus, as indicated by the arrows.       
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Concurrent with performing the proof test, AE signals were collected using an acoustic emission 
system, external preamplifiers and 2 AE piezoelectric sensors with a resonant frequency of 300 
kHz (MISTRAS Group Inc., Princeton Junction, NJ). The external AE preamplifiers were set to 
a gain of 40 dB with AE acquisition threshold of 35 dB, sampling rate of 2 million samples per 
second and bandpass filter of 100-3000 kHz.  In some tests, where the AE hit amplitudes 
routinely exceeded the 100 dB limit of the sensors, the preamplifier on one of the two channels 
was set to a gain of 20 dB.  Data acquisition at this lower preamp gain level (while leaving the 
software configuration set for the higher preamp setting) allowed for the high amplitude hits to 
effectively be shifted 20 dB lower and collected below the 100 dB limit.  Data reported in this 
study are from a single channel at the 40 dB preamp gain setting unless stated otherwise.  
 
Within the test set-up there were many sources of AE signals besides those originating from 
fracture of the ceramic implant.  Frictional contact points between fixture and implant, or the 
associated friction of the proof testing apparatus itself acted as sources of AE signals. 
Interactions between the implant and fixture, fixture and test machine, other contacting/moving 
surfaces of the fixture and the mechanisms of the test machine (i.e., motor, ball screw-driven 
crosshead, etc.) all had the potential to be picked up by the AE system.  Characterization of AE 
signals from these interactions is critical to the process and represents what is considered to be 
background noise.  The AE sensor type and position was selected during a pilot testing phase to 
minimize these aberrant AE signals.  
 
After set-up, calibration and pilot-testing to verify functionality, AE data were acquired on 542 
standard production implants (Group 1), representing a broad range of shapes and sizes 
corresponding to their use in various locations within the cervical and thoracolumbar spine, and 
for different surgical approaches (i.e. anterior, posterior, transforaminal, etc.).  These parts were 
subsequently visually inspected under magnification (10-30X).  The visual observations 
associated with individual AE tests were used to identify false-positive events.  This allowed for 
an assessment and construction of a background noise distribution for non-failure events, and for 
development of AE signal features (e.g. amplitude, energy counts and average frequency, etc.) 
associated with true failures.   
 
Due to the extremely low proof test failure rate (<<1%) a large sample size would have been 
needed to collect enough AE data to fully characterize the AE signal features of failed implants.  
Because this was not a viable option, existing implant designs were modified (i.e. weakened) to 
consistently cause fractures at or below standard proof test stresses.  Finite element analysis 
software (ANSYS, ANSYS, Inc., Canonsburg, PA) was used to evaluate several modified 
designs and determine those most likely to fail during proof testing.  The modifications consisted 
of reduced implant wall thickness and/or reduced beam thicknesses on the implant fenestration 
features as illustrated in Figure 3.  Subsequent testing confirmed that a significant percentage of 
these modified implants failed at or below proof test stresses.  Proof tests and subsequent visual 
inspections under magnification (10-30X) were performed on 38 modified implants (Group 2).  
Visually observed failures were correlated with individual AE tests and signals.  Implants that 
did not fail at standard proof test stresses were re-loaded to higher stresses until failure occurred, 
followed by visual inspection as before.  AE signals from the failure of these modified implants 
were used to characterize the unique signals caused by crack propagation under the applied proof 
test stresses, and the outputs used to generate failure distribution plots.  
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 Figure 3. An example of modifications (reduced wall thickness and window beam 
thickness) made to implants to cause failure at or below standard proof test stresses 
shown in top and side views. Light areas represent material that was removed from 
the standard implant resulting in the weaker, modified implant (dark gray implant). 

 
AE Data Analysis & Identification of Distinguishing AE Signal Features 
Following proof testing and visual inspection, an analysis of the collected AE data was 
performed to understand the distribution of the various AE signal features including, among 
others, amplitude, energy counts and average frequency.  To facilitate the analysis, some filters 
were used to eliminate hits that were clearly erroneous or extraneous.  These filters rejected AE 
hits that (1) had average frequencies outside the principal operating range of the AE sensors (< 
10.00 kHz and > 500.00 kHz), (2) were collected during handling, manual pre-loading and initial 
loading (≤ 500 N) of the implant, and (3) had very low energy counts (0-3 energy counts) which 
were considered insignificant.  
 
Standard statistical methods and software (Minitab 15, Minitab Inc., State College, PA) were 
used to evaluate the collected AE data. The statistical methods used include Student’s 2-sample 
t-tests and probability distribution plots at a significance level of p ≤ 0.05. 
 
Before collection and analysis of the data, it was uncertain how the data would be distributed, 
although it was hypothesized that there would be one or more AE signal feature, or combination 
of signal features that could be used to clearly differentiate between distributions for failures and 
non-failures.  Pass/fail criteria were then selected based on a risk assessment of Type II (i.e., 
accepting failed parts) and Type I (i.e., rejecting non-failed parts) errors.  Figure 4 shows the 
potential scenario of overlapping failure and non-failure distributions and pass/fail criterion.  
With the selected pass/fail criterion, the probabilities of Type I and II errors are represented by 
the areas under the respective curves.  Based on the AE signal features of interest and the 
associated distributions, a biased pass/fail criteria was selected in favor of making Type I over 
Type II errors.  While rejecting a good part is not desirable for economic reasons, it potentially 
carries less risk than accepting a bad part, which may have implications for device effectiveness 
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and patient safety.  Pass/fail criteria were selected in light of these associated risks. The most 
desirable scenario is one in which the AE signal feature distributions are significantly 
differentiated and for which a pass/fail criterion can be selected such that the risks of both Type I 
and Type II errors are negligible or at levels acceptable for business and safety purposes, 
respectively.  This particular scenario is presented in Figure 5.  
 
 

 Figure 4. Potential distribution plots of AE hits versus various parameters of interest for failures 
and non-failures. A pass/fail criterion is identified as well as areas of Type I and Type II errors.  
 

 Figure 5. Potential distribution plots of AE hits versus various parameters of interest. The clear 
distinction between failures and non-failures and the selection of the pass/fail criterion can be 
used to minimize Type I and Type II errors. 
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It important to note that while data filters and AE equipment limitations (inability to collect some 
AE hits below or above a given threshold) resulted in the truncation of data distributions, the AE 
data analysis still represents an appropriately conservative approach.  Namely, the mean values 
associated with non-failure distributions (Green Curves) are assumed to be greater than actual 
because most of the noise signals are filtered out or fall below the acquisition threshold. 
Similarly, the mean values associated with failure-distributions (Red Curves) are assumed to be 
less than actual because the sensors may have finite limits and, for example, may cut off hits 
with decibel values above the 100 dB maximum.  

Results and Discussion 
AE Data and Distributions of Standard Production Implants (Group 1) – Non-Failure 
Distributions (Green Curves) 
Collection of AE data during proof testing of the 542 implants from 24 standard production lots 
was completed by multiple operators over the course of several days. Testing of Group 1 
implants represented a wide range of device families, footprints and heights.  A total of 45,163 
AE hits were collected prior to any data filtering.  The majority of hits occurred during loading 
and unloading of the implant from the proof test fixture by the operator.  Sliding or slight 
movements of the fixture in and out of the universal test machine during this phase of the test 
resulted in a significant number of hits.  Because there was no load applied during this period, 
the collected data were inconsequential.  After removing this irrelevant data, there were 3,102 
hits remaining.  The average frequency and low energy count filters, as previously described, 
further reduced this total to 115 hits for the 542 tested implants.  Detailed visual inspection under 
magnification (10-30X) identified no apparent fractures after proof testing.  Because no failures 
were observed, the “Group 1” distributions and the “Green Curve” distributions are the same.  
The histogram plots (Figure 6 through Figure 8) were created from the filtered data and represent 
the non-failure (green curve) distributions.  The histograms plot the percentage of hits as a 
function of the respective variable (i.e. average frequency, amplitude or energy) over defined 
intervals (shown on the plot as boxes/bins).  A plot representing a normal distribution of the data 
is also shown.  
 
AE Data and Distributions of Modified Implants (Group 2) – Failure Distributions (Red Curves) 
AE data were then collected on 38 implants from four different modified implant designs.  The 
specific modifications to wall and window beam thicknesses for each of the four groups are 
described in Table I.  Standard proof testing resulted in fracture of 20 out of 38 implants (cf., 
Table I).  Following standard proof testing, implants that did not fail were tested to greater loads 
until failure occurred.  All remaining parts failed at or below ~1.54 times the standard proof test 
stress (cf., Table I).  Overall, failures ranged from 0.70 to 1.54 times the standard proof test 
stress.  Failures were observed under visual inspection (10-30X magnification) and appeared as 
fractures in the high stress areas of the implants as expected, and as previously identified by 
finite element analysis.  Because “Group 2” implants were the only source of implant failures, 
the “Group 2” distributions and the “Red Curve” distributions are the same.  AE monitoring 
collected a total of 5,964 hits prior to any filtering.  Removal of data associated with loads less 
than 500 N resulted in 858 hits.  Applying the average frequency and low energy count filters 
further reduced the number of hits to a total of 129.  Analysis of data collected with the 40 dB 
preamp gain showed at least one 100 dB hit was observed for each of the 38 implants during 
fracture.  This meant that the signals reached the maximum amplitude possible in this particular 
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hardware and software configuration.  Taking the maximum amplitude hit for each implant 
resulted in a distribution that appeared to be a single value, because signals greater than 100 dB 
were truncated.  These 38 hits (100 dB) were used to generate the red curve distributions in 
Figure 6 through Figure 8 for the AE signal amplitude, energy and average frequency, 
respectively. Note that in order to properly display the Group 2 “single value” distribution (100 
dB) in Figure 6, two additional points were added to the data set at 99 and 101 dB. This results in 
a non-zero standard deviation, though it is was only performed to facilitate proper display of the 
distribution and the mean decibel value. 
 
After observing that the sensor had recorded the maximum hit amplitude possible on the first 8 
implants, one channel was changed to the 20 dB preamp gain setting and AE data was collected 
on the remaining 30 of 38 implants. The maximum amplitude hit from each of the 30 failure tests 
is presented in Figure 9.  The AE hit amplitudes ranged between 85 and 95 dB with a mean and 
standard deviation of 93.5 ± 2.0 dB.  
 
 

 Figure 6. Distribution plot of AE hit amplitude for both Group 1 (Green) and Group 2 (Red) 
data.  
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 Figure 7. Distribution plot of AE hit energy for both Group 1 (Green) and Group 2 (Red) data. 
 

 Figure 8. Distribution plot of AE hit average frequency for both Group 1 (Green) and Group 2 
(Red) data. 
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Table I. Description and Test Details of Implants Used for Generation of Group 2 (Red) 
Distribution Curve. 
Design 

Implant Modifications Total 
Qty 

Max Applied 
Stress Factora 

Failure /  
Total Tested Bridge Thickness 

(mm) 
Wall Thickness 

(mm) 
A 1.0 mm (top only) 1.5 9 1.00 8/9 

1.27 1/1b 
B 1.0 mm (top only) 2.0 10 1.00 4/10 

1.27 6/6b 
C 1.5 mm 

(top and bottom) 1.5 9 1.00 7/9 
1.27 2/2b 

D 1.0 mm (top only) 2.5 
(standard thickness) 10 1.00 1/10 

1.54 9/9b 
a. Maximum applied stress expressed as a factor of the standard proof test stress.  Failures 

occurred at or below this stress level. 
b. Remaining implant(s) that did not fail at standard proof test stress and were retested to 

failure. 
 

 Figure 9. Distribution plot of AE hit amplitude for Group 2 (20 dB hardware preamp gain 
setting). 
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Identification of Characteristic AE Signal Features  
Characteristic differences between AE signals for failures and non-failures can be seen from an 
analysis of collected AE data and distribution curves.  There was a clear distinction between the 
amplitude of AE hits caused by friction/noise and fractures. A two-sample student’s t-test 
showed that there was a statistically significant difference between the AE hit amplitudes of 
Group 1 and Group 2 (p < 0.0005, α = 0.05).  This parameter, AE hit amplitude, was selected as 
the primary criterion to pass or fail a part.  
 
While the two-sample student’s t-test showed a statistically significant difference between the 
average frequencies of non-failures (Group 1) and the failed parts (Group 2) (p < 0.0005, α = 
0.05), there was substantial overlap between the two distributions.  Consequently, average 
frequency does not provide a distinct AE signal feature for separating defective and non-
defective parts.  Hence, a criterion based on average frequency was not recommended.  
 
A two-sample student’s t-test also showed a statistically significant difference between the AE 
hit energies of Group 1 and Group 2 (p < 0.0005, α = 0.05). This parameter was therefore used to 
supplement the pass/fail criterion based on AE hit amplitude.  
 
Selection of Pass/Fail Criteria 
Pass/fail criteria were then selected based on the relative risks associated with making Type I and 
Type II errors.  While neither error is desirable and both have potential economic impacts, the 
risks associated with accepting a defective part must be balanced with those of rejecting a non-
defective part.  The risk of making a Type II error was estimated by using the probability 
distributions of the Group 2 data.  For example, using the histogram of AE amplitude, the 
probability of a hit falling below a selected threshold can be calculated.  Because of the 
limitations (i.e. no information on the standard deviation of the data) associated with the “single 
value” distribution of the 40 dB preamp gain data, it is more appropriate to use the 20 dB preamp 
gain data.  These data required additional treatment in order to be compared with non-failure data 
(collected with 40 dB gain).  With the 20 dB preamp gain distribution (Figure 9) it was observed 
that the distribution amplitude centered around 93.5 ± 2.0 dB.  Shifting the distribution 20 dB 
higher, as would be expected with the higher (40 dB) preamp gain setting, the mean became 
113.5 dB.  Possible variations in the data were compensated by selecting a more conservative 
mean value of 100 dB and a larger standard deviation value of 5.0.  This new distribution was 
used to estimate the expected occurrence of failures below this particular amplitude.  For 
example, assuming a mean amplitude for failures of 100 ± 5 dB, less than 3 parts per 10 million 
are expected to fall below a 75 dB threshold as shown in Figure 10.  The probability of passing a 
bad part decreases with lower amplitude thresholds at the expense of increased probability of 
non-failure signals exceeding the threshold.  Balancing these probabilities is critical to 
identifying appropriate pass/fail criteria. 
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 Figure 10. Probability distribution plot showing probability of 75 dB hit given the assumed red 
curve data. 
 
Similarly, the non-failure distributions were used to estimate the risk of failing a good part (Type 
I error).  Based on overall objectives, business, quality or otherwise, Type I and II errors were 
balanced to determine the appropriate pass/fail criteria.  Further refinement of the AE monitoring 
process such as reduction in noise and friction signals may help reduce variability in distributions 
and further minimize the chance of making undesirable errors.  Additionally, refinement of 
characteristic AE signal features may help to further develop the process.  For example, while 
not fully evaluated due to constraints associated with the batch/lot processing of the implants and 
limitations in the AE software, derivatives of the AE hit energy such as cumulative energy and 
energy release rates may provide additional distinction between failure and non-failure signals.  
Using cumulative energy release, improved pass/fail criteria may be created for a test in which 
multiple hits stay below a given amplitude or energy count, yet indicate an accumulation of 
minor damage.  Future refinement of this AE monitoring process may be used to more fully 
characterize failures/non-failures and further reduce the probabilities of making unwanted errors. 
 
Implementation of AE Monitoring During Proof Testing 
The use of AE monitoring during proof testing has many advantages and has been shown to be 
an effective method of identifying defects activated under an applied load.  However, 
implementation of such a process required that several issues be considered and appropriately 
addressed.  First was the efficacy of the proof test itself.  It is not possible to universally identify 
the defects of a component due to the fact that existing flaws (i.e., cracks, inclusions, voids, etc.) 
may only be activated in certain loading modes.  A proof test is only effective if it closely 
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mirrors the type of loading that is expected during the service life of the implant.[23]  In this 
study, for example, the proof test’s primary loading mode was compression and was therefore 
not suitable for eliminating parts that might fail during tensile or torsional loading.  Additional 
proof testing or inspection methods would be required to address other loading scenarios.  
Additionally, proof testing of ceramic materials must consider specific material properties.  For 
example, ceramic materials which experience significant slow crack growth, unlike silicon 
nitride, may need special treatment, such as increased loading/unloading rates or load 
compensation.[20]  Once an appropriate proof test was designed, the challenges of establishing 
AE monitoring could be addressed.  In the case of silicon nitride intervertebral spinal spacers, the 
failure signals were shown to be distinct from background noise signals, though measures were 
taken to sufficiently reduce the latter to acceptable levels.  Noise reduction and isolation allowed 
for the complete characterization of AE signals from which pass/fail criteria could be selected.  
Finally, risk analysis helped ensure that the selected criteria aligned with safety and business 
goals.         

Summary and Conclusions 
Having previously established an appropriate proof test method for silicon nitride intervertebral 
spinal spacers, monitoring of acoustic emissions during proof testing was developed, validated 
and implemented.  AE monitoring during proof testing has been shown to be an effective and 
time-saving method (i.e., near real-time feedback, with no secondary visual inspection) for 
identifying component failures during proof testing.  Characterization of AE signal distributions 
was critical to differentiating between component failures and background noise and friction.   
Because AE monitoring is conducted in parallel with proof testing, operator feedback was almost 
immediate, leading to elimination of subsequent, time consuming secondary testing such as 
magnified visual and fluorescent penetrant inspections.  It also removed the subjectivity of these 
secondary test methods such as operator skill level, operator vigilance, operator judgement, eye 
fatigue and defect detectability levels, among others. The use of AE monitoring during proof 
testing is expected to result in improved implant reliability and safety. 
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Abstract: Which intrinsic biomaterial parameter governs and, if quantitatively monitored, 
could reveal to us the actual lifetime potential of advanced hip joint bearing materials? An 
answer to this crucial question is searched for in this paper, which identifies ceramic 
bearings as the most innovative biomaterials in hip arthroplasty. It is shown that, if in vivo 
exposures comparable to human lifetimes are actually searched for, then fundamental 
issues should lie in the physical chemistry aspects of biomaterial surfaces. Besides 
searching for improvements in the phenomenological response of biomaterials to 
engineering protocols, hip joint components should also be designed to satisfy precise 
stability requirements in the stoichiometric behavior of their surfaces when exposed to 
extreme chemical and micromechanical conditions. New spectroscopic protocols have 
enabled us to visualize surface stoichiometry at the molecular scale, which is shown to be 
the key for assessing bioceramics with elongated lifetimes with respect to the primitive 
alumina biomaterials used in the past. 

Keywords: hip joint; ceramics; oxygen vacancy; alumina-zirconia composites; silicon nitride; 
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1. Introduction 

Evolutional processes of the human body, taking place through continual and unabated adaptations 
over a period of many millions of years, has led to optimization in both form and functions of 
diarthrodial joints. Among such complex structures, consisting of hard tissue, soft tissue, and fluids, 
the hip joint is the largest one in our body, and also a heavily demanded one for repetitive loads of high 
magnitude from daily activities. Under such severe conditions, any of the constituent parts of the hip 
joint might break down in its structure through sudden injury or degenerative diseases. Any breakdown 
might result in impaired joint mobility and pain. As the hip joint is particularly prone to failure, any 
such failure is typically treated through a surgical intervention, commonly referred to as total hip 
arthroplasty (THA). This is a quite invasive surgery and involves using artificial materials to replace 
the bearing surfaces of both femur (i.e., the femoral head component) and pelvis (i.e., the acetabular 
liner component). It should be emphasized at the outset that artificial biomaterials, despite being 
inherently stronger than biological tissues, could by no means surpass them in their biological response 
and lubrication capacity. Having said this, we should continuously search for bearing biomaterials with 
improved performance and elongated lifetime in vivo. One aspect of the general statements in focus 
here is to appraise how difficult could be to reproduce in full the characteristics of bioinertness and the 
efficient lubrication mechanisms of human joints. Artificial prostheses, indeed, unavoidably show a 
limited lifetime and remain insufficiently adjusted for operation in the human body, as compared to 
human joints. 

Notwithstanding the foregoing, the great majority of THA surgeries have indeed proven quite 
successful, as far as most patients are satisfied with both the achieved pain reduction and increased 
mobility [1–3]. Moreover, some long established and widely used hip prostheses have experienced 
survival rates >90% after 10 years [4]. However, statistics teach us that a significant (and increasing) 
number of patients have to endure a revision surgery [5]. While such cases might highlight the fact that 
something is systematically missing in the overall THA protocol, we need to distinguish at the outset 
between: (i) revision surgeries occurring within two or three years from the primary surgery  
(i.e., before elapsing the expected lifetime of the hip prosthesis), thus due to poorly manufactured 
implants, poor design, or surgical errors; and, (ii) revision surgeries occurring at >10 years 
implantation and associated with the unavoidably limited lifetime of the implanted synthetic material. 

Specifically regarding the above point (i), a considerable body of legalization has now been enacted 
to govern the medical device industry (e.g., including the so-called Medical Device Amendment Acts 
in the US and the Medical Device Directives in the European Union). The primary purpose of these 
laws and regulations is to ensure both safety and effectiveness of the marketed devices. These 
objectives are achieved through preliminary testing the medical devices (i.e., including a pre-clinical 
stage with laboratory bench tests and several clinical stages including randomized and multicenter 
clinical trials). Our past studies have only marginally been involved with type (i) failures, specifically 
with reference to particularly evident and massive cases of material failures such as the catastrophic 
fractures of acetabular cups in sandwich-type ceramic-on-ceramic hip joints [6] and of 
environmentally degraded ceramic femoral heads [7]. Nevertheless, we have clearly stated our ideas on 
the insufficiency of the protocols of quality control, in our opinion associated with a lack of  
pre-operative control (e.g., to be performed in the hospitals) for each individual joint implanted [8,9]. 
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The introduction of such protocols, which we have proposed as being easily achievable through Raman 
spectroscopy, is particularly stringent for controlling the state of oxidation of polyethylene liners. Note 
that type (i) failures, somewhat erratic in their nature, cannot be suppressed or even reduced through 
merely enlarging on (or further complicating) the body of regulatory requirements. These types of 
failure have no relationship with biomaterial components matching or not the conditions and the 
properties declared in the preliminary regulatory process. On the contrary, there is a threshold for 
regulatory requirements beyond which the need for guarantying patients’ safety unavoidably 
encroaches upon de facto delaying the proposal of new products in the biomedical market. From a 
purely technological viewpoint, however, we find hardly conceivable how nowadays deterministic 
levels of quality control could even be applied in sub-micron-sized electronic devices [10], while they 
are yet conspicuously missing in macroscopic joint devices (i.e., despite the high impact of the latter 
ones on social welfare). 

Regarding the above point (ii), the main issue resides in the amount of revision surgeries associated 
with lifetime expiration of what could be judged as a “successful” hip implant. In this latter context,  
a challenge to be taken up resides in the development of not only more reliable, but also more durable 
biomaterials. We have extensively discussed elsewhere our strategic view for future developments in 
the specific field of bioceramics [8,9]. In this paper, we shall further inquire into intrinsic biomaterial 
issues related to their “natural” cycle of lifetime when embedded in biological environment.  
In particular, we shall look into whether new in vitro experimental testing protocols could actually be 
devised, which enable differentiating the intrinsic lifetime performance of different hip prostheses. 
Such being the case, which testing protocols could prove the most appropriate? Our recent 
spectroscopic research suggests that the answer might lie in the physical chemistry of the biomaterial 
surfaces [11–20], the issue of much contention in pre-clinical experimental testing of hip prostheses 
thus resulting shifted toward the possibility of specifying additional (and more effective) evaluation 
criteria and protocols. In the opinion of this author, new protocols should additionally rely on 
designing and monitoring the bearing surfaces at the molecular scale. Design criteria shall newly be 
suggested here based on physical chemistry arguments. 

2. Background on Physical Chemistry of Bioceramics 

2.1. A serious Inquiry on Bioinertness of Ceramic Oxides 

Long-standing definitions of bioinert materials include at top-list positions some ceramic oxides, 
such as alumina (Al2O3) and zirconia (ZrO2; or, if partially stabilized with 3 mol% yttrium oxide 
(Y2O3), commonly referred to as 3Y-TZP) [21,22]. Such oxide biomaterials have extensively been 
described as extremely stable in biological environment and endowed with long-term structural 
reliability (i.e., intended as the preservation of their pristine mechanical properties, as measured before 
in vivo exposure), in addition to their peculiar capability of eliciting a minimal response in the host 
tissues. These are indeed true and precious properties. Such excellent functional behavior definitely 
represents a fundamental requirement for a biomaterial to be employed in hip arthroplasty. However, 
any invoked definition of “long-term” performance of biomaterials for hip joints will clearly be a 
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matter of bioinertness definition, of the scale at which bioinertness is monitored, and of lifetime 
expectation as well. 

The selection of biomaterials for artificial joints is heavily constrained by conventional concepts of 
mechanical engineering, mainly underlying their fracture strength, reliability, and tribological 
response. During the last decade, however, the requirements from patient side appear to have 
undergone a quite radical evolution towards additional and more demanding tasks. In other words, as 
extended lifetime expectations for arthroplastic patients represent nowadays the new main target, a 
fundamental process of revalidation becomes needed for establishing the new criteria upon which joint 
design and biomaterial choices should be based. Specifically, in relation to surface engineering 
concepts in joint arthroplasty, a paradigmatic shift is required to establish new evaluation criteria 
taking into account the pivotal role of surface reactivity and related off-stoichiometry (evolutional) 
characteristics of the joint bearing surfaces during service operation. While the most recent studies of 
advanced polyethylene liners have brought revitalized attention to the pivotal role of oxidation 
chemistry on the expected lifetime of the implanted joints, the “chemistry” approach is yet 
conspicuously missing for ceramic components, as they are erroneously considered to be completely 
bioinert. In reality, the situation is not quite so straightforward. If the bearing surfaces of hip joints 
should preserve their mechanical and physical characteristics for quite a long-term span of time despite 
the interference from an extreme (i.e., cumulatively in terms of mechanical, thermal, and chemical 
loading) physiological environment, a finer tuning of their molecular structure should be mandatorily 
required. We shall show in the remainder of this paper how fundamental features related to the 
inherently ionic structure of ceramic oxides and to the complex nature of the biochemical environment 
of hip joints could severely exacerbate surface degradation processes. In other words, as far as hip 
implants are concerned, the definition of bioinertness should mandatorily encompass not only a 
macroscopic view of retaining the bulk integrity of the biomedical implant, but also the resistance to 
degradation of its surface at the molecular level. This latter is indeed a property extremely difficult to 
achieve. Even very stable materials as oxide ceramics interact at their surface to some extent with the 
biological environment, such interaction locally altering their inherent properties in terms of hardness, 
wear resistance and toughness. We shall thus start our discussion from first accepting the concept of 
“impossibility of inertness”, as already stated by Williams [23], and extending it to the molecular 
scale. Accepting such impossibility is perhaps the most appropriate starting point for studying the 
bearing surfaces of artificial hip joints. 

2.2. Oxygen Sub-Lattice in Bioceramic Oxide Surfaces 

The nascent surfaces developed upon wear in artificial hip joints are extraordinarily chemically 
active, with a variety of tribochemical reactions becoming energetically active there [24,25]. 
Hydrothermal environment on the surface of Al2O3 bearings is expected to lead rather to dissociation 
than to adsorption [26]. This process is exacerbated by the fact that Al2O3 biomaterials are 
polycrystalline in nature, and thus they incorporate an internal network of grain boundaries, namely 
off-stoichiometric and crystallographically faulted locations in the biomaterial structure. The phenomenon 
of dissociation produces hydroxyl and proton radicals, which in turn promote the formation of surface 
vacancies for preserving electrical charge neutrality [14,27]. A major obstacle to a rigorous 
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understanding of the “intrinsic” surface properties of alumina ceramics resides in correctly locating at 
the atomic level the ubiquitous presence of hydrogen [28–39]. Molecular H2O and surface hydroxyl 
groups are generally present because of the adsorption of H2O from the environment [39–53]. It has 
rigorously been established that the low coordination of surface Al atoms, present on the surface of 
grains closely oriented as (0001) corundum planes, makes those sites becoming strong electron 
acceptors. Such atomic sites thus readily adsorb H2O molecules through oxygen atoms. At low 
coverage regimes, H2O prefers to dissociate, but can also adsorb in a metastable molecular binding 
mode. Dissociative adsorption is more favorable than molecular adsorption and is primarily heterolytic 
in nature. This means that adsorbed H2O can be viewed as splitting into H+ and OH−, with the proton 
transferred to a nearby surface O [54]. The solid state chemical reaction at equilibrium on alumina 
surfaces in hydrothermal environment can thus be written as: 

2 3 2 2Al O 4Al + 3O→←  (1) 

This is in turn associated with the elementary reaction: 

22 2
1

 
2

H O H  + O→←  (2) 

Elam et al. [40] acknowledged the presence of oxygen vacancies in discussing the values of kinetic 
parameters obtained from modeling the hydroxyl coverage of (0001) sapphire surfaces. In frictional 
sliding of alumina surfaces, even under ideal sliding conditions (i.e., without including third-body wear 
or microseparation processes) [55,56], continuous formation, dissociative adsorption, and frictional 
removal of hydroxylated layers should be expected to repeatedly create and annihilate a large 
population of different kinds of vacancy site in the outer surface layers of alumina lattice, according to 
mechanochemically activated processes. Moreover, the well-known hydrophilicity of Al2O3 sliding 
surfaces should, in principle, minimize any surface adsorption of proteins, and thus their consequent 
denaturation and irreversible unfolding [57–59]. However, a scarcity of synovial fluid lubricant in 
ceramic self-mating hip joints might create an extremely severe thermomechanical environment [60], 
in which modifications of the alumina lattice (i.e., especially in correspondence of grain boundaries) 
might increasingly take place. In this context, one could also hypothesize a role of protein by-products 
(e.g., hydrocarbons [61]) or body-released ions (e.g., Ca2+, Mg2+, and Na+) on possible stoichiometric 
alterations of the alumina lattice. It is known, for example, that dilution of sodium hyaluronate (with 
release of Na+ ions) takes place in patients affected by rheumatoid arthritis, as systematically detected 
by Dahl et al. [62]. Although the effect of the above tribochemical factors on the wear behavior of 
alumina bearings has not yet been discussed in details, we shall show in the remainder of this paper 
some evidence not only for vacancy formation (i.e., for a lack of bioinertness at the molecular scale), 
but also for a clear interaction between ions released from the body environment and the alumina 
lattice. The ensemble of various tribochemically driven events should give, in the long term, a 
contribution far from marginal to the lattice structure of alumina bearing surfaces, thus also altering 
their mechanical and tribological resistance. The challenge is thus that of linking the new body of 
independent experimental evidence, which reveals a complex cascade of chemical events (i.e., from 
the formation of point defects to the occurrence of plastic flow in the lattice), to the in vivo wear 
performance of monolithic alumina. 
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The dispersion of stoichiometric (point) defects in Y-TZP systems depends on both dopant 
concentration and surface segregation phenomena [63]. In the bulk, the yttrium dopant tends to form a 
pair (i.e., two yttrium atoms close to each other) and preferentially occupying first or second nearest 
neighboring sites to the compensating oxygen vacancy [64]. On the other hand, at the surface, yttrium 
tends to be segregated in the top layers (up to 4~5 Å) of the dominant (111) surface of Y-TZP.  
The composition of the outermost surface of Y-TZP is predicted to be independent of Y bulk 
concentration and reach a maximum Y/Zr ratio of 1:1. This circumstance involves the maximum 
concentration of oxygen vacancies being located at the top surface of the bearing component.  
In general, the formation of oxygen vacancies by yttrium doping provides active sites for oxygen 
adsorption. In addition, the low-coordinated Zr cations on the Y-TZP surfaces can attract strongly 
reduced oxygen species, and the most stable adsorption state of oxygen might enable the surface to 
achieve a higher bond saturation of the neighboring Zr and the volume expansion associated site. The 
tetragonal phase of ZrO2 in its stoichiometric state is only stable at high temperature with the 
tetragonal-to-monoclinic transformation unavoidably introduces large residual stresses in the 
microstructure [13,17]. It is known that room-temperature stabilization of tetragonal zirconia can be 
achieved by addition of large substitutional cations (i.e., isovalent to Zr4+; e.g., Ce4+) to expand the 
lattice volume, or by doping with subvalent cations to create oxygen anion vacancies (e.g., Y3+), or by 
a combination of these two effects [65]. The formation of oxygen vacancies serves to locally reduce 
the average coordination number and, through alleviating oxygen overcrowding around the Zr4+ ions, 
to facilitate the relaxation of the oxygen sub-lattice towards a cubic symmetry. The vacancy 
mechanism, which is known to be more effective than simply expanding the lattice volume, is 
expressed by the following equilibrium equation: 

'
3 Zr O O2  Y O 2Y  + 3O + Vx ••→  (3) 

where, '
ZrY  represents the Y3+ ions on regular cationic sites (i.e., replacing Zr4+ ions) associated with a 

relative charge of −1; OOx  stands for oxygen ions on regular anionic sites and OV••  represents the 

double positively charged (with respect to the charge of regular oxygen ions) oxygen vacancies. The 
above notation is referred to as the Kröger-Vink notation for lattice elements and point defects in 
crystal structures [66]. This formalism is useful to concisely describe the atomistic reactions related to 
the replacement of Zr4+ by Y3+. Note that two ions of Y-dopant are necessary to electrically balance a 
single oxygen vacancy. Accordingly, the concentration of vacancies in the anionic sublattice can, in 
principle, be calculated from the concentration of Y-ions at cationic sites and might easily reach the 
range of few percent, as follows: 

'
O Zr

1
=

2
V Y••        (4) 

The concentration of intrinsic defects thermally induced during sintering is, in contrast, negligible 
in the usual range of manufacturing temperatures, which explains the full instability of pure zirconia in 
its tetragonal phase at room temperature. The peculiar configuration of oxygen vacancies and  
sub-valent Y-ions has the effect of reducing the average coordination number of the zirconium atoms 
from 8 (i.e., as in the cubic structure) to values closer to 7 (i.e., similar to the monoclinic phase), thus 
stabilizing the tetragonal phase at room temperature. The surface structure of ZrO2 lattices imparts 
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crucially important characteristics to the performance of a load-bearing biomaterial. Accordingly, 
experimental techniques and computational modeling have extensively been applied to investigate 
surface structures and properties of zirconia ceramics. One aspect particularly important here should 
thus be the difference between surface and bulk stoichiometry, as already mentioned above.  
In polycrystalline materials, surface segregation and, thus, charge of the compensating oxygen (anion) 
vacancies are likely to experience substantial gradients in space not only within the bearing surface but 
also below it, with surface chemistry and stoichiometry effects dominating the statistical presence of 
active sites for the formation of metastable nuclei in vivo. 

According to the above considerations, it is clear that the stoichiometry of zirconia (especially at its 
free surface) plays a fundamental role in phase stability and, thus, in the overall performance of the 
material in bearing components. While this peculiarity has indeed offered a wide range of material 
design opportunities in many different fields of application, it also forewarns technologists wanting to 
use zirconia as a structural biomaterial. The human body certainly represents an extremely active 
chemical environment, in which oxygen vacancies can be easily annihilated by protons and/or cations 
replaced, especially due to the combined effects of chemical and strain gradients between surface and 
subsurface. It should be thus very surprising if chemically “susceptible” ceramic compounds, such as 
the family of partly stabilized zirconia materials, could preserve unchanged upon long-term in vivo 
exposures the same stoichiometry established at the time of material fabrication. If even an extremely 
stable oxide like alumina undergoes substantial stoichiometric changes in the severe tribochemical 
environment of human hip joints, one could easily imagine that also the less stable zirconia lattice, 
when embedded in the human body, will necessarily change its chemical state and, consequently, its 
crystallographic structure. These changes are accelerated by the presence of mechanical stresses and 
thus preferentially start from the very surface of the bearing components. Again, full bioinertness can 
hardly be found. Polymorphic transformation in tetragonal ZrO2 will necessarily occur in a 
hydrothermal environment, it is just a matter of time. 

2.3. Monitoring Surface Off-Stoichiometry on Hip Bearing Surfaces 

It has been discussed in the previous section how the behavior of alumina and zirconia ceramics in a 
biologically active environment is quite different, if not even opposite, in terms of oxygen-sublattice 
activity. These different behaviors are schematically drawn in Figure 1a,b, respectively. Alumina tends 
to give up oxygen from the structure of its surface as a consequence of hydroxylation processes, thus 
creating an increasing vacancy concentration in its lattice with progressing hydrothermal exposure. 
Such state of substantial off-stoichiometry then triggers the possible incorporation of sub-valent 
cations (i.e., Ca2+, Mg2+, and Na+) from the joint environment under tribochemical loading. On the 
other hand, partially stabilized zirconia, 3Y-TZP, already containing a wealth of oxygen vacancies as a 
consequence of intentional doping by aliovalent yttria (i.e., for the purpose of its (partial) stabilization), 
tends to fill those vacancies with adsorbing and incorporating in its structure the oxygen coming from 
the biological environment. Bearing in mind such peculiar difference, the purpose of this section is 
twofold: (i) to briefly describe the expected impact of those different stoichiometric behaviors on 
surface residual stresses at the microscopic scale (the effect of such stresses will be substantiated later 
in this paper by showing wear resistance data); and, (ii) to introduce a method for directly (and 
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promptly) visualizing off-stoichiometry characteristics in the ceramic bearing surfaces, which opens 
the way to experimental demonstrations of the above point (i). 

Figure 1. Drafts of the different behaviors of (a) alumina and (b) zirconia bioceramic 
surfaces in a biologically active environment with emphasis placed on their  
oxygen-sublattice activity. 

 

In the context of the above point (i), the first question coming to mind for alumina bearings could 
be: where does the oxygen that the surface releases during service operation actually go? The fact that 
there is no direct toxicity involved with such release does not mean that there are also no negative 
consequences in the long-term functionality of the joint. However, one needs here to make a 
distinction between hard-on-soft and hard-on-hard bearings. In the former case, the strong intrinsic 
affinity shown by polyethylene to be oxidized owing to the unavoidable presence of free radicals in its 
structure might suggest that bearing surfaces prone to release oxygen (e.g., Al2O3) should not, in 
principle, be “polyethylene friendly”. On the other hand, the formation of oxygen vacancies in  
hard-on-hard bearing surfaces represents just the beginning of a physicochemical chain reaction 
leading to local degradation of the mechanical properties of the joint surface, as it shall experimentally 
be demonstrated later in this paper. One should thus expect a reduced wear resistance, with possible 
grain detachment, with progressing oxygen vacancy formation and the successive incorporation of  
sub-valent cations (i.e., Ca2+, Mg2+, and Na+) into the faulted surface structure of the alumina lattice. 

Regarding the stability of 3Y-TZP bearing surfaces in hard-on-soft hip couples, oxygen 
incorporation to fill pre-existing vacancies could, in principle, be considered as a “polyethylene 
friendly” process. As a matter of fact, if oxygen “feels” more affinity to fill up the sub-stoichiometric 
lattice of zirconia, it will not participate or just participate with a reduced activity to the oxidation 
processes taking place on the polyethylene side of the joint. However, the annihilation of vacancy 
concentration at the surface of 3Y-TZP unavoidably leads to polymorphic transformation from the 
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tetragonal to the monoclinic phase [64–68]. If transformation progresses toward the sub-surface of the 
zirconia femoral head, the local volume expansion and surface roughening involved with it might 
negatively affect the joint lifetime for a different reason: the formation of polyethylene debris due to 
enhanced abrasive wear. The impact of polymorphic transformation in hard-on-hard bearing couples 
made of 3Y-TZP has been found so destructive by in vitro simulation tests [69,70] that none of such 
combinations has even been proposed for commercial purposes. As far as the above-mentioned 
purpose (ii) is concerned, attention shall be drawn upon one powerful analytical tool in investigating 
surface off-stoichiometry of ceramic biomaterial surfaces, namely spatially and spectrally resolved 
cathodoluminescence (CL) spectroscopy. The basic principle of CL spectroscopy, which we apply 
here, can be simply described, as follows. If point defects are irradiated with electrons, they emit light 
at characteristic wavelengths. Such light emission cannot be observed if an unfaulted lattice is equally 
irradiated. Thus, the CL spectrum emitted by Al2O3 ceramics contains important information about the 
oxygen stoichiometry of the lattice [71–73]. In the ultra-violet region, a doublet consisting of partly 
overlapping bands can be found. One of the two bands is the so-called F+-center band, which is emitted 
by a single oxygen vacancy trapping one electron. It is located at around 325 nm (3.8 eV). The other 
band composing the doublet is a far less intense one, and it is commonly referred to as the F-center 
band (single oxygen vacancy trapping two electrons). This latter band is located at around 415 nm  
(3.0 eV). The presence of the F+/F oxygen-vacancy doublet is a common feature in the CL spectrum of 
any alumina. However, different intensities of it (i.e., for exactly the same irradiation conditions) 
represent different vacancy concentrations, the higher the intensity the higher the vacancy 
concentration. In Figure 2a, a typical CL spectrum of biomedical (i.e., high-purity) alumina femoral 
head (BIOLOX®forte, CeramTec GmbH, Plochingen, Germany) is shown. Deconvolution is made into 
two distinct Gaussian bands (i.e., the F+ and F bands). Oxygen vacancy centers are Schottky-type 
defects that act as electric charge compensators. Therefore, they could form (or annihilate) on the 
material surface as a direct consequence of interactions between the sample surface and the 
environment. In other words, the CL intensity observed in the ultra-violet region directly reflects 
oxygen-vacancy concentration, as vacancies stem from a sub-stoichiometric Al2O3 lattice. This 
spectroscopic circumstance opens the way to monitor the evolution of oxygen-vacancy concentration 
upon exposure to in vitro hydrothermal environment and then to apply such knowledge to the analysis 
of alumina prostheses after exposure in vivo. Figure 2b shows the evolution of CL intensity  
(i.e., oxygen-vacancy concentration) upon exposure time in hydrothermal environment of an  
as-received Al2O3 femoral head (BIOLOX®forte) in an autoclave operating at 121 °C (under 2 bar 
pressure water vapor environment). Exposures lasted for periods of time ranging between 0 and 300 h. 
CL investigations were always carried out immediately after removing the sample from the autoclave 
at the end of the duration of the test in hydrothermal environment. This latter figure is actually the 
proof that alumina ceramic is not fully bioinert and that the processes of hydroxylation and vacancy 
formation actually occur (as described in Figure 1a) on its surface. The surface is thus driven toward 
increasingly pronounced off-stoichiometric states. Taking the derivative of this plot (also shown in 
Figure 2b) somewhat reduces the qualitative nature of the plot with giving the rate of vacancy 
formation in hydrothermal environment. Another important peculiarity of the CL band from F+ sites is 
the dependence of its wavelength at maximum on mechanical stress. Such dependence has been 
rigorously proved and calibrated, and it has been shown that wavelength shifts are directly proportional 
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to the trace of the stress tensor, σ𝑖𝑖 , stored in the portion of material irradiated by the electron  
probe [74,75]. These findings opened the way to use oxygen vacancies as stress sensors to monitor the 
residual stress state stored onto the surface of hip bearing components. 

We also anticipate that additional CL bands in Al2O3 might arise from the presence of aliovalent 
cations in the lattice (i.e., already present as impurities or entering the surface lattice of Al2O3 during  
in vivo exposure). Divalent cations (e.g., Ca2+ and Mg2+) might substitute for Al3+ forming a complex 
Fc-center, namely an F+-center adjacent to a divalent cation site. Emission from Fc-centers of  
divalent cations produces distinct CL bands, located in a relatively narrow wavelength interval at  
around 300 nm [73]. Moreover, a doublet emission in the wavelength interval 450~600 nm of the CL 
spectrum was found to correspond to the formation of an MgAl2O4 spinel phase with higher ductility 
than Al2O3 [76]. 

Figure 2. (a) A typical cathodoluminescence (CL) spectrum of biomedical alumina. 
Deconvolution is made into two Gaussian bands of F+ and F centers; (b) evolution of CL 
intensity (or oxygen-vacancy concentration) upon exposure time in hydrothermal 
environment of biomedical Al2O3 in an autoclave operating at 121 °C under 2 bar pressure 
of water vapor. The size of the used symbols corresponds to the standard deviation of the 
measured CL intensity. The derivative of the curve is also shown, which represents the  
in vitro vacancy-formation rate on the bearing surface. 

 

The CL spectrum of 3Y-TZP (Figure 3a) features several bands overlapped to form a main broad 
emission. The most plausible interpretation foresees the sum of three distinct emissions from  
oxygen-related defects with different molecular structures [77]. Accordingly, the broad band that peaks 
at around 500 nm has been deconvoluted into three distinct sub-bands of Gaussian nature located at 
around 460 nm (2.69 eV), 550 nm (2.25 eV), and 600 nm (2.07 eV). The emission at 460 nm 
(commonly referred to as the F+-center of ZrO2) has been attributed to singly occupied anion 
vacancies, thus involving the presence of an intrinsic defect where all Zr4+ ions are nearest neighbors 
to the vacancy [78]. The two extrinsic bands centered at around 550 and 600 nm (i.e., referred to as 
FA

+ and FAA
+ centers, respectively) have been associated to electron transfer from the valence band to 

local mid-gap states. Their structures show one and two Y3+ ions as nearest neighbors to the vacancy, 
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respectively [77,79]. While the intensity of the CL emission is unequivocally related to the presence of 
vacancy sites in the ZrO2 lattice, the efficiency of the CL emission is strongly affected by the local 
lattice configuration in the neighborhood of the point defect. The main consequence of this dependence 
also represents the most intriguing aspect of the CL emission of ZrO2: vacancy annihilation (rather 
than vacancy formation) leads to an increase (rather than to a decrease) of CL intensity. In a lack of 
direct experimental proofs, this experimental evidence might be interpreted in various ways. One way 
is by considering that the increase in CL intensity associated with oxygen vacancy annihilation is 
simply a consequence of the increased Zr-O bond stretching involved with oxygen incorporation. Such 
additional strain enables a more efficient emission as compared to relaxed oxygen-vacancy  
sites [79,80]. Another way to see the phenomenon is to foresee oxygen vacancies acting as charge 
traps and suppressing the charge and possibly also energy transfer. It should be noted that he electron 
beam creates high-energy excitations in the crystal structure, and relaxation of these excitations results 
in the appearance of electrons in the conductivity band and holes in the valence band. This relaxation 
is similar to that obtained under band-to-band excitation, but it is expected that under the highly 
energetic excitation of the electron beam the totality of the luminescence centers could be activated. 
Note also that excitation by laser within the band-gap directly excites the defects and thus results in an 
increase in luminescence emission for those same samples for which a decrease in CL emission is  
recorded [80]. 

Figure 3. (a) Typical CL spectrum of biomedical 3Y-TZP. Three distinct emissions from 
oxygen-related defects with different structures overlap in the CL spectrum of ZrO2, 
namely the bands referred to F+, FA

+, and FAA
+ centers. Two extrinsic CL emissions also 

arise from the presence of Al2O3 dopant in biomedical 3Y-TZP; (b) evolution of CL 
intensity (or oxygen-vacancy annihilation) upon exposure time in hydrothermal 
environment of biomedical 3Y-TZP in an autoclave operating at 121 °C under 2 bar 
pressure of water vapor. The size of the used symbols corresponds to the standard 
deviation of the measured CL intensity. The derivative of the curve is also shown, which 
represents the vacancy annihilation rate on the surface. 
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Under electron beam excitation, electrons and holes are created, and the energy and/or charge 
transfer process takes place first. A decrease in CL intensity under electron excitation could thus 
simply mean that additional oxygen vacancies actually disturb the energy transfer to the defects 
responsible for luminescence. Possibly, oxygen vacancies act as charge traps, thereby decreasing the 
number of available electrons, the more numerous the vacancy sites the lower the CL intensity. 

According to the peculiar behavior of zirconia with respect to its CL emission, a plot is given in 
Figure 3b of the dependence of CL intensity as recorded on the surface of an unused 3Y-TZP femoral 
head (NGK, Komaki, Japan; manufactured in 2007) upon increasing times of autoclave exposure  
(i.e., under the same conditions described above for Al2O3). In this plot, also the rate of vacancy 
annihilation in hydrothermal environment is shown. In addition to the CL emission related to oxygen 
vacancies, the presence of Si impurity in the ZrO2 lattice produced an additional band in the blue 
region of the CL spectrum (i.e., corresponding to the shoulder observed at around 390 nm (3.18 eV) [81]. 
Regarding the stress dependence of the CL spectrum of 3Y-TZP, unfortunately, no definite proof for 
such dependence could yet be obtained, mainly because of the strong overlapping of different  
sub-bands. Therefore, unlike the case of Al2O3, at this time it is not possible to obtain a quantification 
of residual stresses in zirconia polymorphs with directly using oxygen vacancy sites as stress sensors. 

Finally, it should be emphasized that the CL probe has proved shallow to a nanometer scale [82,83] 
and, thus, capable to resolve both chemical and mechanical features at the very surface of ceramic 
biomaterials, as they develop upon both in vivo and in vitro environmental exposure. Drawing upon 
what has been learned about basic CL studies of oxide bioceramics, similar analyses were also 
performed on in vivo exposed alumina hip surfaces [8,14,83]. Monitoring could be concurrently 
obtained for the concentration of point defects (i.e., oxygen vacancy formation, their annihilation, the 
incorporation of substitutional impurities, and the formation of interstitial aluminum) trapped in the 
very neighborhood of the alumina surface and for lattice strain at the bearing surface, with a spatial 
resolution on the nanometer scale. CL tribochemical and micromechanical information then merged 
into a comprehensive picture of a crystallographic lattice affected by characteristics of extreme  
off-stoichiometry and by high strain fields. 

In the remainder of this paper, we review some physical chemistry evidence obtained from both  
in vitro and in vivo analyzed ceramic hip joints, which encompasses relevant surface off-stoichiometry 
issues in Al2O3, ZrO2, and related composite biomaterials. As yet unexplored connections will be 
discussed as they become established between the wear resistance of such biomaterials and 
environmental factors peculiar to the human body. 

3. Experimental Evidence and Future Strategies 

3.1. The Limits of Monolithic Bioceramics 

3.1.1. Al2O3 Bioceramics 

We have mentioned above that grain boundaries in alumina polycrystals are both preferential 
locations for oxygen vacancies (and other point defects) and for intensification of residual stresses 
developed upon cooling from manufacturing temperature. Their faulted structure is a natural 
consequence of a (statistically) poor degree of coherency, as one could expect from grain-boundaries 
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in a hexagonal structure (e.g., less symmetric than a tetragonal or a cubic one). On the other hand, a 
high magnitude of residual stresses arises from the high degree of anisotropy between thermal 
expansion coefficients along the c- and a-axis of the corundum structure. Both these circumstances 
have amply been documented in the literature both from theoretical and experimental sides [84–90]. 
Exacerbations of both phenomena could conceivably be expected due to hydrothermal exposure of the 
biomaterial surface. However, direct evidence at the nanometer scale is yet seldom. Figure 4 shows the 
usefulness of CL spectroscopy in visualizing stoichiometry and residual stress at the microstructural 
scale in polycrystalline Al2O3. In Figure 4a–c, a random location on the surface of an early biomedical 
grade of long-term in vivo exposed polycrystalline alumina (mildly worn but away from the main wear 
zone) was monitored by means of conventional scanning electron microscopy, by collecting a CL 
intensity image (F+/F band at 325 nm) and a map of the trace of the residual stress tensor, σ𝑖𝑖, on the 
material surface, respectively. No special preparation procedure was applied before CL analysis.  
Only a light coating with evaporated carbon was made on the sample to avoid charge up in the 
scanning electron microscope. This procedure will also apply to all the other samples discussed in the 
remainder of this paper. Figure 4d shows the local histogram of σ𝑖𝑖 magnitude, which is another way 
to represent the same data shown in the stress map (c). Abnormal grain growth and surface roughness 
can be immediately observed in the electron micrograph in (a). On the other hand, the shallow CL 
probe vividly captures the stoichiometric and micromechanical features of the biomaterial surface, as 
they arise from both grain-boundary structure and surface polishing. Only a moderate amount of 
oxygen vacancies is found on the surface, although accompanied by hot spots of residual stress with 
high magnitude. Average stress histograms collected on larger (i.e., statistically meaningful) surface 
areas of biomedical Al2O3 materials are shown in Figure 5. The tested materials belonged to two 
different generations of Al2O3 bioceramics for hip joints. These histograms show how critical could be 
even small variations in grain size on the statistical distribution of surface residual stresses. It should 
be noted that the most detrimental part of the shown stress histograms is the extreme wing on the 
tensile side. Although it just relates to a quite small fraction of abnormally grown grains in the 
microstructural network, its impact on wear resistance could be quite pronounced with triggering grain 
detachment and third-body wear. A successful manufacturing process for an Al2O3 ceramic hip 
component should thus be capable to eliminate abnormally grown grains and, thus, to produce a 
polycrystal with sharp histograms of grain size centered at low-magnitude (surface) residual stresses. 
Reductions in the average particle size, a tighter control of its distribution, and the improved purity 
characteristics have been greatly beneficial in obtaining finer microstructures in the latest generation of 
biomedical Al2O3. Moreover, with allowing full densification while minimizing sintering temperature 
(and thus grain growth), the hot-isostatic pressing process introduced in manufacturing the latest 
generation of biomedical alumina has played a crucially positive role on structural behavior [91]. 
Provided that cleaning of the bearing surfaces could be conducted with using substances that do not 
alter surface stoichiometry (e.g., distilled water rather than acetone or ethanol) as is the case here, the 
CL technique can also be used to visualize the status of worn Al2O3 joint surfaces after exposure to  
in vivo environment. Our previous studies of retrieved alumina heads from alumina-on-alumina hip 
joints manufactured by different makers showed that the macroscopic geometry of zones worn to 
different grades was very different not only among different makers, but also among individual  
retrievals [14,92]. 
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Figure 4. (a) A conventional scanning electron micrograph; (b) a CL intensity image;  
(F+/F band at 325 nm); and (c) a map of the trace of the residual stress tensor, σ𝑖𝑖; are 
shown for a randomly picked location on the surface of an early generation biomedical 
grade of polycrystalline alumina after long-term exposure in vivo (in a mildly worn area 
but away from the main wear zone); In (d), a histogram of the stress-trace magnitude is 
given, which represents the same data shown in the map (c). Stress magnitudes were 
deconvoluted in space, according to the procedure given in Refs. [75,82,83].  

 

Figure 5. Average stress histograms collected on statistically meaningful surface areas of 
unused biomedical Al2O3 materials belonging to two different generations of Al2O3 
bioceramics for hip joints. The average grain sizes are shown in inset. 
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It could generally be stated that the long axis of the ellipsoidal wear shape reflects the direction of 
primary sliding motion (i.e., gait motion) generated at the contact surface of artificial hip joints during 
in vivo loading. However, implant design, liner angular positioning during surgery, and patient range 
of motion greatly affect local loading characteristics on the bearing surface, which makes predictions 
of worn surface morphology almost erratic. Figure 6 shows a macroscopic map of surface wear levels 
on a retrieved monolithic alumina femoral head operating in a hard-on-hard implant (BIOCERAM, 
distributed by Kyocera Co., Kyoto, Japan). This femoral head was 28 mm in diameter, and belonged to 
a left (alumina-on-alumina) hip joint, an implant retrieved for aseptic loosening after an in vivo period 
of 10.1 yr. Unused femoral heads of the same type have an average grain size of 1.3 μm and total 
impurity content <0.2%. The levels of impurity were (SiO2+CaO+Na2O) < 0.03 wt%, with a content of 
MgO < 0.01 wt%. Wear severity on the retrieved femoral head was classified into 1~5 Grades of 
increasing surface damage, defined according to the general statements given by Shishido et al. [93]. 
Surface analyses were performed with great care and high spatial resolution in the scanning electron 
microscope. However, the Shishido criteria of surface analysis might leave some issues open on the 
possibility of bias/subjectivity in wear severity assessments. 

Figure 6. A macroscopic map of surface wear levels on a retrieved monolithic  
alumina-on-alumina femoral head retrieved after an in vivo period of 10.1 yr. Images in 
inset represent (a–f) topological; (g–l) stoichiometric; and (m–r) micromechanical features 
for in vivo worn areas with different grades of wear severity. 
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In the wear-zone map, a peripheral stripe-wear zone could clearly be found. The wear-zone map 
revealed that Grades 3 and 4 spread peripherally from Grade 5, while a long and narrow zone of stripe 
wear, namely the most disruptive damage observed among the articulating regions of the bearing 
surface, could also be found. This latter region was characterized by a total loss of alumina grains from 
the original polishing surface, which led to an increase of surface roughness. Images in inset to  
Figure 6 reveal microscopic aspects of topological, stoichiometric, and micromechanical nature for  
in vivo worn areas with different grades of wear severity. Typical electron micrographs are shown 
together with maps of concentration of oxygen vacancies (i.e., the intensity of the CL band centered at 
325 nm and corresponding to F+-centers) and of residual (elastic) lattice strain, ε𝑖𝑖 (i.e., as obtained 
from the σ𝑖𝑖  magnitudes retrieved from CL spectral-shift analysis of the F+ band). The ε𝑖𝑖  values 
represent the trace (or hydrostatic part) of the overall strain tensor. Starting from stoichiometric 
considerations, the topological concentration of oxygen vacancies on the alumina joint surface 
systematically increased with increasing wear severity, namely with successively progressing from 
Grade 1 toward Grade 5. The stoichiometric trend found for Grade 0 (i.e., an unused femoral head of 
the same type) was almost indistinguishable from Grade 1 in Figure 6. Even at low wear-severity 
grades, locations of high concentration of F+ centers could be found, not only at grain boundaries, but 
also in the bulk of the Al2O3 grains. This finding confirms the important role of surface hydroxylation 
on vacancy formation in the lattice of biomedical Al2O3 grades. Areas from the pristine surface 
increasingly incorporated vacancy sites, but nearly stoichiometric zones (i.e., dark areas) were 
developed at newly exposed locations where grain detachment progressively occurred. However, there 
is an exception to the observed trend of concurrent increases of wear severity and oxygen-vacancy 
concentration. The exception resides in the topological frequency of vacancy sites found in the  
stripe-wear zone. Such frequency was clearly lower than that of Grade 5 and comparable to Grade 2 
zones. Note that the statistical presence of oxygen deficient sites, less frequent in the stripe-wear zone 
than in Grade 5 worn zones, confirms the already established notion that grain removal from the areas 
of stripe wear is mechanically rather than chemically driven. Another main feature found in comparing 
the microscopic strain maps in Figure 6 is an increasing shift toward residual compression strains (blue 
color) in the Al2O3 microstructure with increasing wear severity (i.e., from Grades 3 to 5). 
Interestingly, however, the elastic lattice strain detected in surfaces classified Grade 1 and 2 was 
increasingly tensile (red color), and turned toward the compressive side only starting from Grade 3 
damage; namely, in correspondence of the beginning of grain detachment from the worn surface. 
Tensile strain represents what we anticipated as being an exacerbation of pristine tensile stresses at grain 
boundaries (cf. Figure 4c). The stress data shown in Figure 5 in the histogram for average grain size of 
1.3 μm represent the trend found for Grade 0 (i.e., an unused femoral head). Such exacerbation is a 
consequence of in vivo environmental effects of chemical nature. A tendency to lattice contraction, 
associated with the formation of oxygen vacancies, is counterbalanced by the constraint operated by 
the stoichiometrically unaltered sub-surface. As a result, the surface keeps its original dimensions but 
undergoes a tensile stress state of chemical nature [94]. Grain detachment is then a consequence of 
local grain-boundary microfracture, which takes place at in vivo regimes of mild wear. At such stage, 
grain boundaries are weakened and damaged by the tribochemical attack, through processes that in 
turn lead to exacerbation of pristine tensile strain fields at grain boundaries (i.e., those strain fields 
stemming since material manufacturing). The maximum compressive strain (i.e., ε𝑖𝑖 ≅  0.3%) was 
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found on the surface of the stripe-worn zone. In a previous paper [95], we have discussed the 
morphology of the residual stress distribution along the subsurface of a worn hip-joint surface made of 
Al2O3. Static equilibrium requires a steep stress gradient to be developed along an axis perpendicular 
to the joint surface. Stresses along the subsurface thus become of an opposite sign as compared to 
those found at the surface [95]. This steep stress gradient, actually a measure of the micromechanical 
instability of the bearing surface, is the main responsible for grain detachment and severe wear 
damage. As far as F+-defect centers and related strain assessments on the microscopic scale are 
concerned, very similar trends were found for another leading Al2O3 bioceramic, according to a similar 
classification of wear severity. In Figure 7a, the wear severity map is shown for a retrieved femoral 
head belonging to an alumina-on-alumina joint manufactured by a different maker (BIOLOX®forte, 
manufactured by CeramTec GmbH, Plochingen, Germany and distributed by Cremascoli Co., Milan, 
Italy). This BIOLOX®forte femoral head belonged to a left hip joint and was exposed in vivo for  
7.7 yr. It was retrieved due to dislocation and not as a consequence of material failure. The impurity 
contents found in unused BIOLOX®forte (control) femoral heads were: (SiO2+CaO+Na2O) < 0.05 
wt% and MgO < 0.25 wt%. A comparative wear resistance study of both BIOLOX®forte and 
BIOCERAM ceramic-on-ceramic implants, conducted in hip simulator, showed similar results in terms 
of wear rate and weight loss [96]. As can be seen, the macroscopic geometry of zones worn to different 
grades was very different from that shown in Figure 6. As compared to Figure 6, Grade 5 zone was 
located closer to the polar region, Grade 1 zone was quite extensive, and no stripe wear appeared. 
However, judging about macroscopic wear topology is not the focus of this paper. Moreover, we do 
not have enough data to comprehensively discuss the suitability of different designs, although a few 
more topological analyses for similar hip implants have been shown elsewhere and gave consistent 
results [8,92]. In focus here is the physical chemistry of the in vivo exposed alumina surfaces and, in 
this specific context, a wealth of information could be obtained. A striking feature in investigating the 
topology of lattice defects on worn Al2O3 surfaces was that bands related to divalent impurity cations, 
labeled (C) and (D) in the CL spectrum of Figure 7b, could be found. While distinctly located with 
respect to the oxygen-vacancy F+/F doublet, these additional bands were systematically stronger at 
grain boundaries as compared to bulk grains. Cation-related bands were conspicuously absent in virgin 
samples, and their relative intensity with respect to the band from F+ center gradually increased with 
increasing wear severity after exposure in vivo. An increasing presence of divalent cations in the bulk 
alumina lattice of mildly worn surfaces can thus be interpreted here as a proof for tribochemical 
interactions between alumina lattice and body environment. Relevant to the present study are divalent 
cations (e.g., Ca2+ and Mg2+) that exist as impurities in the raw powders and are also abundantly 
present in the body environment. As discussed in the previous section, such cations might substitute 
for Al3+ forming a complex Fc-center, namely an F+-center adjacent to a divalent cation site. Fc-centers 
of divalent cations emit individual CL bands located in a relatively narrow UV wavelength interval 
toward 300 nm [73]. Figure 7b shows the increasing presence of such aliovalent cations in the Al2O3 
lattice, whose concentration is directly represented by the relative intensity of the CL bands labeled (C) 
and (D) with respect to F+ and F centers (bands labeled (A) and (B), respectively, in the deconvoluted 
spectra of Figure 7b. Moreover, the doublet emission in the wavelength interval between 450 and 600 
nm, which was observed on the worn BIOLOX®forte surface (cf. bands labeled as (E) and (F) in 
Figure 7b), represents the formation of an MgAl2O4 spinel phase with higher ductility than Al2O3 [76]. 
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Interestingly, a comparison between this work and Ref. [76] proves a striking similarity in the tribological 
behavior between Al2O3 hard-on-hard hip bearings and Al2O3 cutting tool surfaces after machining steel. 

Figure 7. (a) Wear severity map for a retrieved monolithic alumina-on-alumina Al2O3 
bioceramic femoral head exposed in vivo for 7.7 yr; In (b), the increasing presence of 
aliovalent cations in the Al2O3 lattice is revealed by means of the CL bands labeled (C) and 
(D), which were not found in as-received femoral heads of the same type. Emissions from 
F+ and F centers are labeled (A). 

 

The controversial role of plastic deformation in the wear behavior of Al2O3 ceramics, as a 
consequence the adsorption of water at its surface, is an issue already amply discussed in literature [97,98]. 
Kalin et al. [99] have shown that, in extreme pH environments, the main effect controlling wear rate is 
the dissolution of alumina lattice. This effect leads to wear rates enhanced by one order of magnitude. 
Moreover, Castaing et al. [100] showed that flow stresses in sapphire reduced by a factor of two, due 
to the presence of water in the lattice, as a result of enhanced dislocation mobility. Concurrently, also 
grain boundaries in polycrystalline Al2O3 were found significantly weakened by water. Our CL studies 
showed major changes in lattice stoichiometry (i.e., increase in oxygen vacancies and incorporation of 
sub-valent cations in the faulted lattice), which could be equally important in enhancing surface 
degradation under regimes of mild wear. CL spectra from worn Al2O3 surfaces also suggested the 
formation of a different phase (MgAl2O4 spinel) upon tribochemical loading. In other words, our 
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spectroscopic findings emphasize the chemical aspects of surface degradation. The overall evidence 
converges into a view of an alumina lattice intrinsically limited in its tribochemical resistance in the 
human body, and thus prone to microscopic degradative wear mechanisms. The degradation of Al2O3 
bearing surfaces in vivo is thus basically tribochemical in nature. Accordingly, the hope for an 
elongated lifetime of monolithic alumina hard-on-hard bearings, as compared to the corresponding 
hard-on-soft ones, appears to have limited physical foundations. On the other hand, our spectroscopic 
evidence suggests the possibility of a procedure based on CL spectroscopy for the systematic search of 
suitable aliovalent dopants enhancing the wear performance of the alumina lattice (a topic discussed in 
the next section). However, it is also understood that the drawbacks associated with a basic tendency to 
hydroxylation and to the marked thermal expansion anisotropy of the corundum structure will be hard 
to overcome. 

3.1.2. 3Y-TZP Bioceramics 

In order to overcome the poor mechanical behavior of Al2O3 ceramics, researchers started looking 
for alternative biomaterial bearings. Pioneering attempts at developing 3Y-TZP as a structural 
biomaterial were actually based on considering it as a better alternative to Al2O3 ceramics. This 
concept was already presented in early papers by Rieth et al. [101] and Christel et.al. [102]. A massive 
industrial development followed, since the middle of the 80s, in the attempt of manufacturing femoral 
heads capable of overcoming the intrinsically poor mechanical properties of alumina ceramics. Explicit 
evidence of this vast industrial development in Japan remains attested in a paper by Tateishi and 
Yunoki from the early 90s [103]. Outside Japan, earliest developments focused on magnesia-partially 
stabilized zirconia materials, but most of the successive developments were focused on 3Y-TZP,  
the ceramic alloy nowadays considered as the golden standard in zirconia microstructures. 3Y-TZP 
consists of a homogeneous network of equiaxed submicron-sized grains that can partly be stabilized in 
their tetragonal polymorph with grain sizes easily confined to <0.4 μm. Since the 90s, 3Y-TZP has 
been considered as the standard material for clinical applications [104]. Note that using 3Y-TZP 
indeed relieves several shortcomings related to the use of alumina bioceramics. For example, a higher 
crystallographic symmetry is found in its tetragonal structure as compared to the asymmetric 
hexagonal (corundum) structure of Al2O3. This property improves the statistical degree of 
crystallographic coherency at grain boundaries and also minimizes the grain-boundary residual stresses 
arising from thermal expansion anisotropy. Both these circumstances are beneficial to the macroscopic 
material strength. Moreover, fully dense 3Y-TZP ceramics can be obtained at sintering temperatures 
few hundreds of degrees centigrade lower than alumina. Through introducing a post-sintering  
(low-temperature) hot-isostatic-pressing cycle, dense, fine and homogeneous 3Y-TZP microstructures 
can indeed be promptly obtained with an average grain size in the order of few hundredths of 
nanometers and a quite sharp grain-diameter histogram. Note that such microstructural characteristics 
have definitely proved unfeasible for sintered (monolithic) alumina. However, for the apparently 
“perfect” family of 3Y-TZP biomaterials, a severe shortcoming has later appeared, which deals with its 
environmental stability. The fraction of partially stabilized tetragonal phase in the 3Y-TZP sintered 
body, to be retained at room temperature after cooling from manufacturing temperature, strongly 
depends on grain size and on the uniformity in concentration of the yttria stabilizing oxide throughout 
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the microstructural network. These factors are also crucial for the response in term of polymorphic 
stability of the 3Y-TZP biomaterial when embedded in biological environment. In other words, the  
in vivo behavior and the reliability of 3Y-TZP ceramics are strongly affected by manufacturing 
accuracy and rely on a quite delicate equilibrium among several microstructural parameters  
(e.g., dopant dispersion, off-stoichiometry state of the starting powder, sintering temperature, etc.).  
The effect of even slight fluctuations in such parameters can inflict a decisive blow to the performance 
of zirconia as a hip-joint component. In our view, the most decisive parameter in manufacturing 
reliable 3Y-TZP biomedical components is the control of material stoichiometry from the raw powder 
to the final sintered body. Therefore, one should hardly trust and could not expect any success from 
empirical manufacturing procedures unable to strictly assess and to control such parameter in a 
quantitative way. Note also that the level of stoichiometry fluctuations and the involved microstructural 
changes, which are critical to the stability performance of 3Y-TZP, are usually considered within 
standard levels and thus acceptable for alumina ceramics. This is the main reason why, historically, the 
biomedical market has been keener to develop monolithic Al2O3 rather than monolithic 3Y-TZP for 
hip-joint components. Even leaving aside historically tragic examples of failures for 3Y-TZP ceramic 
implants [105], in vivo phase transformation involves detrimental effects on the wear behavior of the 
polyethylene sliding-counterpart. Serious concerns arose in the past on the effect of sterilization of  
3Y-TZP femoral heads in water vapor. This process was found to have an impact on surface roughness 
due to the tetragonal-to-monoclinic phase transition. In classifying the causes of a number of hip 
revision surgeries due to osteolysis, surface degradation of retrieved zirconia femoral heads was found 
to coincide with high wear of ultra-high molecular weight polyethylene sockets [106]. Remarkably, it 
was found that the femoral heads showing the strongest surface degradation were those very same 
heads that, although supplied in their sterile status to the hospitals, were re-sterilized in steam (i.e., the 
same autoclave cycle that we use nowadays to test environmental resistance) before implantation. 
Kawanabe et al. [107] measured polyethylene wear radiologically in 46 hips with alumina heads and 
58 hips with zirconia heads. In all cases, the preoperative diagnosis was osteoarthritis. The mean linear 
wear rate of polyethylene sockets against zirconia heads was 0.133 mm/yr, significantly greater than 
the wear rate of 0.078 mm/yr measured for polyethylene against alumina heads. Wear rates were 
independent of age at operation, patient body weight as well as height, thickness of polyethylene, and 
socket abduction angle. The excessive polyethylene wear was then attributed to phase transformation 
of zirconia, leading to an increase in surface roughness of the femoral head. 

A major discovery in biomaterial development has been the beneficial effect of a small addition of 
Al2O3 in sintering 3Y-TZP. The physicochemical origin of this effect has comprehensively been 
summarized in recent papers by Guo [108,109], and it is also of stoichiometry nature. The benefit in 
adding a small amount (typically a fraction of 0.25 wt%) of Al2O3 to 3Y-TZP is twofold: (i) an easier 
densification (i.e., meaning a lower sintering temperature and, thus, a finer microstructure) [110,111]; 
and, (ii) a better environmental resistance in water-vapor environment [112]. However, it might prove 
difficult to solve problems related to the heterogeneity of such small alumina quantities when mixing 
with the 3Y-TZP raw powder, due to a generally strong tendency to agglomeration of raw nanometer-sized 
powders [113]. Again, manufacturing complexity and related increases in costs became critical as 
compared to the more, stoichiometrically speaking, “unpretentious” alumina. 
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So, if the weak point of 3Y-TZP actually resides in the difficulty of operating a strict control of the 
off-stoichiometric state of its surface, one should be able to monitor through CL analyses the actual 
level of accuracy achieved in manufacturing monolithic 3Y-TZP components. Four unused femoral 
heads for each of two types of commercially available (and most advanced) monolithic 3Y-TZP 
artificial hip implants were examined with respect to their hydrothermal stability and surface 
stoichiometry characteristics. The 3Y-TZP samples were 26-mm-sized femoral heads manufactured by 
Japan Medical Materials (JMM) in 2007 (simply referred to as samples A, henceforth) and 22-mm-sized 
femoral heads manufactured by NGK in 2007 (henceforth referred to as samples B). Despite nominally 
having the same composition (i.e., both including a fraction of 0.25 wt% of Al2O3 dopant), the two 
investigated 3Y-TZP samples distinctly differed in their average grain size (~330 nm and ~690 nm for 
samples A and B, respectively); a characteristic that is probably due to the different schedules adopted 
in sintering the two biomaterials. Samples were cut into several pieces and each piece separately 
subjected to hydrothermal cycles of different duration and temperature in the same autoclave chamber. 
Hydrothermal acceleration tests were conducted at a temperature of 121 °C under 2 bar water-vapor 
pressure for periods of time ranging between 0 and 500 h. The hydrothermal tests simulated in vitro 
the effect of environmental aging in the human body. Figure 8a,b shows scanning electron 
micrographs of the as-received (thermally etched) microstructures of Samples A and B, respectively. 
The respective histograms of grain size are also shown in Figure 8c,d, together with the average  
grain-size values given in inset. Figure 8e,f show the surfaces (without thermal etching treatment) of 
Samples A and B after 100 h exposure to hydrothermal environment under conditions as above. 
Besides the lower average value of grain size in Sample A and its narrower grain-size distribution, 
another important morphological feature could be revealed in comparing the microstructures of the two 
zirconia materials. This additional feature deals with the distribution of the Al2O3 dopant within 
respective the microstructures. In the case of Sample B, Al2O3 grains could be distinctly observed as a 
dispersion of isolated grains (e.g., the dark grain visible in Figure 8f). On the other hand, no presence 
of Al2O3 could obviously be resolved in Sample A (cf. Figure 8e). Grain boundaries in the autoclaved 
Sample A could easily be visualized because partly “etched out” by the environmental exposure, 
unlike the smooth surface preserved in Sample B after autoclaving (cf. Figure 8f). In Figure 9,  
semi-logarithmic-scale plots of both fractions of monoclinic phase and amount of annihilated oxygen 
vacancies (i.e., from average CL intensity trends recorded on the surfaces) are shown, which were 
detected as a function of exposure time in hydrothermal environment. The plots are similar and 
comparatively show that the vacancy-annihilation process is precursor to polymorphic transformation. 
The threshold for steep rising of phase transformation corresponds in both cases to the saturation of the 
CL plot, which means that oxygen vacancies are fully annihilated at the surface when polymorphic 
transformation starts to take place. For both Samples A and B, the time necessary for nucleation of the 
monoclinic phase on the surface of the femoral head is thus preponderant as compared to the time 
needed for monoclinic nuclei to growth. However, Sample B experienced a nuclei formation rate faster 
than Sample A at 121 °C. Note that the sigmoidal morphology of the semi-logarithmic-scale plots, 
which represents the amount of vacancy annihilation with autoclaving time, is clearly different 
between Samples A and B. As mentioned above, both trends of vacancy annihilation actually saturate 
before the beginning of exponential rising in the plots of monoclinic contents. 
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However, comparing the evolutional trends for the respective amounts of oxygen vacancy 
annihilated, it can also be noted that, for Sample A, a longer nucleation time for the formation of 
monoclinic nuclei on its surface then corresponds to a faster nuclei growth. Accordingly, the curves 
giving the transformed fractions as a function of autoclaving time look similar. But, one now needs to 
explain why Sample A starts picking oxygen from the environment later than Sample B. 

The details of the CL spectra could give us further insight to locate some inherent difference 
between femoral heads of type A and B in terms of the ionic disorder of their surfaces. Figure 10a,b 
show average CL spectra (for Samples A and B, respectively), which were collected before and after 
exposures in autoclave for increasing times up to 100 h. Several striking differences could be found 
between the spectra of the two samples, as follows: (i) the almost complete absence of the 
chromophoric CL bands (at around 690 nm) belonging to Al2O3 in Sample A, which is instead clearly 
visible in Sample B. The chromophoric emission (or ruby doublet) displays at around 692 nm and 694 nm 
and stems from native Cr3+ impurities in the crystalline alumina lattice; (ii) Sample B clearly showed 
CL emission from oxygen-vacancy sites in the Al2O3 dispersoids (i.e., the F+-center of Al2O3 emitting 
at around 330 nm). Note that a failure in detecting CL bands from Al2O3 in Sample A is not a 
consequence of a lack of resolution of the CL probe. Rather, it is a proof that the originally added 
Al2O3 is in a different physicochemical state as compared to crystalline Al2O3 in the final (sintered) 
femoral head component. The lack of dark Al2O3 grains and, accordingly, of the CL bands 
characteristic of the Al2O3 phase in the CL spectra of Sample A, suggests that this sample contains 
Al2O3 as a finely dispersed phase in the form of such small grain-boundary precipitates that they might 
conceivably stem in a molecular-sized (semi-amorphous) state. This is the reason why they emit quite 
low or no CL signal. This interpretation is also consistent with the fact that grain boundaries in Sample 
A seem to “etch out” in hydrothermal environment (cf. Figure 8e), while they remain fairly intact upon 
autoclave exposure in Sample B; (iii) as far as the CL emission from the ZrO2 lattice is concerned, the 
spectra recorded in the two types of femoral head show a common feature in a main broad band, which 
represents the sum of three distinct emissions from oxygen-related defects with different structures. 
However, only peculiar to polymorphically transformed zones in Sample A is the appearance of a 
pronounced shoulder located at around 390 nm (3.18 eV). This shoulder-band was particularly strong 
in highly transformed monoclinic nuclei on the surface of the femoral head A, as shown in Figure 11a,b 
which display a scanning electron micrograph and a CL intensity maps at 390 nm, respectively,  
as recorded at the same site on the surface of Sample A. Whereas scanning electron micrographs 
conspicuously fail in clearly locating transformation sites, CL emission at 390 nm provides a clear 
picture of early-stage transformation nuclei on the sample surface. The origin of the local CL emission 
at 390 nm might also provide a hint about the elementary mechanism behind phase transformation. A 
plausible interpretation of the 390 nm band could be given according to a study by Nasu et al. [114], 
who attributed this emission to the presence of O-H bonding in an amorphous Al2O3 structure. Note 
that an idealized model for fully hydroxylated α-Al2O3 (0001) foresees the replacement of each surface 
Al with three H atoms, yielding a coverage >15 OH per square nanometer [38,115]. Hydroxylation of 
an Al2O3 structure conspicuously lacking of a crystalline structure should be faster than that of a 
perfectly crystalline lattice. There should thus be a direct link between the 
morphological/crystallographic status of the alumina dopant, the degree of ionic disorder in it, and the 
threshold for destabilization of 3Y-TZP. Hydrothermal dissociation of the Al2O3 dopant is 
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energetically more favorable, and thus occurs faster than direct vacancy annihilation in  
metastable 3Y-TZP. This could be the reason why the presence of alumina “protects” the zirconia phase 
and delays its polymorphic transformation. However, upon saturation of the hydroxylation process of the 
Al2O3 phase, its protective function disappears and monoclinic nuclei are formed. Preferentially 
hydroxylated zones might stem as residual agglomerates since the initial manufacturing step of powder 
mixing and should be a direct consequence of both powder mixing procedure and the relatively low 
sintering temperature of Sample A. CL experiments reveal the presence of hydroxylated areas in a 
straightforward manner, thus indirectly visualizing the peculiar mechanism behind monoclinic nuclei 
formation in Sample A, an otherwise extremely resistant microstructure to hydrothermal 
transformation. Summarizing the situation, CL experiments proved that vacancy annihilation on 3Y-
TZP surfaces is the main stoichiometric alteration that accompanies phase transformation. However, 
polymorphic transformation was not simply governed by a monotonic (average) annihilation rate of 
oxygen vacancies over the entire surface, but stoichiometric alterations were locally driven by the 
chemical and morphological state of the Al2O3 stabilizing phase. Increasing the sintering temperature 
not only promotes ZrO2 grain growth, but also makes the alumina dopant precipitating into isolated 
grains (i.e., leaving large areas depleted of Al2O3 dopant). 

Figure 8. Scanning electron micrographs are shown in (a) and (b) of the as-received 
(thermally etched) microstructures of 3Y-TZP Samples A and B, respectively; The respective 
histograms of grain size are shown in (c) and (d) (average grain-size values given in inset); 
In (e) and (f), surfaces (without thermal etching) after 100 h exposure to hydrothermal 
environment are given for Samples A and B, respectively. 
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Figure 9. Semi-logarithmic-scale plots of monoclinic phase fractions and amount of 
annihilated oxygen vacancies as a function of exposure time in hydrothermal environment. 
The size of the used symbols corresponds to the standard deviation of the  
measured parameters. 

 

Figure 10. In (a) and (b), average CL spectra for 3Y-TZP Samples A and B, respectively, 
which were collected during increasingly long exposures in autoclave up to 100 h. 

 

Figure 11. In (a) and (b), a scanning electron micrograph and a CL intensity maps at 390 nm, 
respectively, as recorded at the same site on the surface of 3Y-TZP Sample A. 
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This is the case of Sample B, in which a faster polymorphic transformation was detected. Lowering 
the sintering temperature involves a finer microstructure, but also leaves in the material areas in which 
the Al2O3 dopant is easily hydroxylated. Hydroxylated Al2O3 areas could either form in hydrothermal 
environment or even survive in the sintered body as agglomerations since mixing of the raw powders. 
Such areas become potential nuclei from which polymorphic transformation originated and spread on 
the sample surface. In other words, CL data confirmed how hard could be the task of optimizing 
sintering temperature in 3Y-TZP: low sintering temperatures keep fine the microstructural array and 
homogeneous the distribution of stabilizing Al2O3 phase, but also allow for hydroxylated powder 
locations to exist as preferential sites for polymorphic transformation. All in all, our data demonstrate 
how sensitive are biomedical 3Y-TZP commercial grades to all the steps of the manufacturing process, 
owing to a strong dependence of their environmental resistance on local surface stoichiometry. 
Mastering how to control at a deterministic level 3Y-TZP stoichiometry issues could have, quite 
conceivably, led to discover some yet unknown family of zirconia ceramics, which could have shown a 
superior environmental performance. However, the economic side of the biomaterials business world 
(and, admittedly, also the level of our scientific understanding) was not ready for such a big research 
challenge. Consequently, developments abandoned complicated stoichiometry issues and were re-directed 
toward perhaps the most obvious way to obtain stability and toughness in the same biomaterial: mixing 
increasingly larger fractions of alumina to zirconia. 

3.2. Stoichiometry Matters 

By applying a spectroscopic approach similar to that followed for monolithic materials, the 
physicochemical processes governing the in vitro surface stability in hydrothermal environment of two 
leading (commercially available) Al2O3/ZrO2 femoral head components have been investigated at the 
molecular scale. The two investigated composites were designed according to completely different 
microstructural concepts. It is shown here how such different design choices have led to completely 
different responses in terms of oxygen sub-lattice stoichiometry, zirconia phase-stability, and residual 
stress state on the bearing surfaces, as their stoichiometric characteristics evolved under the effect of 
hydrothermal environment. Moreover, proof is also given of the impact of such responses on the 
intrinsic wear resistance of the two composite biomaterials. 

Al2O3/ZrO2 composites can be considered to be the latest technological development in bioceramics 
for arthroplastic applications. From the viewpoint of material design, they represent a microstructural 
“compromise” that could allow preserving both the biocompatibility and the phase stability of monolithic 
alumina in the human body and the enhanced mechanical properties of monolithic zirconia, through 
the exploitation of its peculiar mechanism of transformation toughening [116,117]. This simple 
material design concept has indeed been shown to work properly and Al2O3/ZrO2 composites have 
been reported to possess significantly improved mechanical properties, including a higher structural 
reliability, as compared to biomedical (monolithic) Al2O3 materials. In one of the two composites 
investigated here (BIOLOX®delta, manufactured by CeramTec GmbH, Plochingen, Germany; 
henceforth referred to as Composite A), the reinforcing phase consisted of 17 vol% fraction of  
sub-micrometric ZrO2 particles, which were partially stabilized with ~0.6 wt% Y2O3, while also a 
fraction of 0.3 wt% of Cr2O3 and a minor fraction of SrO phases were added to the raw powder. After 
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sintering, Y and Cr elements were founds mainly solved within the ZrO2 and Al2O3 lattices, 
respectively. On the other hand, the Sr element was fully incorporated in an SrAl12−xCrxO19 (strontium 
aluminate) compound, which represented about 3 vol% of the final sintered body. Because of its 
successful clinical history, Composite A has gained unrivaled popularity worldwide in the bioceramic 
market, which stands since more than 10 years. Recently (since the year 2009), a new Al2O3/ZrO2 
composite (KM AZ209, manufactured by Kyocera Medical Co., Kyoto, Japan; Composite B, 
henceforth) has been launched in the Japanese market [118,119]. This new material contains a 14 vol% 
fraction of fully unstabilized sub-micrometer-sized ZrO2 particles in addition to traces of other oxide 
additives for a total fraction of 2 vol% (SrO, TiO2, MgO, and SiO2 with relative fractions undisclosed 
by the maker). Unlike other cations, Ti ions were confirmed to stem in a solid solution of the 
corundum Al2O3 lattice, as better specified later. The microstructure of Composite B was tailored not 
only for matching the requirement of improved mechanical properties as compared to monolithic 
Al2O3, but also for achieving a complete stabilization of the ZrO2 phase in the severe environment of 
the human body. Note that both Composites A and B can be classified as bioceramic materials 
possessing extremely refined microstructures as compared to (monolithic) biomedical Al2O3 grades [120]. 
The mechanical properties published by the respective makers [118,121] were outstanding for both 
composites, including strength values well above 1 GPa and toughness values in the order of  
>4 MPa·m1/2; thus, far above those reported for monolithic alumina [122]. However, due to the quite 
recent release on the market of Composite B, a comparison between these two leading bioceramics in 
terms of clinical performance is still missing in the published literature. 

Figure 12a shows the volume fractional evolution of the ZrO2 monoclinic polymorph in the 
microstructure of Composites A and B as a function of aging time in a climate test chamber operating 
at 121 °C in water vapor. Autoclave exposures were intentionally extended up to very long durations 
(300 h) in order to scrutiny the ultimate response of the materials to hydrothermal attack. The two 
studied composites experienced almost the same fractions of monoclinic ZrO2 polymorph in their  
as-received state. In Composite A, the initial monoclinic fraction (~19 vol% of the added ZrO2 
fraction, corresponding to ~3.2% of the overall material volume) increased up to a saturated value of 
~70 vol% of the overall ZrO2 fraction (i.e., approximately 12% of the overall material volume).  
On the other hand, exposures in autoclave up to 300 h left the ZrO2 monoclinic fraction on the surface 
of Composite B almost completely unaltered at its initial fraction of ~17.5 vol% (i.e., ~2.5% of the 
overall material volume), as recorded in the as-received femoral head. In other words, the 
microstructural design of Composite B appears quite successful in fully controlling the 
environmentally driven development of monoclinic phase on the material surface. Note that, from a 
purely thermodynamic point of view, such performances in vitro indicate a significant progress in the 
material stability as compared to monolithic 3Y-TZP. If one neglects the effect of lipids, mechanical 
stresses, and other tribochemical contributions taking place in human joints, such long-term exposures 
could be estimated to correspond to in vivo periods of several human lifetimes when extrapolated to 
body temperature [123]. However, due to the differences between in vitro (no stress, no presence of 
lipids) and in vivo exposures, autoclave experiments are not conservative. Figure 12b shows the 
evolution of the residual stress stored onto the surface of the Al2O3 matrix phase of Composites A and 
B as a function of aging time in a climate test chamber operating as given above. The shown stress 
magnitudes correspond to the trace of the stress tensor, σ𝑖𝑖, and represent values averaged over sample 
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depths ≤70 nm. A comparison makes immediately clear how the recorded stress values in the  
as-sintered status and their successive evolutions are markedly different between the two investigated 
composites. The Al2O3 phase on the surface of Composite A was found to lie in a strongly 
compressive residual stress state in its as-received state, then it experienced a steep increase toward a 
stress-free condition (i.e., up to 50 h exposure in hydrothermal environment), to finally endure tensile 
stresses up to 500 MPa for any further elongation of autoclave exposure. In Composite B, exposures in 
autoclave up to 300 h produced only a mild increase on the average magnitude of residual stress stored 
onto the surface of its Al2O3-matrix. However, the recorded stress magnitudes, always tensile in 
nature, were as high as 0.75 GPa since the manufacturing stage. Note that such high magnitude of 
tensile residual stresses is confined to the very surface of the femoral head. Therefore, such residual 
stresses do not directly affect the bulk mechanical properties (i.e., strength and toughness) of the 
overall component. Their main effect should be expected on the wear resistance of the material in 
hard-on-hard couples, as it will explicitly be discussed later in this section. This author believes that 
systematic measurements of surface residual stresses on the bearing surfaces of ceramic components 
should mandatorily be performed by medical device industries when designing ceramic microstructures, at 
least in those components to be employed in hard-on-hard implants. Ignoring the behavior of residual 
surface stresses and their decisive role in wear resistance might be the results of a long-standing 
incapacity of quantitatively measuring them. However, CL studies clearly show here the possibility of 
analyzing surface stresses at the nanometer scale, thus clarifying their interconnection with chemical 
and environmental parameters. 

Figure 12. (a) Volume fractional evolution of the ZrO2 monoclinic polymorph in the 
microstructure of Composites A and B as a function of aging time in a climate test chamber 
(the y-axis refers to fractions of the overall ZrO2 fractions); (b) evolution of the residual 
stress stored onto the surface of the Al2O3 matrix phase of Composites A and B as a 
function of aging time in a climate test chamber. 
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Now, the challenge shall shift on how to explain such striking differences in surface stability and 
residual stress behaviors, despite the quite similar compositions of the two investigated composites.  
It is shown hereafter that the origin of such differences resides in some basic physical chemistry 
aspects of the composite surfaces. It should also be noted at the outset that the behaviors of the two 
investigated composites follow a quite counterintuitive trend in the frame of our general understanding 
of phase stability in ZrO2 ceramics. For similar Al2O3 matrices, unstabilized ZrO2 dispersoids 
(Composite B) seem to be more environmentally stable than Y-stabilized ones (Composite A). 

Specifically regarding the residual stress fields, static equilibrium requires that a tensile stress state 
in the Al2O3 matrix induce a compressive stress state in the ZrO2 grains, and vice versa. Moreover, it is 
known that compressive stress fields have a stabilizing effect on the tetragonal ZrO2 polymorph, while 
tensile ones destabilize it [124]. 

The main causes of residual stress in Al2O3/ZrO2 composites might be classified into three 
categories, as follows: (i) thermal residual stresses, which arise upon cooling from the manufacturing 
temperature and are caused by a mismatch in thermal expansion between the constituent phases;  
(ii) phase-transformation-induced residual stresses, which stem from the (constrained) volume 
expansion that accompanies polymorphic transformation of the ZrO2 lattice; and, (iii) compositional 
(or chemical) residual stresses, which might become significantly large when a strong oxygen  
off-stoichiometry is accumulated onto the material surface (i.e., upon dopant addition and/or through 
interactions with the environment). Note that thermal stresses (i.e., the above type (i)) in the Al2O3 
matrix are expected to be of a compressive nature when the ZrO2 phase in the composite is 
predominantly tetragonal, owing to a lower thermal expansion coefficient of Al2O3 as compared to 
tetragonal ZrO2 [125]. On the other hand, as far as stresses of type (ii) are concerned, a stress 
component of tensile nature should pile up in the Al2O3 phase in order to counterbalance the 
compressive stress field created in the constrained ZrO2 grains upon their transformation into  
the monoclinic polymorph (i.e., accompanied by lattice expansion) [125,126]. Regarding the effect of  
off-stoichiometry on the stress state of the surface, the rationale has already been given in discussing 
the trends observed for monolithic Al2O3. The lattice contraction associated with the formation of 
oxygen vacancies should potentially lead to surface shrinkage, but the constraint operated by the 
stoichiometrically unaltered sub-surface keeps the surface at its original dimension. The result is a 
tensile stress field of chemical origin stored within the faulted Al2O3 lattice of the bearing  
surface [94,127]. With these notions in mind, one could deduce that since Composites A and B in their  
as-received state have similar volume fractions of both tetragonal and monoclinic ZrO2 polymorphs, 
there is no reason why the residual stress components of the above types (i) and (ii) should differ. 
Moreover, stresses of types (i) and (ii) could by no means experience strongly tensile magnitudes, 
which were instead detected in Composite B. This is indeed another quite counterintuitive issue, unless 
one assumes a significant contribution of stresses of chemical origin (i.e., the above type (iii)) on the 
micromechanical state of the composite surface. 

The trends found for the CL intensity of bands related to Al2O3 oxygen deficiency are shown as a 
function of exposure time in autoclave in Figure 13 for both the investigated Al2O3/ZrO2 composites. 
The first derivatives for the trends are also shown, which give the rate of oxygen-vacancy formation in 
the Al2O3 phase. The main off-stoichiometry features related to the effect of environmental exposure 
can be listed as follows: 
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(i) The intensity of the F+-center emission (at 325 nm) from oxygen vacancies in the Al2O3 lattice 
was quite low in the as-sintered Composite A as compared to Composite B, although the 
intensity of this spectroscopic band consistently increased in both composites with increasing 
exposure time in autoclave. This means that oxygen vacancies were increasingly (and similarly) 
created on the surface of both alumina matrices by the effect of hydrothermal treatment. 
However, such increase in concentration started from quite different initial values (i.e., significantly 
lower in Composite A). 

(ii) The derivative plots in Figure 13 show that vacancy formation in the Al2O3-matrix phase of 
Composite A tended to saturate (derivative approaching zero), while in Composite B vacancy 
concentration continuously increased at a constant rate after an initially (mild) exponential rising. 

(iii) It was also found that the cumulative intensity of the CL emission from F+ and F 𝐴+ centers in 
ZrO2 (not shown here) strongly increased upon autoclaving Composite A, but remained almost 
constant (at high intensity) in Composite B up to 300 h exposure. Reminding that the intensity 
of these CL bands is representative of the concentration of oxygen vacancies annihilated in the 
ZrO2 lattice, one could deduce that the tetragonal ZrO2 phase in Composite A was initially rich 
in vacancies (due to the presence of Y3+ in its lattice), but underwent vacancy annihilation upon 
hydrothermal exposure. On the other hand, the as-received Composite B possessed a lower 
amount of oxygen vacancies in its ZrO2 phase, due to a lack of stabilizing phase. But, such low 
fraction was stably retained even after quite extended environmental exposures. We know from 
our studies of monolithic Al2O3 that the increasing trend for the F+ emission from the Al2O3 
lattice is due to surface hydroxylation followed by the formation of oxygen vacancies, in order 
to maintain electrical equilibrium on the material surface [27]. However, owing to the presence 
of traces of different dopants in solid solution in the corundum structure, there are fundamental 
differences between the processes of vacancy formation occurring in the Al2O3 matrices of the 
two studied composites. The very low initial amount of oxygen vacancies in the Al2O3 phase of 
Composite A (cf. CL intensity at 0 h in Figure 13) can be explained by considering that the Cr3+ 
isovalent cation behaves as a protective element against oxygen defect formation [128]. On the 
other hand, Ti3+ ions do not possess such property, besides their isovalent incorporation into the 
Al2O3 lattice should be similarly possible without alteration of the native oxygen sub-lattice [129]. 
Despite the steep vacancy-formation rate experienced in the first 50 h of autoclave exposure, the 
intensity of CL emission from the Al2O3-F+ centers in Composite A always remained distinctly 
below that recorded for Composite B. In other words, there was a systematically higher oxygen 
vacancy concentration in the latter biomaterial. Being a donor-type dopant, Ti3+ sites should 
tend to annihilate through enhancing the incorporation of oxygen excess in the crystal lattice 
(i.e., with providing the electrons that are required for trapping O2− from the environment). 
Oxygen vacancies might then gain the outer electron of Ti3+ sites creating (Ti4+-F+) spatially 
correlated complexes in the Al2O3 lattice. 
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Figure 13. Trends found for CL intensity of bands related to oxygen deficiency in the 
Al2O3 matrix as a function of exposure time in autoclave for both Composites A and B. 
The size of the used symbols corresponds to the standard deviation of the measured CL 
intensity. The derivatives of the curves are also shown, which represent the vacancy 
formation rate on the surface. 

 

In other words, unlike Cr3+, when Ti3+ is solved in the corundum structure, it tends to change its 
valence and to favor oxygen vacancy formation more quickly than undoped Al2O3. High concentration 
of oxygen vacancies is then the reason for the highly tensile stress magnitudes recorded in the Al2O3 
phase, which thus prove being of a chemical/stoichiometric nature. For obeying static equilibrium, 
ZrO2 dispersoids must then be embedded in a strong compressive stress field, which thus stabilizes 
them even in the absence of Y3+ dopant. It is therefore demonstrated that oxygen stoichiometry in the 
Al2O3 matrix is governed by small amount of different dopants (Cr3+ vs. Ti3+) and can lead to different 
phase-stability behaviors, as found in the studied composites and depicted in Figure 12a. 

The impact of stoichiometry and residual stress states of the composite surface on the intrinsic wear 
resistance of self-mating bearings was assessed by means of a specially designed pin-on-ball 
tribometer, which enabled testing femoral heads as received from the maker. The details of this testing 
device have been given in previous publications [130,131]. It suffices here to consider that the testing 
conditions were those of a completely dry sliding and were adjusted for exactly matching the 
international standards released for the pin-on-disk wear testing configuration (i.e., ASTM G99/G95, 
DIN 50324, and ISO/FDIS 20808:2003(E)). Although dry sliding might be judged as a quite severe 
condition with respect to standard wear simulations in protein-lubricated environment, the pin-on-ball 
testing procedure presented here not only allows one to test the ultimate hard-on-hard wear resistance 
of the material, but could also be a realistic test in simulating a lack of synovial fluid in vivo in 
ceramic-on-ceramic hip joints. The results of a search for elliptical scars after wear tests on the pins 
made of Composites A and B after testing for 2 × 103 m are shown in Figure 14a,b respectively. 
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Figure 14. Optical images at the locations of elliptical scars on the pins made of 
Composites A and B after self-mating tests lasting 2 × 103 m in a pin-on-ball configuration 
(in (a) and (b), respectively); In (c) and (d), high magnification electron micrographs are 
shown from the damage scar regions (from ball side) in Composites A and B, respectively. 

 

The scar in Composite A was quite shallow as compared to Composite B, and it could not be clearly 
observed under the optical microscope. The modification of the surface due to wear were resolved by 
mapping the scar in the SEM, which allowed us to plot the scar diameter as shown in Figure 4a.  
The diameter of the scar in Composite A was smaller than that of Composite B (cf. scar diameters in 
Figure 14a,b). Accordingly, the specific wear rate of the former composite couple was about one order 
of magnitude lower than that of the latter (2.23 × 10−17 vs. 2.42 × 10−16 m2/N). The measured friction 
coefficients were similarly low (~0.38) in both composites as compared to that measured under the 
same tribological conditions in monolithic Al2O3 (i.e., ~0.52). Testing for comparison monolithic 
alumina femoral heads gave a specific wear rate of 1.03 × 10−16 m2/N, thus revealing that the specific 
wear rate of Composite B in self-mating tests was twice as worse as that of monolithic alumina 
bearings. Figure 14c,d) show higher magnification electron micrographs taken in damage scar regions 
(from the ball side) of Composites A and B, respectively. The micrographs reveal a quite high level of 
surface damage in Composite B, with significant ZrO2 grain detachment. On the other hand, the 
damages on the surface of Composite A were limited to micro-scratches, only quite sporadically 
accompanied by grain detachments (i.e., no grain pullout is indeed observed in the shown micrograph). 
The behavior of Composite A was quite improved as compared to that of a biomedical grade of 
monolithic Al2O3, as shown in details in a previously published report [131]. However, the wear 
performance of Composite B was even slightly worse than that of monolithic Al2O3. This suggests that 
hip joints made of Composite B are not suitable for hard-on-hard bearings or, at least, they do not 
show any improved wear performance as compared to monolithic Al2O3. In conclusion, stoichiometry 
matters in bioceramics. Sophisticated empirical optimizations have led to Composite B, which is 
probably the most “bioinert” ceramic ever launched in the hip-joint market. However, the wear 
performance of this new material appears to be disappointing, if the ultimate goal is set to produce 
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hard-on-hard joints lasting as long as a human lifetime. On the positive side, the antithetical effect of 
Cr3+ and Ti3+ suggests the possibility of tailoring the surface properties of Al2O3/ZrO2 composites 
through suitably doping the Al2O3 matrix phase. 

3.3. Ionic or Covalent? 

Basic notions of chemistry teach us that water can dissolve many ionic compounds because of the 
polarity of its molecules. The physical chemistry origin of such phenomenon resides in the fact that 
ionic compounds have a charge and can interact with either side of the water dipole. Such interaction 
might ultimately lead to breakage, as we have seen, of the ionic molecule by hydroxylation or 
dissociative chemisorption. On the other hand, (non-polar) covalent compounds cannot form hydrogen 
bonds and thus are expected to have little or no interactions with water molecules. According to the 
above reasoning, using covalently bonded ceramics in principle appears to be the most straightforward 
solution to improve bioinertness in hip-joint bearings. But, are things actually so simple? The need for 
high toughness and structural reliability would suggest driving our attention on Si3N4 ceramics as a 
primary covalent-bonded candidate for arthroplastic joint applications [132–135]. Toughness of a 
commercially available Si3N4 biomaterial (manufactured by Amedica Corporation, Salt Lake City, UT, 
USA) has been reported as two to three times higher than that of monolithic Al2O3 and was also 
appreciably higher than that of the leading Al2O3-ZrO2 composites (Composite A in the previous 
section), toughened by polymorphic transformation [136]. However, also Si3N4 bioceramics are 
polycrystalline in nature and, for manufacturing them, liquid-phase sintering is usually carried out by 
addition of oxides, including Y2O3 and Al2O3 [137,138]. The addition of oxide phases during sintering 
is a fundamental prerequisite for the achievement of an acicular grain morphology and for the 
obtainment of intergranular fracture mode, namely the two concurrent requirements needed for 
achieving high toughness [139–143]. However, the chemical composition of grain boundaries filled 
with oxide phases might also play a role in long-term bioinertness and contact-damage resistance. 
Moreover, the bulk lattice, which actually is a Si-Al-O-N structure (with residual Y stemming at grain 
boundaries) [137,142] contains highly electronegative atoms (i.e., nitrogen), which can form H-bonds 
to the water molecules. Understanding the tribochemical role of such processes represents the key to 
discuss the suitability of Si3N4 in hip arthroplasty. The tribological properties of silicon nitride are 
excellent but, as those of many other ceramics, strongly depend on the specific outputs of tribochemical 
reactions. Such reactions modify both surface composition and morphology. Fortunately, however, not 
all the tribochemical reactions have a negative impact on wear. Under humid conditions, hydroxylated 
silicon oxide is the main product of tribochemical wear in self-mated Si3N4 bearings, which flattens the 
surface thus decreasing stresses on asperities and reducing wear rate and friction level. Si3N4 ceramics 
can indeed be chemically very stable, although under frictional conditions their surfaces might become 
quite reactive. Covalent bonds in ceramics are strong due to shared electrons between atoms of similar 
electronegativity. However, boundary lubrication studies of silicon nitride [144,145] suggested that its 
reactivity with water was consistent with wear testing results on the effect of humidity on wear rate. 
The proposed reaction process is based on a regular thermochemical reaction. Taking now into account 
the present trend toward the incorporation of non-oxide ceramics into joint prosthetic applications, 
more comprehensive understanding of ceramic thermal chemistry and tribochemistry in biological 
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environment is obviously needed. Available data for wear testing of Si3N4 in water [146] have shown 
that after an initial (relatively) high wear rate, water generates a strong lubrication effect with  
silicon nitride. 

To explain this phenomenon, the following chemical reaction had been postulated, which envisage 
the formation of a “lubricating” layer of silica: 

4 2 33 2+  Si N 6H O 3SiO  + 4NH→  (5) 

Some paper has described ammonia formation (i.e., Equation (5)) from silicon nitride in the 
presence of water, according to a mechanistic model [147]. The reaction is a mechanically activated 
hydrolysis by water vapor, i.e., a reaction caused by a direct contact between disturbed Si-N bonds and 
water, which yields silica and ammonia [148]. Muratov et al. [149] introduced the intriguing idea that 
the cause of the enhancement of the reaction rate (or tribochemical wear rate) in Si3N4 ceramics might 
reside in bond stretching that lowers the gap between electronic orbitals, vibrational excitation pulses, 
and dissipated heat. All these factors are linked to bond stretching and molecular vibrations, which we 
can measure by spectroscopic tools. It is also emphasized that friction might activate the reaction and 
this implies also that active reaction sites are produced by frictional work. The mechanism of 
tribochemical reactions (i.e., schematically shown in Figure 15) thus involves subsequent steps of 
formation of active sites (ammonia, silicic acid, and hydroxylated SiO2 condensation products) and 
adsorption layers, formation of products by tribochemical reaction, and removal of such products  
(e.g., light molecules, larger molecules, or particles) from the surface. The exact determination of the 
chemical nature of active sites is indeed a difficult matter since they react during frictional sliding. 
However, the overall phenomenon, unlike the case of oxide ceramics, does not appear to lead to 
surface degradation, but rather to a surface self-protective cycle. Note that the tribochemical picture of 
Si3N4 fits well into our concept here: deeper knowledge of physical chemistry leads to better 
bioceramics. Moreover, ammonia is known to annihilate bacteria by raising the local pH to highly 
alkaline levels where bacteria cannot survive [150]. When dissolved in water, ammonia might capture 
protons (i.e., while becoming charged to NH4+), thus reducing proton concentration and locally raising 
the environmental pH. Therefore, not only Si3N4 is conspicuously unaffected by the detrimental effects 
of environmental protons during in vivo environmental exposure, but it also possesses the ability to 
capture protons. This property might represent a therapeutic advantage for osteoarthritic patients. It is 
known that osteoarthritic inflammation (and subsequent joint damage) is the result of oxidative stress, 
namely an imbalanced state whereby free radicals might predominate over antioxidants. Oxidative 
stress is in turn the consequence of multivariate and concurrent factors, including the formation of 
endotoxins such as those produced from bacteria, dietary factors such as excess sugar and saturated fat, 
and insulin resistance. Biomechanical stress then enhances structural and biochemical changes within 
the cartilage, which result in the formation of free radicals and in the occurrence of detrimental 
chemical reactions. It is suggested that the function of locally neutralizing excess protons, enhancing 
local pH, and minimizing sources of free radical production could also be one of the advantages of 
using Si3N4 ceramics in orthopedic and other biomedical applications. 

Similar to the case of ceramics with ionic bonds, also the covalently bonded Si3N4, in spite of the 
(wrong) ceramic reputation of chemical inertness, is susceptible to tribochemical reactions, which in 
turn lead to the formation of surface films and thus modify its frictional behavior. However, as we 
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already stated, not all reactions come to deteriorate the surfaces. As several other non-oxide ceramics, 
Si3N4 exposed to air commonly forms an oxide film on the sliding surfaces. The oxidation film can 
thus react with water, according to the following equation: 

2 42+2  SiO H O Si(OH)  →  (6) 

Figure 15. Behavior of a silicon nitride ceramic surface in a tribochemically  
active environment. 

 

The frictional coefficient measured by pin-on-flat standard techniques is strongly affected by such 
reaction and experiences initial values of ~0.6 (i.e., higher than that of monolithic Al2O3 and 
Al2O3/ZrO2 composites). However, as the oxidation reaction proceeds, the coefficient of friction of 
Si3N4 gradually decreases down to values as low as 0.32 [145–149,151]. In substance, tribochemical 
reactions in Si3N4 provide flat surfaces and decreases stresses since insoluble tribo-products might act 
as lubricants by forming protective films, such as hydrated silicon oxides in water vapor environment. 
In other words, self-mating Si3N4 bearings appear to possess a self-lubricating function. Therefore, 
from the point of view of a bulk Si3N4 lattice, one could conceivably expect an improved long-term 
wear behavior in hard-on-hard hip couples. Such improvement could lead to a significantly elongated 
lifetime as compared to oxide ceramics. 

What about the role played by grain boundaries in non-oxide ceramics? We mentioned that 
sintering of Si3N4 ceramics up to a fully dense state would necessarily require the addition of a 
substantial fraction of oxide additives to the starting Si3N4 powder. Such oxide additives melt at high 
temperature and form a liquid phase. This phenomenon helps the material to reach a full densification 
(i.e., otherwise hindered by a quite low self-diffusion coefficient), and allows the microstructural 
development of acicular grains that leads to high toughness and high reliability [139–143]. After 
sintering, the additive phase-mixture stems at grain boundaries as a continuous film [139,152]. This is 
the reason why the “wet” Si3N4 grain boundaries, unlike the “dry” ones of an equally hexagonal Al2O3 
polycrystal, possess a good coherency and reduced residual stresses of thermal origin, even at unfavorable 
neighboring grain orientations. One challenge, however, might reside in optimizing the role of grain 
boundary phase with respect to contact damage behavior. This is indeed a crucial issue in hard-on-hard 
hip bearings, for which sliding is expected to occur under conditions of swing and microseparation.  
To minimize contact damage, strong grain boundaries might be required, while toughening should 
instead require substantial interface debonding, and thus weak grain boundaries. This will obviously be 
a matter of microstructural compromises that have to be searched for in properly setting the material 
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processing conditions. The commercially available Si3N4 biomaterial manufactured by Amedica 
Corporation contains a relatively large fraction of Y2O3 and Al2O3 phases (6 wt% and 4 wt%, 
respectively) as sintering aids. This biomaterial is successfully used in spine fusion devices, but is also 
a primary candidate for hip-joint bearing couples. Preliminary data on Amedica Si3N4 show quite 
promising outputs not only in terms of wear resistance and tribochemical bioinertness, but also in 
terms of new functionalities related to anti-infective and osteointegration properties [153,154]. In other 
words, the future might be bright for Si3N4 bioceramics components of hip-joint implants, as they are 
now clearing up the pre-clinical conditions for becoming the first non-oxide ceramic employed in  
hip arthroplasty. 

4. Conclusions 

With this paper, we aimed at expressing and documenting the need for entering upon an updated 
chapter of hip-joint tribology including physical chemistry concepts in the definition of bioceramic 
inertness and studies of in vivo tribochemical phenomena. Clear evidence has been given for 
tribochemical interactions occurring between body environment and the alumina lattice, new aspects 
unveiled for zirconia instability and for the role of small amounts of additives in Al2O3-ZrO2 
composites. From this body of new physical evidence, it vividly appears how surface off-stoichiometry 
and micromechanics are tightly related to each other and both governed by the physicochemical 
behavior of the ceramic surfaces in biological environment. All these phenomena have so far been 
almost completely neglected, probably simply because there was no an efficient analytical tool or 
methodology to clearly visualize them. CL spectroscopy proved thus quite innovative in this context, 
allowing one to locate the concentration of point defects, to map them with high spatial resolution, and 
to use their stress sensitivity for characterizing so far unknown magnitudes of surface stresses stored 
onto the ceramic bearing surfaces. It should now be established that the common sense of oxide 
bioceramics being fully bioinert in the human body is only based on an approximate view of these 
materials. Moreover, this concept is intrinsically untrue at the molecular scale. The misleading 
assertion of oxide-ceramic bioinertness has long spread throughout information networks and might 
have induced even the expert audience to retain inexact understanding. Physical chemistry arguments 
instead suggest that it could be the time to move forward from oxide ceramics, whose lifetime will 
necessarily be limited owing to their intrinsic oxygen activity in hydrothermal environment. We need 
now to abandon obsolete stereotypical views, finding the strength and the determination to explore 
new alternatives for hip-joint bearing materials. Quite positive news will likely come from the class of 
non-oxide ceramics. 
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eramic Materials in Total Joint Arthroplasty
. Sonny Bal, MD,* Jonathan Garino, MD,† Michael Ries, MD,‡

nd Mohamed N. Rahaman, PhD§

Bearing surfaces made of ceramic materials are an alternative to metal-on-polyethylene
(PE) articulations in total hip arthroplasty and total knee arthroplasty. The advantage of
ceramic surfaces in total joints is the reduction in wear rates compared with metal-on-PE.
Lower wear rates result in a decreased volume of wear particles produced by the articu-
lating surfaces. In theory, this should reduce the risk of periprosthetic osteolysis and
premature implant loosening, thereby contributing to the longevity of prosthetic joints. In
addition to ceramics, other alternative bearings, such as highly cross-linked PE and
metal-on-metal, also offer decreased wear rates when compared with metal-on-PE articu-
lations in total joint arthroplasty. Alumina and zirconia ceramics are familiar to orthopedic
surgeons because both materials have a long history of use in total joint bearings.
Alumina-on-alumina ceramic total hip articulations are now available in the United States
from several implant manufacturers. Composite materials made by combining alumina and
zirconia, metal-on-ceramic articulations, and new ceramic materials will offer even more
choices as the search for the ideal bearing combination in total joint arthroplasty continues.
The purpose of this article is to review the material properties, clinical applications,
evolution, and limitations of the ceramic materials used in total joint bearings.
Semin Arthro 17:94-101 © 2006 Elsevier Inc. All rights reserved.

KEYWORDS biomaterials, ceramics, total joint arthroplasty
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lumina and zirconia ceramics have been used as alterna-
tives to cobalt-chrome (CoCr) in total hip arthroplasty

THA) and total knee arthroplasty (TKA) since the 1970s.1-5

he advantage of these ceramic materials in orthopedic bear-
ngs is the reduction or possible elimination of polyethylene
ear particles from the periprosthetic space. The accumula-

ion of microscopic wear particles in total joint articulations
s known to produce periprosthetic inflammation, bone loss,
nd aseptic loosening of the implants requiring repeat sur-
ery.6,7 Accordingly, any material advancement that can re-
uce bearing wear rates in THA and TKA can potentially
ecrease the morbidity and risks associated with revision
urgery related to wear particles.8-10
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Proponents of other materials, such as metal-on-metal and
ighly cross-linked polyethylene (XLPE), have advocated the
ear advantages of these bearings materials instead. While
etal–metal couplings do reduce wear in THA, concerns

elated to delayed hypersensitivity and to the potential long-
erm risks associated with the systemic dispersion of fine
etal ions remain unanswered.11,12 XLPE offers several ad-

antages for the surgeon, such as familiarity with the mate-
ial, modularity, and the ability to use large femoral heads in
HA.13,14 However, other reports have raised concerns re-
arding the brittleness of XLPE, particularly in association
ith component malpositioning and impingement.15-18

LPE is susceptible to scratching and third-body wear,19 and
he wear reductions achieved in metal–XLPE articulations are
elatively modest20 compared with the thousandfold or
reater reductions in wear reported with ceramic–ceramic
rticulations.21 The smaller size of polyethylene particles gen-
rated from wear of XLPE bearings may also present an in-
reased particulate load in vivo, and how this will affect the
ncidence of osteolysis is still unkown.22 XLPE bearings have
een in clinical use only since 1998, whereas alumina ce-
amic bearings have been in use for more than 20 years, with
o osteolysis reported in at a minimum 18.5-year follow up
n one report.23 Therefore, while XLPE may have advantages
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Ceramic materials in total joint arthroplasty 95
n total joint arthroplasty,24 the long-term outcomes of this
aterial in total joint arthroplasty are unknown.
The superior wear characteristics of ceramic materials in

rthopedic bearings have been documented in many clinical
nd experimental investigations.23,25-30 Total hips with alu-
ina–alumina articulations have less osteolysis in the prox-

mal femur when compared with metal-on-PE controls at
years following surgery.31 In addition to the alumina and

irconia bearings that are familiar to orthopedic surgeons,
urface modification of metal to an oxidized zirconium layer
s another ceramic technology that can reduce PE wear in
HA and TKA.32 Composites made by mixing ceramic mate-
ials and new ceramic materials will offer increased bearing
ptions to the arthroplasty surgeon in the future, including
he possibility of metal-on-ceramic couplings. The purpose
f this report is to review the properties, applications, limi-
ations, and future developments in ceramic materials that
re relevant to total joint arthroplasty.

aterial Properties of Ceramics
lumina (Al2O3) and zirconia (ZrO2) ceramics have been
sed extensively in total joint bearings, particularly in THA.
ypical of ceramic materials, alumina and zirconia are crys-

alline structures in which the atoms are held together by
trong ionic and covalent bonds. Strong atomic bonding
ives the characteristic high compressive strength, hardness,
nd chemical inertness to ceramics. Alumina and zirconia are
xidized ceramics, and their high oxidation levels confer
hemical stability, resistance to corrosion, and reliable long-
erm behavior in vivo.33-36 These material properties are de-
irable in total joint bearings that must perform reliably in the
n vivo environment for many decades.

The strong crystalline structure of alumina and zirconia is
lso responsible for an unfavorable material characteristic,
hich is the brittleness or the low resistance to the propaga-

ion of cracks within ceramics. The brittle behavior of ceram-
cs is manifested in their low fracture toughness values,
hich are lower than those of the metals used in orthopedic

urgery.

abrication of Ceramics
eramic bearings for total joints are made by heating fine
articles or powders of the raw material to just below the
elting point. Raw powders are formed into a porous con-

truct with the desired shape, followed by heating (or sinter-
ng) in a kiln to a high enough temperature to bond the
articles together. The properties of the fabricated material
ary with its microstructure. The microstructure is character-
zed by the nature, quantity, and distribution of the material
rains, the porosity within the grains, and the manufacturing
onditions. Grain homogeneity, purity, and size consistency
avorably affect the mechanical properties of the finished
earing. A higher density (lower porosity) and smaller grain
ize will generally lead to superior mechanical properties and

trength in the ceramic bearing. c
The performance of ceramic bearings also depends criti-
ally on the fracture toughness of the material and on the
esign of the implant in which the ceramic bearing will be
sed. Modern manufacturing methods such as hot isostatic
ressing can practically guarantee the production of ceramic
earings with near-zero internal porosity and with a fine,
niform grain size distributed evenly throughout the mate-
ial. The improved reliability of modern ceramic bearings
ompared with earlier versions of the same material is a result
f the improvements in raw materials, manufacturing pro-
esses, and implant design.37,38

atastrophic Failures
f Ceramic Femoral Heads

he unexpected catastrophic failure of a ceramic femoral
ead in vivo is a concern for the clinician, no matter how
mall the risk, since this mode of failure is not associated with
etal femoral heads.39 Flaws in the ceramic material, such as
icroscopic pores, notches, inconsistencies, and scratches

an be introduced during fabrication or surface machining of
he finished bearing. With repetitive loading, stress concen-
ration at a material imperfection can result in a crack migrat-
ng through the material, with catastrophic failure as the ul-
imate result. Under similar conditions, metal bearings
ndergo plastic deformation instead, thereby dissipating lo-
al stresses without catastrophic failure (Fig. 1).

Clinically, catastrophic failure of a ceramic bearing is usu-
lly encountered as the unexpected failure of a ceramic fem-
ral head in THA. While this complication is rare, it can
ccur in the absence of any identifiable risk factor.39,40 Patient
besity, strenuous activity, and trauma have been implicated
n the catastrophic failure of ceramic femoral heads, but these
henomena produce loads that are well below the fatigue

imit of ceramic materials.39 High compressive loads are well
olerated by ceramic bearings, but tensile stresses such as
hose that can develop inside the taper bore of a femoral head
uring impaction on a metal trunion can result in ceramic
ailure. In alumina acetabular inserts, tensile forces can con-
entrate at the edge with impaction of an eccentrically seated

igure 1 Ductile versus brittle behavior of orthopedic metals and

eramics, respectively.
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96 Bal et al.
nsert in a metal acetabular shell, resulting in chipping of the
nsert edge.41

It has been hypothesized that tensile loads may be stored as
oop stresses within ceramic femoral heads, leading to de-

ayed failure. This failure mechanism has been described ex-
erimentally42 and clinically.43 In one report, a ceramic fem-
ral head broke 1 month after the patient fell and 3 years after
HA implantation.43 A possible explanation for the failure
as that the fall resulted in damage and stress retention in the

eramic head, with failure occurring when the internal ma-
erial stress exceeded its fracture strength. Experimentally, a
eramic femoral head has been shown to survive multiple
orceful impactions on a metal trunion without apparent
amage, with fragmentation occurring after an overnight
elay.44

Improvements in material technology and in implant de-
ign have sought to overcome the limitations of ceramic ma-
erials and have contributed to the safety of modern ceramic
earings. Morse tapers on modern femoral stems are opti-
ized to work with ceramic femoral heads, thereby contrib-
ting to the safety of ceramic–ceramic THA.39 The design of
he taper–bore junction at the interface between a ceramic
emoral head and the metal stem critically affects the perfor-

ance of ceramic femoral heads (Fig. 2). Variables such as
he taper material, depth of bore, contact area of the ceramic
ead, trunion–bore distance, and the chamfer shape at the
ase can influence the clinical outcomes of ceramic
eads.45,46 Tensile stresses localize at the upper bore corner
nd can be minimized by increasing the ceramic–metal con-
act area, increasing the trunion–bore distance, and center-
ng the contact area on the bore.46 Thus, different prosthetic
eck lengths in a ceramic femoral head can influence the risk
f catastrophic fracture in vivo.41

Morse tapers designed to accept ceramic femoral heads
sually have a microscopic pattern of peaks and valleys on
he surface that flatten during head impaction, thereby

igure 2 Design variables at the ceramic femoral head–taper junction

that affect the risk of catastrophic femoral head failure.
venly distributing the loads and avoiding stress concentra-
ion.41 Scratching, corrosive damage to the metal taper or
aterial interposed between the taper and head can lead to
neven loading and increase the risk of ceramic failure.47,48

his is the reason for the recommendation that ceramic fem-
ral heads should be implanted on a clean, unused, and
ndamaged metal taper.
Limited reports have described the use of femoral compo-

ents made of alumina and zirconia in TKA.4,49-51 Femoral
omponents made of oxidized zirconium have been favored
n TKA,32 at least in the United States, because of concerns
elated to the brittle nature of all-ceramic components, even
hough the catastrophic failure of an all-ceramic femoral
omponent in TKA has yet to be reported.

luminum Oxide
Alumina) Ceramics
lumina has been used in THA bearings since the 1970s

Table 1).52 Pure alumina (Al2O3) has a very low coefficient of
riction, making it very suitable as an orthopedic bearing
urface. Alumina femoral heads decrease polyethylene wear
ates in alumina–polyethylene THA articulations,29 and alu-
ina–alumina articulations can eliminate polyethylene from
HA.23 Alumina has excellent biocompatibility and aging in
ivo does not affect its material properties.53

The contribution of improvements in raw materials, im-
lantation techniques, manufacturing variables, and implant
esign in reducing the risk of catastrophic failure is best

llustrated in the evolution of alumina femoral heads.38,39

lmost all alumina THA bearings in the United States are
istributed under the trade name of Biolox Forte (CeramTec,
lochingen, Germany). The estimated risk of catastrophic in
ivo failure of a Biolox Forte femoral head is between
/25,000 (0.004%) and 1/10,000 (0.01%).54 Proponents of
lumina bearings in THA point out the much higher risk of
ther adverse outcomes associated with routine THA, such as
nfection, dislocation, revision, and venous thrombosis.55,56

irconium Oxide
Zirconia) Ceramics
irconia-based oxide (ZrO2) ceramic bearings were intro-
uced in total joints with the goal of reducing catastrophic
ailures associated with alumina heads while retaining the
uperior wear properties of smaller diameter femoral heads
gainst PE.57,58 Pure zirconium oxide exists in three crystal-
ine forms, which describes the geometric arrangement of
toms as cubic, tetragonal, and monoclinic phases.59 Pure
irconia is not useful as a bearing material because it is un-
table, ie, it can undergo transformation from one form
phase) to the next, with shape and volume changes that
ender the material susceptible to cracking.

The addition of stabilizing materials such as MgO, CaO, or

2O3 during manufacture can control the phase transforma-
ion of zirconia, thereby improving the mechanical proper-

ies of the material by a process called transformation tough-
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Ceramic materials in total joint arthroplasty 97
ning.60-62 If the volume expansion related to phase
ransformation is limited to the surface layers of a zirconia
earing, then cracks become self-limiting and the volume
xpansion in the material creates a barrier to crack propaga-
ion.63,64 This concept has been used to develop several zir-
onia compositions for orthopedic bearings, such as partially
tabilized ZrO2 (abbreviated PSZ), tetragonal zirconia poly-
rystals (TZP), and ZrO2 particle-toughened ceramics, or
rO2-toughened Al2O3 (ZTA).

etragonal Zirconia Polycrystals
etragonal zirconia polycrystals is the strongest and toughest
f the ZrO2-based ceramics with full density, fine grain size,
nd lack of strength-limiting flaws.64 Because catastrophic
ear can occur with zirconia-on-alumina and zirconia-on-

irconia articulations,65 yttria-stabilized zirconia (Y-ZTP)
emoral heads are designed for use only against PE or XLPE
cetabular inserts in THA.66 A serious limitation of Y-ZTP
elates to its instability; the material can undergo uncon-
rolled phase transformation and cracking in the heat and
oisture of autoclave conditions67 and a time-dependent

egradation at body temperatures.67,68 In theory, these ad-
erse phenomena can be addressed by tightly controlling
rain size and powder composition, but, in practice, the mul-
iple uncontrolled variables encountered in vivo can increase
he risk of catastrophic failure of Y-ZTP femoral heads.68,69 A
ingle alteration in the manufacture of commercial Y-ZTP
emoral heads by one vendor, for example, led to a high
ncidence of premature failure and the ultimate withdrawal of
ll Y-ZTP from orthoaedic applications.46

artially Stabilized Zirconia
artially stabilized zirconia usually contains MgO as an addi-
ive. Mg-PSZ (partially stabilized zirconia with magnesium
xide as stabilizer) was among the first zirconia ceramics
ntroduced in the United States because of its excellent
moothness and toughness.70 Mg-PSZ ceramic femoral heads
re still available in the United States for use against PE or
LPE liners (Biopro, Huron, MI), although they are not
idely used. An advantage of Mg-PSZ over Y–ZTP is its re-

istance to strength degradation in a moist environment, even
t autoclaving temperatures.71,72 Retrieval data have shown
hat, unlike Y-ZTP, femoral heads made of Mg-PSZ do not
ndergo phase transformation in vivo.73 However, clinical
ata with this material are very limited, and the grain size
istribution and mechanical properties of Mg-PSZ are usually

nferior to those of well-fabricated Y-TZP in the absence of
ny material degradation.

lumina–Zirconia Composites
irconia-toughened Alumina
irconia-toughened alumina is a two-phase material (or com-
osite), consisting of zirconia particles dispersed in a dense,
ne-grained alumina matrix. This material is an improve-
ent over alumina. ZTA has the high hardness characteristics
of the alumina matrix, with improved strength and fractureTa
b
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98 Bal et al.
oughness over alumina and less risk of material degradation
ompared with Y-TZP. Hip simulator tests suggest that the
ear rate of ZTA–ZTA couplings in THA is lower than that for

lumina–alumina.74 However, experimental aging of ZTA for
ong periods in Ringer’s solution can lead to material degra-
ation and a decrease in the material strength.75 ZTA bearings
o not have extensive clinical data to support their wear
dvantages at the present time.

lumina Matrix Composite
irconia-toughened alumina can be modified further with
dditives such as SrO and Cr2O3 to fabricate an alumina
atrix composite material (AMC).76,77 These additives react
ith the alumina matrix, creating elongated grains that

trengthen the material by providing an additional barrier to
rack propagation.

Hip simulator tests show that the wear rate of AMC–AMC
ouplings in THA is less than those for ZTA–ZTA, or alumina–
lumina.78,79 Biocompatibility tests have shown that AMC is
ioinert.76 THA bearings derived from AMC are presently
arketed in the United States under the trade name Biolox
elta (CeramTec). Because the material is relatively new, its

eliability and advantages over the more widely used Biolox
orte alumina are not known.

onoxide Ceramics
n contrast to alumina and zirconia, both of which are oxi-
ized ceramics, other ceramic materials such as silicon car-
ide (SiC) and silicon nitride (Si3N4) are classified as nonox-

de ceramics. Silicon carbide has increased strength and
ardness characteristics compared with alumina, but compa-
able fracture toughness values.80 Since the corrosion and
ear behavior of SiC in the physiologic environment is not
nown, and its fracture toughness is similar to alumina, it is
ncertain if pure silicon carbide has a role in orthopedic
earings.
On the other hand, silicon nitride has material properties

hat are suitable for high reliability applications such as total
oint bearings.81,82 Material testing of silicon nitride compos-
tes has shown a 50% increase in strength and fracture tough-
ess over current ZTA or AMC, and wear tests of silicon
itride THA bearings have shown excellent wear character-

stics.81

The unique mechanical and wear properties of silicon ni-
ride allow CoCr–ceramic articulations in total joints, in a
onfiguration that retains the traditional advantages of metal
emoral heads. Experimental wear rates of silicon nitride ce-
amic-on-ceramic and ceramic-on-cobalt chrome couplings
re similar to those of alumina THA bearings.81 Long-term in
ivo exposure to silicon nitride does not result in adverse
iological reactions such as toxicity, mutagenicity, allergenic-

ty, or carcinogenicity.83-85 Silicon nitride bearings for total
oint applications are in development by Amedica Corpora-
ion (Salt Lake City, UT) and may offer additional arthro-

lasty bearing options and combinations. f
ard Coatings on Metals
he wear properties of metal bearings can be improved by the
urface deposition of hard material coatings.86 The tech-
iques used have included nitrogen ion implantation, ther-
al diffusion, and vapor deposition of a nitride coating.87-89

any of these wear-reduction strategies have not proven suc-
essful in clinical applications. For example, whereas tita-
ium nitride coatings can improve the hardness and wear of
etal orthopedic bearings, their performance under critical

tress conditions is unpredictable.90,91

The application of thin, diamond-like carbon coatings on
emoral heads is a hard coating technology that can improve
he wear performance of metal bearings.92,93 Amorphous di-
mond coatings have desirable properties such as low friction
nd high resistance to wear and corrosion.93 Diamond-like
oatings also show excellent resistance to surface abrasion.94

hile experimental data are encouraging, the performance
f diamond-coated bearings in the complex in vivo environ-
ent remains unknown. THA bearings with thin diamond

oatings are being developed and tested for clinical trials by
iamicron (Orem, UT).95

urface Modifications of Metals
he surface transformation of metal to oxidized zirconium is
strategy to decrease PE wear in THA and TKA. A wrought

irconium alloy (Zr-2.5% Niobium) is oxidized by thermal
iffusion to create a 5-�m oxidized zirconium layer
Oxinium, Smith & Nephew, Memphis, TN).96 The surface
xide is a transformation of the metal into zirconium oxide
eramic, which can be polished to an articulating surface.
xidized zirconium has excellent cohesion and adhesion

ompared with other surface modification technologies,97

nd it produces less wear against PE than metal.98 A ceramic
urface on a metal substrate allows interchangeability of fem-
ral heads during revision surgery, while avoiding concerns
elated to the brittleness of an all-ceramic bearing.99,100 The
imitations of this technology include relatively modest re-
uctions in PE wear rates100 and susceptibility to scratching,
hich may be related to the lower surface hardness of oxi-
ized zirconium compared with alumina.101

ummary
he bearings used in THA and TKA must withstand high
yclic loading for several decades, without major corrosion or
retting at modular metal tapers, with reliable biocompatibil-
ty and material stability in vivo and with very low wear rates.
n addition to encouraging experimental data, clinical studies
ust show safe outcomes in vivo, where unpredictable vari-

bles can affect material behavior.
In the search for the perfect bearing combination for total

oint arthroplasty, ceramic materials meet many of the exper-
mental requirements of the ideal bearing. Experience has
hown that the outcomes of ceramic bearings can vary dras-
ically based on the composition of the raw material, manu-

acturing methods, processing parameters, implantation



t
b
a
t
e
u
c
a
t
i

R

Ceramic materials in total joint arthroplasty 99
echniques, and implant design. New material technologies
ased on nonoxide ceramics, composites of oxide ceramics,
nd surface modifications will offer more bearing choices to
he arthroplasty surgeon. Previous experience has shown that
ach new technology in total joints can be associated with
nforeseen complications. As with other alternative bearing
hoices, ceramic materials should be adopted for clinical use
fter data have validated the underlying engineering and ma-
erial science principles and demonstrated safety and reliabil-
ty of the product in vivo.
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Chapter 5

Ceramic-on-Ceramic Bearings:
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1. Introduction to Bioceramics

Ceramics represent an abrasion-resistant class of materials suitable
for use in environments that would be considered adverse for other
materials. The benefits ceramics bring to orthopedic devices such
as the total hip arthroplasty (THA) is primarily that of having a
bearing surface that is dimensionally stable, chemically inert, and
has ultra-high wear resistance (Table 5-1). The obvious limitation
is that implants must be designed around ceramic materials that
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Table 5-1. Physical and mechanical properties of ceramics compared to CoCr alloy.

Property or Silicon Cobalt
performance Units Alumina Zirconia Zirconia–Alumina composites nitride chromium

Composition N/A Al2O3 Mg-PSZ Y-TZP ZTA AMC ATZ Si3N4 ASTM
F799

Density g/cc 3.98 5.65–5.77 6.00–6.05 4.25 4.37 5.51 3.24–3.35 8.29–8.50
Grain size µm <1.8

Equiaxed
50

Equiaxed
0.1–0.6

Equiaxed
0.4–0.7

Equiaxed
0.54

Equiaxed
0.4

Equiaxed
0.5 × 5.0
Equiaxed

∼62
Equiaxed

Flexural strength MPa 400–580 450–700 900–1200 1200–1300 1400 790–1500 900–1000 827 Tensile
Elastic modulus GPa 380 200–250 210 340–390 358 240–250 296–313 197–210
Poisson’s ratio N/A 0.23 0.30 0.30 ∼0.24 0.24 ∼0.28 0.27 0.27–0.32

Compressive
strength

MPa 4100–5000 2000–3000 2000–2200 4000–4500 4300 ∼2600 4000 600–1800

Weibull modulus N/A 5–10 22 8–12 N/A >10 6–17 8–19 N/A

Fracture toughness MPa·m1/2 4.0–4.2 8.0–15.0 5.0–10.0 4.2 6.4 8.0–12.0 5.7–10.6 50–100
Toughening

mechanism
N/A Grain size t →

m-ZrO2

t →
m-ZrO2

t →
m-ZrO2

Platelet

t →
m-ZrO2

Platelet

t →
m-ZrO2

Acicular
grains

Elastic
deforma-

tion
Hardness GPa 18.0–23.0 10.0–12.0 11.0–12.5 15.7–20.8 19 13.7–15.0 15.0 3.0–4.0
Wear rate PE

HXLPE
Hard-on-Hard

mm3/MC 20–58
0.0–6.9

0.02–4.71

1.8–5.1
N/A

11–63
5.0–6.0
Catas-
trophic

N/A 1–20
0.1–4.4

0.00–0.45

17–32
5.6–6.1

0.02–0.06

17–25
3.7–6.3

0.18–0.98

14–201
0.0–11.7

0.18–25.00

Thermal
conductivity

W/m◦K 30 2 2–3 ∼17 17 ∼6 30–50 12.7

Corrosion and LTD
susceptibility

N/A Stable Marginal Unstable Stable Marginal Unstable Stable Marginal

Key : LTD = low-temperature hydrothermal degradation.
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Table 5-2. Comparison of ceramic properties considered for THA.

ID Parameter Low-rank Mid-rank High-rank

1 Flexural Strength Al2O3 < S3N4 < ZTA
2 Fracture Toughness Al2O3 < ZTA < S3N4

3 LTD Susceptibility Al2O3 = S3N4 < ZTA
4 Thermal Conductivity ZTA < Al2O3 < S3N4

5 Hardness S3N4 < ZTA < Al2O3

Table 5-3. Tribological issues for CoC bearings.

# THA parameters CoC details CoC commentary

1 Severe articular
wear

Mainly one-piece pioneering
designs

Believed patients
ambulated on loose
cups

2 Steep cups Risk common to all hip
designs

To be avoided at
surgery

3 Stripe wear Consequence of cup edge
wear

Seldom perceived as
clinical risk

4 Metal debris Ceramic hardness
(sapphire) close to
diamond

Least risk of any
bearing material

5 Squeaking Incidence varies greatly Believed multifactorial
(lubricant failure)

6 Alternative
ceramics

ZTA, Si3N4, DHOxZr Pre-clinical testing and
clinical history

are both brittle and much stiffer than commonly used metal alloys.
Thus, in making the choice of optimal ceramic bearings one must
consider both the benefits and the clinical risks that it may enhance
or mitigate (Tables 5-2 and 5-3). Use of ceramic bearings with high
modulus of elasticity raises the issue of very small contact areas
common to HOH counterfaces. Higher shear and contact stresses
between microdisparities can raise local temperature and result in
surface degradation. High stresses may also reduce or obviate lubri-
cation mechanisms in the hip, thereby implying the risk of surface
cracking with grain pullout. The various chemical and mechanical
phenomena interacting at the microstructural level will also result
in acidic attacks that weaken grain boundaries and create oxygen
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vacancies. Application of cyclic hip-loading will fracture weakened
ceramic grains with consequent pullout and formation of abrasive
wear particles (Table 5-3). Thus, superior fracture resistance com-
bined with ultra-low wear and high reliability are stringent require-
ments for ceramic bearings (Table 5-1).

The literature with respect to hip simulators has been success-
ful in establishing phenomenological correlations between run-in
and steady-state wear phases and the difference between standard
(ASTM F1714, 2008; ISO 14242-2, 2000; ISO 14242-3, 2008) and
microseparation test modes (Clarke et al., 2006; Nevelos et al., 2000).
However, the physical and chemical phenomena driving degradation
by friction and wear mechanisms have virtually been ignored. It
can be anticipated that various patient activities will offer potential
for implant impingement and subluxation maneuvers quite unpre-
dictable in the activities of daily life (Table 5-4). Depending on

Table 5-4. Clinical risks for COC bearings.

Item Features Risks and benefits Commentary

1 Fracture Heads and cups Incidence reduced with
AMC designs

2 Rim chipping Intra-operatively and in
service

Requires extra care at
surgery

3 Revision
post-fracture

Can be problematic Retained ceramic debris
affects revision
implants

4 Adverse wear Observed rarely May be unique to
pioneering monoblock
cup design

5 Ceramic trans-
formation

Observed problem in some
zirconia heads

No longer on market

6 Head design Head diameter and neck
length

Fewer options than other
designs

7 Cup design Cup rim-extension options Generally not available
8 Resurfacing

hip design
Risk of fracture with

current material
concepts

Currrently not available

9 Implant costs Higher than non-ceramic
options

Varies country by
country
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implant orientations and patient activities, the ceramic femoral head
may alternate between subluxing and impinging on the rim of the
ceramic cup. Thus a scientific understanding of THA bearing perfor-
mance in laboratory simulations is absolutely necessary for advance-
ment of clinically relevant test regimes. The question is how ceramic
bearings should be studied in the laboratory so that the test is rel-
evant to surface degradation, wear, and fatigue mechanisms. This
chapter will review features that are most relevant for a tribological
understanding of ceramic performance.

2. Ceramics as THA Bearings

Pure alumina (Al2O3) has been the gold standard for hip bearings
for four decades. Alternative ceramics for hip bearings include mag-
nesia partially stabilized zirconia (Table 5-2: Mg-PSZ), and yttria-
stabilized, tetragonal polycrystalline zirconia (Y-TZP). While the
Mg-PSZ bearings continue to feature in clinical use, the Y-TZP
ceramic was taken off the market due to an unacceptable incidences of
fractures in femoral heads (Clarke and Gustafson, 2008; Clarke et al.,
2003a) and will not be discussed further. Silicon nitride (Si3N4) is
currently used for spinal devices and is under investigation for use
in THA bearings (Bal et al., 2007a, 2009; Bal and Rahaman, 2012).
There is also a new HOH application using a zirconium oxide sur-
face (monoclinic zirconia) overlying a diffusion-hardened (DH) zone
of zirconium metal alloy (DHOxZrTM) (Parikh, 2013a).

2.1. Alumina

Many THA designs have incorporated Al2O3 since the 1970s (Boutin,
1972, Christel et al., 1988, Griss et al., 1975, Mittelmeier and Harms,
1979). However, it was not until the pioneering monoblock ceramic
cups were replaced by modular designs featuring an alumina liner
in a metal shell (Furlong, 1993) that one could say the modern
era of ceramic hips had begun. This bioceramic has gone through
a development comprising three distinct and successive generations,
concurrently undergoing profound evolutions in density, purity, and
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Figure 5-1. Microstructure of alumina grains depicted from sub-micron to 2 µm
size as depicted to scale by large circle on the right (micrograph provided courtesy
of CeramTec, Plochingen, Germany).

microstructural size/morphology. Modern alumina biomaterials are
processed with a combination of conventional sintering and hot iso-
static press sintering, which conspicuously eliminates abnormal grain
growth and keeps the average grain size at around 1µm (Figure 5-1).
Despite the significant improvement that this evolutional course has
brought to the structural reliability of alumina bioceramics, this
material intrinsically remains quite brittle. In order to counteract
this brittleness, biomaterials technologists have designed alumina-
matrix composite microstructures in an attempt to combine the pos-
itive properties of monolithic alumina with an improved toughness.
Alumina hip bearings have been the subject of much investigation
and will not be discussed further here (Christel et al., 1988; Clarke
et al., 2013a; Clarke and Willmann, 1994; Hannouche et al., 2005,
Nevelos et al., 2001b; Pezzotti et al., 2013c; Sedel et al., 2003).

2.2. Zirconia-Toughened Alumina

Zirconia-toughened alumina (ZTA) for hip bearings was first devel-
oped in Europe when CeramTec obtained regulatory approval to
market its ZTA products (CPE, ceramic-on-ceramic [CoC] bear-
ings) in 2000 (Biolox-deltaTM, Plochingen, Germany). For CoC
THA systems, CeramTec gained FDA approval for Biolox-delta and
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Kyocera Medical gained Japanese approval for AZ209TM, both in
2010. The ZTA composites represented a significant development in
alumina technology. ZTA ceramics have much-improved strength and
toughness compared to monolithic alumina (De Aza et al., 2002; Pez-
zotti, 2013a). These are to be contrasted with monolithic zirconia (Y-
TZP) in which polymorphic transformation can easily spread from
one grain to neighboring grains, thus leading to faster monoclinic
growth both in plane and in depth (Clarke et al., 2003a). Such a zir-
conia (t→ m) proliferation process is minimized in ZTA composites
by the presence of surrounding alumina grains.

ZTA ceramics use the polymorphic transformation-toughening
mechanism uniquely provided by addition of partially stabilized zir-
conia (ZrO2). The alumina matrix utilizes a reinforcing phase con-
sisting of zirconia combined with a low percentage of Y2O3 stabilizing
phase with other minor fractions of oxides that include chromia. The
main toughening mechanism is the transformation of partially sta-
bilized tetragonal zirconia into its monoclinic polymorph under the
action of tensile stress fields induced by a propagating crack. The
amount of toughening depends upon the fraction of tetragonal phase
freshly transformed at the crack tip and around the crack path into
the monoclinic phase.

There is also a strict requirement to control grain size and keep
the size range as fine as possible. The presence of zirconia particles
in the ZTA ceramic represents a considerable refinement controlling
grain size in the alumina microstructure. In addition, the thermal
expansion coefficient of the alumina matrix is smaller (by approxi-
mately 20%) than that of the tetragonal zirconia particle. Thus, when
a ZTA ceramic cools from sintering temperature, the zirconia parti-
cle contracts more than the alumina matrix. This results in a tensile
stress field in the zirconia particle and, for maintaining static equilib-
rium, in a compressive stress field in the surrounding alumina matrix.
Accordingly, the residual stresses in the alumina matrix are compres-
sive in nature when zirconia dispersoids are retained in their tetrago-
nal phase. Such high compressive stresses in the alumina matrix lead
to increased resistance to crack propagation with increasing crack
extension. This mechanism is additive to the toughening effect pro-
duced by the polymorphic transformation of the tetragonal zirconia
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dispersoids. An apparent increase in hardness/wear resistance with
respect to monolithic alumina can also be related to compressive
stresses in the Al2O3 phase.

ZTA ceramics offer the advantage that their microstructure can
be custom designed to optimize properties desirable in a ceramic
bearing. The occurrence of polymorphic tetragonal-to-monoclinic
(t → m) transformation during cooling from sintering temperature
can be seen as a degree of freedom in designing the ZTA microstruc-
ture. For example, the residual stress state in the alumina matrix
phase could conceivably be set to nearly zero magnitude by suitably
balancing the ratio of tetragonal to monoclinic fractions. An increase
in the fraction of monoclinic zirconia phase in the ZTA composite can
be obtained by limiting or eliminating the addition of Y2O3 stabiliz-
ing phase, thus destabilizing the zirconia dispersion during cooling
from sintering temperature. This would increasingly push the resid-
ual hydrostatic stress fields in the alumina matrix towards the tensile
side. It is to be noted that an important aspect of microstructure in
ZTA design is to obtain an increase in structural reliability from the
transformation toughening effect (t→ m) during crack propagation,
while avoiding any tendency to produce the negative effect that can
lead to spontaneous surface transformations during exposure to a
hydrothermally activated environment. The presence of fully unsta-
bilized zirconia particles creates a higher fraction of monoclinic phase
in as-received ZTA components. Increasing the amount of monoclinic
fraction in a ZTA ceramic after sintering would obviously reduce the
amount of ZrO2 potentially available for crack-tip transformation
and toughening. It would also enhance the magnitude of the tensile
residual stresses stored in the residual tetragonal phase. It is there-
fore possible to make the residual tetragonal phase more prone to
transformation during crack propagation by reducing the fraction
of stabilizing agent and thus enhancing the tensile residual stress.
Such micromechanical enhancement may improve the efficiency of
the transformation toughening effect by promoting a more intense
although less extensive shielding effect around a propagating crack.

The two well-known ZTA hip bearings are the Biolox-deltaTM , as
produced by CeramTec (Plochingen, Germany), and the AZ209TM
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Table 5-5. Principal oxide content and grain size of ZTA-C and
ZTA-K materials.

Parameter ZTA-C ZTA-K

ZrO2 vol% (avg. grain size) 17% (0.45 µm) 14% (0.35 µm)
Al2O3 (vol%) (avg. grain size) 82% (1.01 µm) 84% (0.43 µm)
Other oxides 1% 2%

2µm

1µm

1µm

0.1µm °

Ceramtec Kyocera

(a) (b)

Figure 5-2. Comparison of ZTA microstructures (a) Biolox-forteTM , Ceramtec
and (b) AZ209TM, Kyocera Medical (micrographs provided courtesy of M. Boffelli,
Kyoto Institute of Technology).

as made by Kyocera Medical (Osaka, Japan). Both contain similar
fractions of fine ZrO2 and Al2O3 particles and both have flexu-
ral strengths >1 GPa (Table 5-5) (Nakanishi et al., 2007a, 2007b).
At the microstructural level the CeramTec material (Figure 5-2a:
ZTA-C) has a coarser structure than the Kyocera ceramic (Fig-
ure 5-2b: ZTA-K). The amount of stabilizing oxide present in the
raw ceramic powder creates the microstructural difference between
the ZTA-C (∼2 mol% Y2O3) and ZTA-K (zero Y2O3). The Y2O3

oxide has two principal effects in the final ceramic: (i) stabilizing
the tetragonal ZrO2 phase; and, (ii) toughening the bearing surface.
This results in a different amount of monoclinic phase in the final
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ZTA microstructure. Hence, the ZTA-C material was designed to
maximize the toughening effect while keeping phase stability within
acceptable limits. In contrast, the ZTA-C material was designed to
maximize phase stability at the bearing surface while keeping frac-
ture toughness above an acceptable value (Pezzotti, 2013a). It can be
anticipated that the residual stresses on the bearing surfaces will also
be quite different as a result of the ZTA-C and ZTA-K microstruc-
tures. This topic requires further study.

There are, therefore, two different concepts that depend on
microstructural design criterion in ZTA bearings. In the first sce-
nario (composite-A) there can be formation of isolated spots of highly
tensile stresses in correspondence with residual tetragonal zirconia
dispersoids after long-term hydrothermal loading. In hydrothermal
experiments, it was shown that composite-A experienced a continu-
ous increase of monoclinic fraction from 7 up to 70 vol% of the added
zirconia fraction. Nevertheless, the experimental results to date with
composite-A showed that the impact of transformation on surface
morphology was minimal (Pezzotti, 2013a). In the second scenario
(composite-B), there can be observed the undesirable presence of
pristine, highly compressive stress points at grain boundaries where
monoclinic zirconia dispersoids are located. This effect can lead to
monoclinic zirconia escaping during articulation with the resulting
production of ceramic wear particles. The experimental results with
composite-B showed that it possessed an initial 30 vol% fraction
of monoclinic in the overall ZrO2 phase. This controlled the initial
amount of the monoclinic phase in the material and ensured surface
stability in a hydrothermal environment, which remained unaltered
during 300 hours of autoclave exposure (Pezzotti, 2013a).

2.3. Silicon Nitride

Silicon nitride (Si3N4) is a new ceramic candidate for THA bear-
ings. Silicon nitride (Si3N4) is a high-strength, monolithic ceramic
(Table 5-6). It has seen application in spinal implants and undergone
both CPE and CoC simulator tests (Bal et al., 2008). Silicon nitride
has the highest fracture toughness of any ceramic (Table 5-6). Its
strength and toughness are comparable with the best values of other
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Table 5-6. Benefits of low-wear, stability and crack-propagation resistance in
Si3N4 bearings.

Item Parameter Details

1 Ultra-low wear rates Comparable to Al2O3 and ZTA
ceramics

2 Unique acicular grain structure Highest fracture toughness
3 Phase-stable material Hydrothermal degradation is not an

issue
4 Ceramic wear products Bioresorbable species
5 Oxygen affinity May offer beneficial protective

mechanism

2µm

4µm

Figure 5-3. Typical fibrous microstructure created by appearance of acicular
shaped grains of ß-Si3N4 (micrograph provided courtesy of Amedica).

ceramics (Bal and Rahaman, 2012; Mazzocchi and Bellosi, 2008a;
Mazzocchi et al., 2008b). Si3N4 derives strength and toughness by
microstructural engineering and not by phase transformations. Its
superior strength and toughness are derived from a unique acicular
grain structure (Figure 5-3). This fibrous microstructure is generated
during densification via an irreversible dissolution reprecipitation
process. The equiaxed α-Si3N4 particles are converted into acicular
ß-Si3N4 grains that are typically 1–4 µm in length (Figure 5-3). The
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latter architecture imparts high toughness and strength without the
need for addition of a metastable phase such as zirconia. Conse-
quently, by avoiding the ZrO2 toughening mechanism, Si3N4 is not
susceptible to hydrothermal degradation. Its microstructure is com-
posed of asymmetric needle-like interlocking grains surrounded by
a <2 nm refractory grain-boundary glass. This unique fibrous struc-
ture provides Si3N4 with its exceptional strength and toughness. Two
industrial standards have been adopted from its use as an industrial
ceramic bearing (ASTM F2094/F2094M-14, 2011; ISO 26602, 2009).
Monolithic Si3N4 was first utilized 1968 in Australia for clinical trials
evaluating a lumbar-spine spacer (Sorrell et al., 2004). Si3N4 can also
be produced as a coating using physical vapor (PVD) and chemical
vapor deposition (CVD) methods. The coated silicon nitrides can be
amorphous or nano-crystalline and non-stoichiometric. These coat-
ings can have comparable hardness to the monolithic ceramic but
do not have the same strength or toughness. A European consor-
tium was formed in 2013 to develop PVD silicon nitride coatings
for application to CoCr hip and knee bearings. Beginning in 2008
in the USA, Si3N4 has been used as a fusion cage for arthrode-
sis of the cervical and thoracolumbar spine. It has also produced
exceptionally low wear-rates. Pre-clinical testing has indicated suit-
ability for THA (Clarke and Bowsher, 2007; Jahanmir et al., 2004;
Williams et al., 2005; Zhou et al., 1997) but it has yet to be given
regulatory clearance for this purpose (Bal et al., 2009, Bal and
Rahaman, 2012).

2.4. Zirconia Ceramic Surface on Zirconium Alloy

An alternate approach to the use of monoblock ceramic components
would be to cover a metal bearing with a ceramic coating, thereby
obtaining the benefits of a ceramic surface wedded to the mechanical
resiliency of the bulk metallic component. It would be additionally
beneficial if indeed such a ceramic structure not only reduced wear
but also minimized or eliminated diffusion of metal ions from the bulk
metal. While this would appear an intuitively desirable approach,
it involves a number of manufacturing issues and imperceptible
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technical difficulties to achieve such a concept. Hence, no implant
system has emerged to date with successful ceramic coatings.

One novel approach that has demonstrated clinical utility in both
THA and TKA systems utilizes an intrinsically formed oxidation
layer on the bulk metal surface. It is apparent that the combination
of properties displayed by the OxyniumTM bearing systems has con-
tributed an effective metal-polyethylene (MPE) system (Smith and
Nephew, Memphis TN) (Parikh, 2013b). The Oxynium bearing is
not a coating but rather an intrinsically formed oxidation layer on
the bulk metal surface. It has been demonstrated that such a grown
oxide layer can tolerate localized damage or material loss without risk
of catastrophic failure, such as those induced by spalling or delami-
nation. The oxidation surface products consist almost exclusively of
monoclinic zirconia polymorph (Pezzotti, 2013b).

A new composition of oxidized zirconium (DHOxZr) has been
developed as a potential bearing material for hard-on-hard (HOH)
hip arthroplasty (Parikh, 2013a). Beneath the ceramic surfaces is
a thick DH zone of zirconium metal. The monoclinic zirconia sur-
face and the underlying DH-zone are expected to produce low wear
with minimal release of metal ions. This concept of a zirconia and
DH-layered metallic bearing may provide a CoC concept with no
fracture risk.

3. What is Normal Ceramic Wear in Patients?

The first point to establish is how much wear occurs in a ceramic
hip over time. In this regard, it is necessary to consider all CoC wear
reports even if it is suspected that some could be outliers, perhaps
due to a combination of ceramic quality, THA design, or possibly
confounding clinical parameters. Some early studies noted gross wear
in CoC retrieval (Figure 5-4) (Kummer et al., 1990; Nevelos et al.,
1999). These appeared limited to the ceramic hip designs of the 1970s
that featured wide femoral necks and press-fit, monoblock cups (Fig-
ures 5-5–5-7). Volumetric wear varied from <1 to over 200 mm3/year
(Nevelos et al., 1999). With the advantage of hindsight, it would
appear that the alumina ceramic used 40 years ago was not optimal
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Figure 5-4. Linear wear-rates measured on retrieved THA featuring pioneering
design of monoblock ceramic cup (Nevelos et al., 2001b).

Figure 5-5. Pioneering AutophorTM design featuring a large femoral neck and
threaded monoblock alumina cup. Wear patterns on this 20-year retrieval are
stained pink and white circles mark the boundaries (THA loaned courtesy of
K. Keggi MD).
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Figure 5-6. Head wear pattern shown in four orthogonal views for Autophor
design retrieved at 32 years (THA loaned courtesy of R. Grijalva MD).

Figure 5-7. Cup main wear zone (for THA in Figure 5-3) with stained MWZ and
showing small elliptical non-wear zone (NWZ) located inferiorly. Small patches
of CoCr metal stain are also present on the cup rim.

and the early THA concepts clearly had range-of-motion limitations
(Figure 5-5), while cup and stem fixation techniques were not as reli-
able as with contemporary THA. Examples of gross ceramic wear
(Figure 5-4) were believed to be due to patients ambulating on loose
cups that were in the process of migrating and tilting (Christel et al.,
1988; Clarke et al., 1988; Sedel et al., 1990, 2003). From a contem-
porary perspective, we suspect that such cases represented extreme
edge wear, a known risk when the rim of the cup impinges on both
the femoral head and against the femoral neck (Clarke et al., 2014b;
Harris, 2012; McHugh et al., 2013).

Ceramic performance parameters will be defined here using
habitual-wear versus non-wear zones (NWZ), adverse stripe wear,
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surface roughness, and CoC wear rates. The main-wear zone (MWZ)
will be defined as that area of habitual wear created during normal
ambulation of the patient. The defined NWZ lies outside the MWZ
area but may show wear damage inconsistently due to adverse and
unpredictable events. The MWZ pattern on femoral heads gener-
ally appears circular and is typically situated close to and somewhat
superior to the axis of the femoral neck (Figure 5-6). This will occupy
50–100% of the head’s hemispherical area depending on THA design,
patient activities, and the duration of follow-up. Cup wear patterns
are much more varied in size and shape but typically will show a
small NWZ area in the inferior aspect (Figure 5-7).

Comparison of ceramic roughness data can be problematic in both
retrieval and simulator studies. Firstly, it is important to separate
MWZ from NWZ patterns (Figures 5-5–5-7) and to characterize their
roughness parameters separately. Secondly, it is important to note in
the field of view that there may be arrays of large scratches, some-
times referred to as ‘stripe wear’. This roughness may need to be
characterized into fields with stripes and those without stripes (Halim
et al., 2014). In general, MWZ roughness can be anticipated to be
higher than for the NWZ. For example, the NWZ and MWZ rough-
ness (Ra) in a 32-year CoC retrieval averaged 17 nm and 123 nm,
respectively, a seven-fold difference (Table 5-7, Figure 5-8). Surface
roughness was also classified into six grades for ease of comparison
between the retrieval and simulator studies (Table 5-8). The 30-year
CoC retrieval was observed to have a NWZ roughness level of II and
a MWZ level of V. However, it is noted that NWZ roughness can be
much higher when stripe damage is present.

Table 5-7. Sample roughness 32-year CoC.

Head Ra (nm) Rz (nm) PV (nm) Rsk

New 5–7
NWZ 17 1354 1802 −10.4
MWZ 123 3686 4342 −4.6
MWZ/NWZ 7.2 2.7 2.4 0.4
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NWZ

R995

MWZ

80µm

Figure 5-8. SEM imaging of MWZ and NWZ in the head of a 32-year retrieval
(see Figure 5-3). Scale of surface damage indicated by 80 µm ring and transition
between MWZ and NWZ marked by blank circles.

Table 5-8. Ceramic roughness classification.

Class Ra (nm) Classification Observational

I <10 Superior New surface
II 10–24 Excellent Very fine scratches
III 25–50 Good Scratches with some pitting
IV 50–100 Mild wear process Surface polish removed locally,

porosity increased
V 100–300 Moderate wear process Greater loss of surface, more grains

exposed
VI >300 Adverse wear effect Gross excavation of grains

Stripe wear has been a well-reported phenomenon on retrieved
CoC bearings (Dorlot et al., 1992; Esposito et al., 2012; Manaka
et al., 2003; Shishido et al., 2003; Walter et al., 2004). A study of
54 revisions of a modern CoC design noted that 83% of retrievals
had stripe wear (Esposito et al., 2012). In seven cases the stripes
were on the posterior aspect of the heads (cups impinging anteri-
orly) and in 32 cases the stripes were on the anterior aspects (cups
impinging posteriorly). A further six heads featured two stripes, one
each on the anterior and posterior aspects. It was noted that the
median volumetric wear rates varied from 0.2 to 1.9 mm3/year for
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Table 5-9. Ranking of clinical wear-rates.

Stripe Wear rate Squeaking/clicking/
Class wear (mm3/Yr) Stripe risks (RSS) grinding

A None <0.1 Negligible Unlikely
B Negligible 0.1 to 0.5 None or faint stripe

wear
Some bearing noise

possible
C Yes 0.5 to <1 Mild stripe wear Some bearing noise

possible
D Yes 1 to <5 Moderate stripe

wear
Bearing noise more

likely
E Multiples 5 to <10 Multiple distinct

stripes, elevated
wear

Bearing noise likely

F Surface loss >10 Aggressive stripe
wear

Collateral damage,
loose cup

anterior versus posterior stripes, respectively. In three revised cases of
bearing-related failures, wear rates were 0.3, 1.9, and 7.2 mm3/year.
Wear was noted to be undetectable in CoC bearings lacking stripe
damage. This important CoC retrieval study demonstrated that wear
rates could vary from near zero to 0.2 mm3/year for cases with pos-
terior stripes, 1.9 mm3/year for cases with anterior stripes, and up to
7.2 mm3/year in one case revised for squeaking. The authors noted
that posterior edge loading (impingement) occurred even with well-
positioned cups and could likely be considered a normal occurrence.
In summary, this CoC retrieval study offered for the first time an
extremely useful set of in vivo wear rates for comparison with lab-
oratory data. Therefore, six wear grades have been defined for ease
of comparison between retrieval and simulator studies (Table 5-9).
Note that wear classes D and E were included for completeness, i.e.
encompassing runaway wear phenomenon as described in the early
CoC literature (Figure 5-4, Table 5-10).

4. What is Abnormal Ceramic Wear In Vivo?

Impingement of the cup rim against the metal femoral neck cannot
be designed against and also cannot be predicted in any THA patient
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Table 5-10. Comparison of clinical and simulator wear-rates.

Wear in retrievals
Retrievals (mm3/Yr) Simulator

Wear (Esposito (Esposito et al., wear rate Simulator
class et al., 2012) 2012)[2] (mm3/Mc) test mode

A No stripe damage 0 0.05 Standard
(average)

B Posterior stripe
cases

0.2 0.19 Mild micro-
separation

C Anterior stripe cases 1.9 1.8 Severe micro-
separation

D Worst stripe
(revision, squeak)

7.2 6.3 Run-in wear rate
(average)

population. Notching of titanium alloy (Ti6Al4V) femoral necks has
resulted in metal transfer onto both CoCr and ceramic bearing sur-
faces (Bowsher et al., 2008; Clarke et al., 2013b, 2014b; Eickmann
et al., 2003; Iida et al., 1999; McMurtrie et al., 2009). Bal et al.
(2007b) reported on ten ceramic heads that had undergone multiple
dislocations. The 28 mm heads had black articular areas indicative
of metal contamination, notably Ti6Al4V. Six of the ten acetabular
shells revealed damage due to impingement by metal femoral necks.
Murali et al. (2008) presented two revision cases that had 32 mm
alumina CoC. In the female patient the Ti6Al4V femoral neck had
been excessively anteverted. The patient was active and performed
yoga regularly. Revision was undertaken at seven years for osteolysis.
It was noted that the Ti6Al4V neck had impinged at three locations
on the Ti6Al4V fence surrounding the cup rim (anteriorly, posteri-
orly, and laterally). A similar CoC impingement case was previously
reported by Eickmann et al. (2003). The clicking/squeaking noises
were created at hip extension during walking and it was found that
the femoral neck had destroyed the Ti6Al4V fence on the cup rim
and suffered two notches in consequence. Murali’s second case was
a 48-year-old male carpenter who complained of squeaking noises at
six months. The hip was painful and began to squeak, clunk, and
click at every step. CT imaging identified osteolysis, and posterior
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36mm THA (Biolox-delta)
Ti6A14V press-fit stem
Hydroxyapatite coated

49Yr female (27.5 BMI)
Recurrent dislocator
Revised at 13 months

Ti6A14V contaminants
(1) arrows

R688

R688

(1)

(2)

Figure 5-9. Biolox-deltaTM retrieval showing black metallic staining (revised at
13 months for multiple dislocations). The stem and metal shell were Ti6Al4V
alloy and the black stains were identified as containing Ti, Al, and V metals.

impingement was noted at revision. The tissues showed abundant
black granular Ti6Al4V debris. Therefore, a common pathway exists
in such cases with impingement or subluxation bringing the femoral
neck into contact against the cup rim resulting in the production of
metal debris. This cloud of metal particles can then migrate around
the joint space and into the bearing areas (Figures 5-9 and 5-10).
Black staining with titanium alloy elements has been identified fre-
quently on CoC revisions. Co and Cr contamination has also been
noted in designs with press-fit CoCr stems (Shishido et al., 2003;
Tateiwa et al., 2007).

5. What is Normal Simulator Wear?

There are many misconceptions regarding the efficacy of hip simu-
lator studies used to predict wear in ceramic bearings. It is quite
common to find published arguments that laboratory wear studies
were flawed because they produced wear rates consistently lower than

 M
at

er
ia

ls
 f

or
 T

ot
al

 J
oi

nt
 A

rt
hr

op
la

st
y 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 C
he

ls
ie

 B
itt

on
 o

n 
04

/1
2/

16
. F

or
 p

er
so

na
l u

se
 o

nl
y.



September 24, 2015 9:20 Material for Total Joint Arthroplasty 9in x 6in b2135-ch05 page 105

Ceramic-on-Ceramic Bearings 105

Figure 5-10. Stripe wear algorithm depicting the progression that can result
from impingement and subluxation, releasing metal debris that invades the joint
space and stains ceramic surfaces black. In the case of metal-on-metal (MoM)
this can produce catastrophic wear. Note the notching on the femoral neck.

those measured in retrieval studies (Kamali et al., 2010). First, it
must be appreciated that artificial hip joints have to perform in a
wide variety of patients whose performance levels will vary from
pedestrian to high-impact sporting activities. It is also apparent
that bearing wear can vary depending on factors such as patient
age, surgical positioning of implants, range of motion in the hip
joint, and job set (e.g. a clerical worker versus a farmer’s regular
activities). It should be no surprise that laboratory test methods
cannot possibly encompass such a variety of patient performance.
Second, there is a major difference between a simulator research
project and a document published as a standard guideline. The latter
represents a consensus document assembled by experts in the field
to support well-defined test methodologies. It provides consistency in
implant evaluations, which benefits tribology science, but also greatly
assists implant reviews by the various regulatory bodies. A standards
document therefore typically provides guidance for one set of well-
prescribed test conditions (ISO 14242-1, 2002; ISO 14242-3, 2008).
In contrast, a simulator publication may represent an exploratory
project to further tribological science and thus may have departed
considerably from established methodology. Those involved in the
regulatory approval process rely more on published standards and
much less on individual research publications.
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Figure 5-11. Assemblage of data regarding alumina wear trends in standard hip
simulator studies (Clarke et al., 2003b, 2011, 2013a). Upper and lower ranges
are indicated for run-in and steady-state wear phases typical of the standard
simulator test mode.

Simulator wear studies (ASTM F1714, 2008; ISO 14242-1, 2002;
ISO 14242-3, 2008) of CoC bearings have demonstrated that there
was an initial run-in wear phase followed by a steady-state phase
with wear reduced (Figure 5-11). Reviews in the literature have
indicated that CoC run-in wear rates were typically in the range
0.26–0.5 mm3/Mc (Clarke et al., 2003b, 2011, 2013a; Oonishi et al.,
2004). Steady-state wear was immeasurably low in some studies but
appeared to range 0–0.04 mm3/Mc. For comparison with retrieval
studies, the overall wear rates (average over 5 Mc duration) would
be 0.05–0.1 mm3/Mc (Figure 5-11). It is to be noted that the stan-
dard simulator test does not produce microseparation or edge wear
in the bearings (ISO 14242-1, 2002; ISO 14242-3, 2008). There-
fore, such wear studies should represent the normal spectrum antici-
pated for patients with minimal impingement risk, i.e. no stripe wear
(Tables 5-9, 5-10) (Esposito et al., 2012).

6. Simulator Wear with Steep Cups

It is assumed in simulator standards that the acetabular cup will be
inclined at 45◦ to the horizontal plane (Figure 5-12) (ISO 14242-1,
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Figure 5-12. Cup mounting as depicted in standard simulator guideline ISO-
14242-1, (a) as viewed in AP-radiograph image of patient and (b) as mounted in
hip simulator.

2002; ISO 14242-3, 2008). It is also assumed that the resultant load
vector in the human hip will be inclined 15◦ medial to the vertical
plane. However, in the simulator the resultant load vector will gener-
ally lie in the vertical plane (Figure 5-12b). A 30◦ inclined simulator
cup is thus defined analogous to a 45◦ cup in the patient. The desired
result creates a wear pattern fully contained within the cup rim, i.e.
no edge wear (Bowsher et al., 2009).

Simulator studies have analyzed wear in cups inclined at angles
steeper than the 30◦ inclination stipulated in guidelines (ISO 14242-
1, 2002). The objective was to simulate the edge wear seen in cer-
tain retrievals (Esposito et al., 2012; Underwood et al., 2012; Wal-
ter et al., 2004). Two parameters need to be ascertained for a suc-
cessful test: (i) the diameter of the wear patch; and, (ii) a crite-
rion to define degree of edge wear. Such details have been presented
in standard simulator studies (Figure 5-13) but not in tests with
steep cups. What is known from simulator tests of metal-on-metal
(MoM) bearings is that wear patterns in cups varied from 400 to
600 mm2 in area (Figure 5-13) (Bowsher et al., 2009; Lee et al., 2008;
Leslie et al., 2008). Normalizing for bearing diameters (39–60 mm
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Figure 5-13. Wear patterns in acetabular cups as mounted in anatomic simulator
mode for MoM studies (Bowsher et al., 2009; Leslie et al., 2008).

diameters), such wear patterns represented 8–18% of the hemispher-
ical cup area (Figure 5-14a–5-14c) (Clarke et al., 2013b). One 28 mm
MoM study estimated the circular wear pattern to have a half-width
of 8 mm (Firkins et al., 2001). This would correspond to a wear pat-
tern of 221 mm2 and a hemi-area ratio of 18%. The data from Kor-
duba et al. (2014) for wear areas at various cup inclinations in 28 mm
MPE provided the same ratio (Figures 5-14d–5-14g). Plotting these
MoM data (anatomical tests) provided the first demonstration of an
algorithm relating cup wear patterns to THA diameters (Figure 5-15)
(ISO 14242-1, 2002).

Nevelos et al. (2001) ran 28 mm CoC bearings with cups at 40◦ and
60◦ inclinations and found no difference in wear rates, with an overall
average of 0.9 mm3/Mc (Table 5-9: Class A). From consideration of
MoM cup geometry (Figures 5-13–5-15), it would appear that a 40◦

inclined 28 mm cup would cover the MWZ area of a 28 mm head
(Figure 5-15a), whereas the 60◦ cup would leave the MWZ slightly
uncovered (Figure 5-15b). Given the rigidity and high wear resistance
of alumina, it is likely that the MWZ pattern in CoC bearings would
be at least 20% smaller than with MoM. Thus, the 60◦ CoC cup
likely could not experience edge wear and this may explain why the
wear rates were unaffected by 40◦ and 60◦ cup inclinations (Nevelos
et al., 2001).
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Figure 5-14. Comparison of cup wear patterns for metal-polyethylene (MPE)
bearings and metal-on-metal (MoM) bearings: (a–c) MoM bearings diameter
39–60 mm diameter (see Figure 5-13); and, (d–g) 28 mm MPE bearings run with
cups at different inclinations (Korduba et al., 2014).

Figure 5-15. Algorithm relating areas of cup wear patterns (hemi-area ratios
from Figure 5-14) that decreased with respect to increasing THA diameters.
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Figure 5-16. Estimated wear patterns (MWZ) depicted for 28mm MoM here
with cup inclinations of 40◦ and 60◦ in an anatomical simulator test (Nevelos
et al., 2001a).

7. Wear with Simulator Microseparation

The microseparation test (MSX) was developed by the Biomedical
Engineering Group (BME) at Leeds University (UK) to create stripe
damage similar to that seen on Al2O3 retrievals (Nevelos et al., 1999,
2000). The MSX test raised CoC wear rates by an order of magnitude
and for the first time enabled discrimination between Al2O3 and
ZTA bearings (Figure 5-18a). Alumina wear rates with 28 mm CoC
bearings increased 3-fold and 30-fold in mild and severe MSX tests,
respectively (Figure 5-17). At Loma Linda University (LLU), the four
combinations of 36 mm Al2O3 and ZTA bearings in MSX test mode
demonstrated the stripe wear phenomenon within first 100,000 cycles
(Clarke et al., 2006; Green et al., 2007). Perhaps coincidentally, the
LLU wear average of 1.84 mm3/Mc with 36 mm Al2O3 was identical
to the BME study with 28 mm Al2O3 (Figure 5-18a). Thus, despite
many experimental differences between the BME and LLU studies,
the CoC wear-rates were comparable.

It was noted that with similar ceramic pairings (Al2O3/Al2O3

and ZTA/ZTA), the heads contributed ∼50% of total CoC wear.
However, in the hybrid pairs the Al2O3 heads in ZTA liners con-
tributed 33% of total wear. Similarly, when combined with ZTA
heads the Al2O3 cups contributed only 33% to total wear. Thus, the
ZTA components were preferentially compared to their mating Al2O3
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Figure 5-17. Wear trends for 28 mm Al2O3/Al2O3 bearings run with (a) stan-
dard simulator test, (b) mild microseparation test, and (c) severe microsepara-
tion test. Here overall wear rates are indicated for comparison with CoC retrieval
studies.

bearings. This illustrated the difference the harder Al2O3 surface
made, even while the ZTA hybrid pairs contributed to a three-fold
wear reduction overall (Figure 5-18b).

The new CoC combination of oxidized zirconium (DHOxZr) has
also been run in the MSX simulator mode. This ceramic has a thick
DH zone beneath the oxide layer (Parikh et al., 2013). The DHOxZr
steady-state wear rate increased from 0.02 mm3/Mc estimated in the
standard test to 0.07 mm3/Mc with microseparation (Figure 5-19).
While this represented a three-fold increase, the wear rate was still so
low as to correspond to class A (Table 5-10). Nevertheless, this MSX
study discovered that stripe damage had worn through the zirconia
surface to expose the DH metal zone.

8. CoC Simulator Wear with Debris Contamination

Despite abundant retrieval evidence of contamination risk by third-
body metal particles (Bal et al., 2007b; Eickmann et al., 2003; Heiner
et al., 2008; Iida et al., 1999; Lundberg et al., 2007; McMurtrie et al.,
2009; Murali et al., 2008), wear studies with metal particles have been
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Figure 5-18. (a) Al2O3 and ZTA wear data run in simulators at severe microsep-
aration mode in the Biomedical Engineering Group (BME, Leeds University) and
the Peterson Tribology Laboratory (LLU: Loma Linda University). BME studies
used 28mm and LLU studies used 36mm CoC, showing (a) run-in, steady-state,
and overall-wear trending, and (b) comparison of overall wear rates for the three
ceramic combinations. (b) Comparison of overall wear rates for Al2O3 and ZTA
combinations.
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Figure 5-19. Simulator wear trending with the new ceramic DHOxZr run in
standard, abrasive, and microseparation modes. (Graph redrawn from Parikh
et al., 2013a.)

scant, appearing only in a few MoM simulator studies (Halim et al.,
2013, 2014; Lu et al., 2000). Particles of bone cement, CoCr, and
Ti6Al4V were compared, running in abrasive tests with 36 mm MoM
bearings (Clarke et al., 2014; Halim et al., 2014). Bone cement had no
affect on CoCr surfaces but both CoCr and Ti6Al4V particles created
black lubricants and raised wear rates by an order of magnitude. One
CoC simulator study used bone cement for abrasion studies (PMMA:
VersabondTM, Smith & Nephew) (Parikh et al., 2013a). The bearing
was the new composition of oxidized zirconium (DHOxZr) with a
thick DH zone beneath the oxide layer. With a PMMA concentra-
tion of 10 mg/ml in lubricant, the DHOxZr steady-state wear rate
increased from the 0.02 mm3/Mc estimate to 0.05 mm3/Mc (Figure 5-
19). While this represented a doubling of the DHOxZr wear-rate, this
remained within class A (Table 5-10).

9. Discussion

The role of pre-clinical test methods is to provide insight into bio-
material and tribological interactions in vivo. Indeed, many test
methods could be envisaged and developed by individual research
laboratories but the question is which ones will have clinical relevance
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Table 5-11. Comparison of squeaking parameters–surgical and design.

Item Parameter Risk Details

1 Brand mismatches Surgical Off-label use
2 CoC material mismatch Unlikely ZTA head/Al2O3 cup
3 CoM material mismatch Surgical ZTA head/CoCr cup
4 Cup steeply inclined Surgical Frequently reported
5 Cup anteversion too low/high Surgical Frequently reported
6 Contact area too conforming/too large Unlikely Due to high wear?
7 Stripe wear Possible Biomechanics study
8 Metal contamination on ceramic bearing Likely Biomechanics study
9 Debris interposed between bearings Possible Biomechanics study

10 High friction/ lubrication failure Possible Biomechanics study
11 Edge loading Possible Common?
12 Impingement (patient driven) Possible Common?

and utility? It is therefore necessary to carefully interrogate the
clinical and retrieval records to deduce what type of failure mech-
anism should be simulated. Clearly the CoC simulator studies have
produced both successes and failures. In this review it has been
observed that the role of hip impingement has been seriously under-
estimated and only now is it becoming apparent that the secondary
effects created by the release of metal particles can be significant.
This also includes the phenomena termed ‘squeaking’ in CoC arthro-
plasty. Explanations for noise production, such as popping, click-
ing, squeaking, grinding, and grating, have been varied (Table 5-
11) (Chevillotte et al., 2010; Ecker et al., 2008; Eickmann et al.,
2003; Esposito et al., 2012; Restrepo et al., 2008, 2010; Walter et al.,
2007, 2008). For example, formation of stripe wear was once thought
to initiate squeaking (Taylor et al., 2007). However, clinical and
retrieval studies have clearly documented stripe wear in CoC bear-
ings retrieved from patients with no history of squeaking (Walter
et al., 2004, 2008). Biomechanical studies also confirmed that CoC
bearings with stripe wear did not squeak under lubricated conditions
(Chevillotte et al., 2010). While ceramic squeaking has been referred
to as a problem of high friction and lubrication failure (Chevillotte
et al., 2010; Esposito et al., 2012; Imbuldeniya et al., 2013; Murali
et al., 2008), seldom discussed has been the role of hip impingement,
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Figure 5-20. Anterior and lateral EOS views of female patient revealing her
standing posture while wearing either flat or high-heeled shoes: (a) AP view in
flat shoes, demonstrating femoral stem inclined posteriorly from vertical plane,
revealing hyperextension of THA; (b) Lateral view in flat shoes and femoral stem
(1) inclined 3.4◦ posteriorly; (c) AP view in high-heeled shoes (2) with femoral
stem inclined similarly to view 5-20a; (d) Lateral view in high-heeled shoes with
femoral stem (3) now virtually aligned in the vertical plane. Posterior pelvic tilt
was also reduced in high heels, indicated by reduction of sacral-slope angle (SS).

i.e. when the rim of a metal or ceramic cup slides across the metal
femoral neck in repetitive, functional hip motions (Figures 5-9, 5-10,
5-22) (Clarke et al., 2014; Eickmann et al., 2003; Iida et al., 1999).
Dr. Lazennec collected eleven CoC cases at La Pitie Hospital (Paris,
France) with documented squeaking. Using the EOS imaging system
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(Lazennec et al., 2011, 2012, 2013), hip impingement was demon-
strated in each patient’s functional ‘squeaking’ posture. In addition,
some patients could demonstrate squeaking, or not, as they chose. In
the first example, a female patient squeaked routinely while wearing
flat shoes (Figure 5-20a, 5-20b). However, she noted that when wear-
ing high heels the squeaking disappeared. The lateral EOS view with
the patient in stance position wearing high-heeled shoes revealed that
the femoral stem had approximately 3◦ less hyperextension (Figure 5-
20c). The three-dimensional ‘sky-view’ reconstruction of her pelvis
and femurs showed that her femur became more internally rotated
when wearing high-heeled shoes (Figure 5-21b). These quite subtle
angular shifts in implant positions changed her CoC hip from one of
squeaking to one of non-squeaking. A similar effect was recorded in a
male patient who squeaked consistently while walking uphill but not
at all walking downhill. In both cases squeaking was a consequence
of femoral neck and cup impingement, regardless of whether or not
metal debris had penetrated the ceramic bearing. Thus the belief is
that the primary cause of CoC squeaking is hip impingement (Fig-
ure 5-10), i.e. a repetitive sub-clinical subluxation (RSS) mechanism
that patients are generally unaware of (McPherson et al., 2012). All
THA procedures carry the risk of the metal neck impinging against
either the ceramic or metallic cup rim, thereby releasing clouds of
metal debris (Clarke et al., 2014b). It is to be noted that impinge-
ment can produce both cup damage and notching of femoral necks
regardless of the THA design in question (Figure 5-22). The resulting
circulating cloud of metal particles then ingresses the ceramic bearing
and stains surfaces black (Figures 5-9 and 5-10) (Bal et al., 2007b;
Bowsher et al., 2008; Eickmann et al., 2003; Shishido et al., 2003).
Hence, squeaking and other noises can result (i) during impingement
and (ii) as and when the metal particles ingress the ceramic bearing.
This fits with the biomechanical evidence of squeaking in lubricated
CoC bearings (Chevillotte et al., 2010). Certainly the presence of
metal debris with metal contamination of articular surfaces could
result in a lubrication failure. However, in the French studies, it
was apparent that patient functionality controlled whether squeaking
occurred or not. CoC squeaking could thus be defined as a problem
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Figure 5-21. Reconstructed three-dimensional pelvic and femoral models from
EOS images (as in Figure 5-20). The ‘sky view’ images present this patient’s
pelvis as would be viewed from a superior to inferior direction: (1) In her posture
with no heels, the cup anteversion is indicated by angle (p) and with high heels by
angle (q). Note the increased acetabular anteversion due to the enhanced posterior
pelvic tilt; (2) Axis of femoral neck; (3) Femoral axis; (4) In her posture with no
heels, the axis of posterior condyles is indicted by angle (n) and with high heels
by angle (m). Note with heels she obtained an increase in internal rotation of the
femur.

of component positioning and patient postural adaption. It is to be
noted that it is still unproven whether ingress of metal debris and
metal contamination will be deleterious to Al2O3 or ZTA bearings
(Table 5-12).

Retrieval studies have indicated that impingement, as indicated
by production of stripe damage, was a common finding in retrieved
CoC and MoM bearings. In 28 mm and 32 mm CoC bearings, the
incidence was noted to be 83% (Esposito et al., 2012). In addition,
almost 100% evidence of stripe damage was found in retrieved MoM
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Table 5-12. OC simulator ceramic chapter.

Item Simulator test mode Details Results

1 5-Mc duration standard
test

Al2O3 Not effective (class A wear)

2 14-Mc duration standard
test

Al2O3 Not effective (class A wear)

3 Stop-and-go mechanics With reversal Not effective (class A wear)
4 Steep cup effect Edge wear Not effective (class A wear)
5 Severe micro-separation Al2O3 Wear corresponded to class B
6 Severe micro-separation Al2O3, ZTA-C Excellent discrimination with

class D wear
7 Debris PMMA Not effective (class A wear)
8 Debris CoCr None
9 Debris Ti64 None

10 Debris Al2O3 None
11 Surface contamination Ti6Al4V None
12 Physico-chemical changes Microstructure Some data, minimalistic

with diameters ranging 28–54 mm (Clarke et al., 2013b, 2014b).
Thus, while stripe wear does not appear to result in squeaking, it
does indicate that repetitive subclinical subluxations (McPherson
et al., 2012; Pelt et al., 2013) with concomitant risk of cup-on-neck
impingement is likely a common pathway leading to revision of THA
(Figure 5-10) (Clarke et al., 2013b, 2014b).

The retrieval study by Esposito et al. (2012) presents the first
published clinical perspectives of impingement risks combined with
CoC wear rates. Based on the nature of cup impingement and
stripe damage, 54 cases were stratified into retrievals with (i) no
stripes, (ii) posterior stripes, and (iii) anterior stripes. With follow-
up extending from one to ten years, CoC wear was immeasurable in
cases that displayed no stripe wear (Table 5-10). Thus, early con-
cepts of THA designs that achieved well-fixed and well-positioned
implants have performed well for over 30 years (Figure 5-23). In con-
trast, the CoC retrievals with stripe wear on posterior and anterior
head sites averaged 0.2 and 1.9 mm3/year, respectively, virtually one
order of magnitude difference. The highest recorded wear rate was
7.2 mm3/year in a case revised for squeaking.
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Figure 5-22. Example of dual-modular design with a notched Ti6Al4V femoral
neck that was cut by cup rim over hundreds of thousands of cycles in approxi-
mately one year to revision. This illustrates that hip impingement is the conun-
drum for all THA procedures.

Standard simulator test guidelines (ISO14242-1,2,3) used with
Al2O3 bearings produced overall wear rates of 0.1 mm3/Mc or less.
For comparative purposes, it will be assumed here that a wear rate
of 1mm3 per million cycles in a hip simulator (1 mm3/Mc) is anal-
ogous to a patient wear rate of 1 mm3 per year (1 mm3/year). Some
studies argue for higher numbers of cycles per year of patient use
(Silva et al., 2002) and some for lower (Kamali et al., 2010). It is
left to the reader to increase or decrease the ratio of patient activity
levels as deemed relevant. Thus, the standard simulator test would
likely correspond to clinical cases without stripe damage and immea-
surable wear (Table 5-10: Class A). In the mild MSX test mode (Fig-
ure 5-17), overall wear rates for Al2O3 averaged 0.19 mm3/Mc. This
corresponded well to CoC retrievals with posterior stripe damage

 M
at

er
ia

ls
 f

or
 T

ot
al

 J
oi

nt
 A

rt
hr

op
la

st
y 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 C
he

ls
ie

 B
itt

on
 o

n 
04

/1
2/

16
. F

or
 p

er
so

na
l u

se
 o

nl
y.



September 24, 2015 9:20 Material for Total Joint Arthroplasty 9in x 6in b2135-ch05 page 120

120 Material for Total Joint Arthroplasty: Biotribology of Potential Bearings

Figure 5-23. A 30-year successful result with a pioneering CoC design that had
centralized wear patterns, satisfactory range of motion, no neck notching, and no
stripe wear (see Figures 5-5–5-8).

(Table 5-10: Class B). In the severe MSX mode, Al2O3 averaged
wear an order of magnitude higher at 1.8 mm3/Mc (Figure 17). This
corresponded well to CoC retrievals featuring anterior stripe dam-
age (Table 5-10: Class D). Therefore, there appears to be a workable
correlation relationship between clinical and simulator data. It was
noted in the study by Esposito et al. (2012) and others (Hannouche
et al., 2005; Nevelos et al., 2001b; Nizard et al., 2008; Prudhommeaux
et al., 2000) that such levels of ceramic wear did not result in adverse
tissue reactions around the hip joint (osteolysis).

The severe MSX simulator mode was valuable in that it pro-
vided clear discrimination between ZTA and Al2O3 combinations
not apparent in the standard simulator test mode (ISO-14242-1).
It was also notable that the BME and LLU studies were in com-
plete agreement regarding MSX wear rates (Figure 5-18). This was
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additional evidence to support the claim that the zirconia-reinforced
alumina combination (ZTA/ZTA) was at least six times more resis-
tant to stripe wear mechanisms than Al2O3/Al2O3. The MSX mode
also discriminated against implants with a zirconia ceramic overlying
a metal substrate. Parikh et al. (2013a) demonstrated stripe forma-
tion within 3 million cycles with concomitant cracking of the oxide
surface and exposure of the DH zirconium substrate.

The standard test guidelines (ISO 14242-1 and -3) appear to have
little relevance for ultra wear-resistant CoC bearings. In one 28 mm
CoC study, alumina bearings were run out to 14 million cycles to
better assess run-in and steady-state wear phases. This test, which
included interrupted test intervals with machine rotation rever-
sals, averaged 0.27 and 0.007 mm3/Mc, respectively (Figure 5-24).
The latter value represented only 2.6% of the run-in rate, barely
contributing to the overall wear rate assessment of 0.04 mm3/Mc
(Oonishi et al., 2004). This test consumed a lot of resources over an
18-month period to ascertain such a ceramic wear rate so close to zero
(Table 5-10: Class A). Clearly the mild and severe MSX tests raised
CoC wear rates by a factor of 3 and 30, respectively (Figure 5-17).

Figure 5-24. Wear trending (maximum, average, minimum) with 28mm CoC
bearings (N = 9) that were run to 14 million cycles to more adequately assess the
steady-state wear phase.
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The severe MSX test mode thus offered good clinical relevance with
matching wear rates produced within a typical 5-million cycle test.

From this review of ceramic tribology it was apparent that the
standard simulator test (ISO142420) was successful in documenting
CoC wear rates during the run-in phase but had great difficulty in
assessing the ultra-low wear rates in the steady-state phase (Table 5-
12: Class A). In fact, one conclusion is that the standard simula-
tor test has been of minimal value for CoC bearings. In addition,
some alternative methods, such as (i) extended test durations, (ii)
stop-and-go/reversing tests, and (iii) steep cups, all remained with
class A wear, i.e. the anticipated adverse wear rates did not mate-
rialize (Table 5-12). Similarly, one CoC abrasion study with bone
cement also produced a class A wear rate. Clearly lacking were abra-
sion studies with clinically relevant particles, such as CoCr, Ti6Al4V,
or Al2O3 (Table 5-12). In addition, it was not possible to find any
CoC wear study with ceramic surfaces contaminated by layers of
titanium alloy (Figure 5-9: Blackened heads and cups). In addi-
tion, minimal attention has been given to physic-chemical interac-
tions at the ceramic surfaces and how these are resisted by different
microstructures (Al2O3, ZTA, S3N4, etc). Clearly the microsepara-
tion test modes have proved of considerable utility (Table 5-10). How-
ever, to the best of the authors’ knowledge, only two ceramic types
(Biolox-forte, Biolox-delta) have been assessed in such tests. More
detailed information is greatly needed.

10. Summary

1. A few studies of pioneering ceramic THA from the 1970s reported
volumetric wear >5mm3/Mc (class E). These reports of gross
wear appeared confined to pioneering designs with monoblock
cups. These were easily loosened and could impinge on the
femoral neck during patient activities. However, it is noted that a
retrieval study of contemporary THA designs reported one case
with a 7.2 mm3/Mc wear-rate, also class E wear.

2. Squeaking in ceramic hips has been attributed to various patient
and THA characteristics but has particularly been described as
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lubrication failure. Biomechanical studies indicated that causa-
tion was most likely metal contamination on ceramic surfaces.
Such metal debris in CoC cases would indicate that the metal
femoral neck had impinged on either the ceramic or metal rim of
the acetabular cup. Squeaking was thus either directly or indi-
rectly attributable to repetitive hip impingement in particular
patient postures, and as such should not be reported as lubrica-
tion or bearing failure per se.

3. Clinical retrieval studies (Al2O3/Al2O3) indicated CoC wear
rates could be classified into three groups: (i) those with femoral
heads with no stripe damage; (ii) those with posterior stripes;
and, (iii) those with anterior stripes. Corresponding wear rates
were zero (class A), 0.2 mm3/year (class B), and 1.9 mm3/year
(class D), respectively.

4. Overall wear rates (Al2O3/Al2O3) in the standard simulator test
were <0.05 mm3/Mc (class A). This method (ISO-14242) was of
little value because it could not differentiate between ceramic
types. Even a longer-term standard test (>10 million cycles)
offered little benefit.

5. Overall wear rates (Al2O3/Al2O3) in the mild and severe
microseparation tests averaged 0.19 and 1.84 mm3/Mc (classes
B and C).

6. The severe microseparation simulator test in two independent
laboratory studies successfully differentiated between Al2O3 and
ZTA wear performance. The ZTZ/ZTA combination reduced
wear six-fold compared to the Al2O3/Al2O3 combination.

7. The severe microseparation test also differentiated between
the hybrid combinations of Al2O3 and ZTA. Compared to
Al2O3/Al2O3, the Al2O3/ZTA hybrids reduced CoC wear by
two-fold. It was notable that as either the head or cup, the Al2O3

component contributed only 33% to the total CoC wear. The
hybrids thus demonstrated that there were two ceramic wear
mechanisms present as follow: (i) fatigue wear due to cup rim
impinging against the femoral head; and, (ii) abrasive wear fol-
lowing release of ceramic particles. The ZTA toughness offered
protection against mechanical damage and the Al2O3 hardness
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offered protection against abrasive wear. Both hybrid combina-
tions were effective but not as beneficial as the ZTZ/ZTA com-
bination.

8. There was one microseparation study of a new bearing defined as
a monoclinic-zirconia surface (DHOxZr). This proved of discrim-
inatory ability by cracking the ceramic surface within 3 million
cycles.

9. There is minimal data available on microseparation tests and
therefore this mode cannot truly be considered a proven and clin-
ically relevant method of testing. Fortuitously, it has provided
good discrimination between Al2O3, ZTA, and the DHOxZr
ceramics within the standard 5-million cycle duration. The CoC
simulator tests run under (i) standard, (ii) mild microseparation,
and (iii) severe microseparation test modes provided wear rates
that matched contemporary retrieval data. The case was made
here for this strong correlation, which now invalidates prior argu-
ments that simulator wear rates were not clinically relevant. The
three levels of wear rate correlations outlined here may be for-
tuitous but will certainly stimulate simulator studies of ceramic
systems in development.

10. Data on available on steep cup test modes appears minimal and
further studies are needed for a better definition of edge wear
effects in CoC bearings.

11. The review of clinical and retrieval literature indicated that sub-
luxation and impingement were likely to be the main risks in
all THA designs. However, the concomitant risk of metal debris
released during recurrent impingement events has not been ade-
quately recognized or studied. While one CoC simulator study
did introduce bone-cement particles, that test mode did not chal-
lenge CoCr surfaces and would be unlikely to damage harder
ceramic surfaces.

12. It may be assumed that metal particles have little effect against
the hard ceramic surfaces. Nevertheless, this appears to be an
obvious omission from pre-clinical wear studies.

13. In all of the foregoing it is noted that there exists a paucity
of information on the physico-chemical interactions present at

 M
at

er
ia

ls
 f

or
 T

ot
al

 J
oi

nt
 A

rt
hr

op
la

st
y 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 C
he

ls
ie

 B
itt

on
 o

n 
04

/1
2/

16
. F

or
 p

er
so

na
l u

se
 o

nl
y.



September 24, 2015 9:20 Material for Total Joint Arthroplasty 9in x 6in b2135-ch05 page 125

Ceramic-on-Ceramic Bearings 125

the microstructural level of ceramic bearings in such pre-clinical
testing.
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Advanced  bioceramics  have  played  integral  roles  in treatment  modalities  for damaged  or diseased  human
joints and  osseous  defects.  This  paper  reviews  the  uses  and  properties  of  ceramics  and  ceramic  coatings
variously  employed  as  articulation  devices  in hip,  knee,  shoulder,  and  other  joints,  either as  self-mated
surfaces,  or  against  polyethylene  (both  conventional  and highly  cross-linked  versions),  or  for  osseous-  fix-
ation as arthrodesis  devices,  bone  scaffolds,  and  substitutes  in  the  spine  or extremities.  The  modern  uses
of oxide  and non-oxide  materials  in  these  applications  will  be  discussed,  followed  by  an  assessment  and
ioceramics
eramic coatings

mplants
rthopaedics
rthroplasty

comparison  of  their  mechanical  and  physicochemical  properties.  Recent  developments  in  new  bioceramic
materials  and  composites  along  with  advanced  processing  and  testing  methods  are presented.  Advanced
bioceramics  and  coatings  are  expected  to have increasing  use  in  orthopaedics  because  of  their  unique
combination  and  range  of  properties  including  strength  and  toughness,  hardness  and  wear  resistance,
biocompatibility,  bacteriostasis,  and  osseointegration.

© 2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Orthopaedic reconstructive surgery typically involves the use
f prosthetic biomaterials to repair or replace damaged or diseased
usculoskeletal tissue in order to relieve pain and restore func-

ion for patients suffering from bone fractures, tumors, congenital
eformities, arthritis, osteoporosis, scoliosis, infection, and other
tiologies coincident with an ageing population. While these pro-
edures were envisioned by medical practitioners for a long time,
t was not until the advent of safe anesthesia techniques, steril-
ty, and improved biomaterials in the 20th century that prosthetic
orrection of bone defects and replacement of diseased or dam-
ged joints became practical [1]. The pioneering work in total hip
rthroplasty by Sir John Charnley in the 1960s [2,3] paved the way
or reconstructive procedures in other areas, including spine, knee,
houlder, ankle, wrist, and phalanges. Worldwide, the number of

eople affected from bone and joint disorders was estimated to be
.78 billion in 2012, with spinal and lower extremity disabilities
eing the most prevalent [4]. In 2010–2011, the number of mus-

∗ Corresponding author. Fax: +1 801 539 3605.
∗∗ Corresponding author. Fax: +81 75 724 7568.

E-mail addresses: bmcentire@amedica.com (B.J. McEntire), Pezzotti@kit.ac.jp
G. Pezzotti).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2015.07.034
955-2219/© 2015 Elsevier Ltd. All rights reserved.
culoskeletal surgeries in the US alone was 3.79 million [5], with
joint arthroplasty accounting for more than half of this total [6–10].
Further, from a global perspective, approximately 2.9 million joint
replacement surgeries take place annually, including more than 1.4
million hip, 1.1 million knee, and over 100,000 shoulder replace-
ments [11].

Ceramics and ceramic coated devices have been incorporated
into various prostheses almost from inception either for osseous-
fixation or articulation devices. Current ceramics include alumina
(Al2O3), zirconia (ZrO2), zirconia-toughened alumina (ZTA), alu-
mina matrix composites (AMC), alumina-toughened zirconia
(ATZ), silicon nitride (Si3N4), and hydroxyapatite (HAp); whereas
ceramic coatings encompass diamond-like carbon (DLC), titanium
nitride (TiN), zirconium nitride (ZrN), titanium–niobium-nitride
(TiNbN), calcium phosphates (Ca3(PO4)2), and also hydroxyapatite
(Ca10(PO4)6 (OH)2). Although not strictly regarded as a coating (but
as a native oxide layer), another popular metallic-ceramic com-
posite is an in situ grown monoclinic zirconia onto a zirconium
niobium alloy (i.e., oxidized zirconia, OxZr). All of these materials
have found various applications in orthopaedic surgery during the
late 20th and early 21st centuries. The purpose of this review is to

discuss the uses of these ceramics and ceramic coatings, provide
comparative analyses of their physical and mechanical properties,
present their in vitro and in vivo performance, and correlate these
to physicochemical observations.

dx.doi.org/10.1016/j.jeurceramsoc.2015.07.034
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.07.034&domain=pdf
mailto:bmcentire@amedica.com
mailto:Pezzotti@kit.ac.jp
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. Modern uses of orthopaedic ceramics and coatings

An excellent review of the early history of arthroplasty including
he use of ceramics was provided by Steinberg et al [1]. This sec-
ion will not retrace their effort but instead focus on developments
uring the past century. There has been explosive growth in the
cience and application of biomaterials in joint replacement dur-
ng the past 50 years. In fact, total hip arthroplasty has been referred
o as the most successful operation of the 20th century [12]; and
ts success has led to the development of arthroplastic procedures
or other human joints. Ceramic materials have been integral to
his evolution. They were first considered for use as prostheses in
he 1920s when hip reconstructive procedures were devised using
ollow hemispherical molded glass as femoral heads. However,
hese devices lacked sufficient strength and toughness to withstand
cetabular loads and many fractured in vivo [13]. A nearly 50 year
iatus ensued during which physicians turned principally to met-
ls and polymers. However, in the latter third of the 20th century,
rthopedists returned to ceramics because of favorable properties
uch as biocompatibility, strength, hardness, wear, and corrosion
esistance. This period saw the introduction and proliferation of
lumina, hydroxyapatite, zirconia, silicon nitride, ceramic-coated
etals, and zirconia-toughened alumina. For an in-depth treatise

n the physicochemical characteristics of most of these biomateri-
ls, the interested reader is referred to a recently published work
y Pezzotti [14].

.1. Alumina

Interest in polycrystalline bioceramics started in 1970 when Dr.
ierre Boutin implanted the first hip prostheses with Al2O3 ceramic
earings [15,16]. His success led to a string of ceramic biomate-
ial innovations, with patents appearing shortly thereafter claiming
arious ceramics, including Al2O3, as viable orthopedic materials
17–20]. Recognizing a potential for limb reconstruction and cor-
ection of skeletal defects in veterans, the US Defense Department
nvestigated and demonstrated the usefulness of porous Al2O3 as a
one scaffold in 1972 [21], and a similar Scandinavian study in 1973
stablished its osseointegration effectiveness [22]. Al2O3 has been
he most widely used structural ceramic in total hip arthroplasty
THA) for the past approximately 50 years, typically in articulation
gainst polyethylene [23] or itself [24,25]. Its success in THA led
o its adoption in other joints including knee [26,27], elbow [28],
nkle [29], wrist [30], phalanges [31], spine [32,33], and also bone
econstruction [34]. Industrial specifications for its composition,
rocessing, and properties have been issued [35,36]. It has been
epeatedly shown to be biocompatible [16,37], possessing high
ardness and a low coefficient of friction, all of which significantly
educe the occurrence of wear debris [38]. However, it also has
elatively modest fracture strength and toughness, both of which
ncrease the risk of brittle failure [39,40]. Yet, enhanced reliability
as been realized with three generations of processing improve-
ents, including increased raw material purity, refinement of its
icrostructure, use of hot- isostatic pressing (HIP), and inclusion

f post-manufacturing proof testing [41].

.2. Hydroxyapatite and calcium phosphates

Apatite-based ceramics were investigated and introduced in
he 1960–70s concurrent with Al2O3 [42], although their thera-
eutic bone remodeling benefits have been known for centuries
43]. �-Tri-calcium phosphate (Ca3(PO4)2, TCP) and its close chem-

cal cousin, calcium hydroxyapatite (Ca10(PO4)6(OH)2, HAp), in
ranular, porous and dense forms, were suggested as corrective
herapies for various bone defects, such as tooth repair and replace-

ent, alveolar ridge augmentation, maxillofacial reconstruction,
eramic Society 35 (2015) 4327–4369

ossicles bone repair, or as burr-hole buttons, orbital implants,
spinal fusion devices, and bone scaffolds [44–46]. Their early use in
dental procedures resulted in marked improvement in osseointe-
gration [47]. This success provided incentives to other researchers
to apply hydroxyapatite coatings onto femoral stems and cups in
total hip arthroplasty. Clinical trials of coated hip stems were initi-
ated by the mid-1980s [48], with follow-up on a number of these
studies now exceeding 20 years [49–52]. Today HAp is the most
used non-structural ceramic in joint arthroplasty [53]. Unfortu-
nately, it cannot be employed in load bearing devices due to its
extreme brittleness and poor strength. Its usefulness is solely for
the promotion of new bone growth. HAp is considered osteocon-
ductive similar to autologous or allograft bone. When exposed to
physiologic fluids, it releases ions that stimulate bone formation
and bone bonding, which aids in the stabilization and fixation of
implants possessing porous ingrowth surfaces. Although porous
metals, such as titanium alloys, are capable of similar bone on-
growth or ingrowth even without hydroxyapatite coatings, HAp
accelerates the appositional process, and is used clinically. The
original (and still preferred) method of applying hydroxyapatite
is by thermal spraying of synthesized powders at temperatures
between 15,000 K and 30,000 K to form thin (50–150 �m)  surface
coatings, with roughened or porous titanium being the preferred
metallic member [54,55]. Melting of the hydroxyapatite occurs
within the plasma stream, and fortuitously, when the particles
impact on the cooler metallic substrate, a range of disordered
calcium phosphate phases are formed possessing differing bio-
logic dissolution kinetics, which favor both short- and long-term
osseointegration. These phases include predominately amorphous
calcium phosphate (ACP), �- and �-tri-calcium phosphates (TCP),
and hydroxyapatite (HAp). The reported relative biological solu-
bility of these compounds is as follows: ACP � �- or �-TCP � HAp
[55]. Their dissolution rate is not only related to crystal chem-
istry, but also affected by physical parameters such as the size
of melted splats, the amount of porosity within the coating, the
presence of thermally induced cracks, pits or other defects, and
the coating’s crystallinity. Reportedly, initial bone growth occurs
at an enhanced rate when the coating contains a higher percent-
age of the amorphous phase [55]. Its dissolution increases the local
concentration of calcium and phosphate ions followed by precip-
itation of a calcium carbonaceous phosphate with a composition
similar to native bone. These precipitates attract osteoblasts induc-
ing bone growth towards the implant. Concurrently, osteoclasts
remodel native bone surrounding the implant according to applied
physiologic stresses. The osteoclast cells dissolve the carbonate pre-
cipitates as new native bone grows into fissures, pits, and defects of
the slower resorbing HAp during post- operative periods. Poor fixa-
tion and implant loosening may  occur if the applied coating has too
much ACP or TCP. High concentrations of these two  phases results
in rapid bone formation at the expense of longer-term osseointe-
gration. Conversely, an insufficient amount of these compounds
will fail to attract the necessary osteoblasts to initiate fixation;
or the higher concentration of HAp can occlude the porosity of
the underlying metallic surface thereby failing to achieve adequate
apposition of the implant and native bone [56,57]. Herein lies the
key concern and controversy of HAp coated implants. Resorption
kinetics govern implant fixation. Thermal spraying conditions have
been experimentally determined to achieve appropriate concen-
trations of ACP, TCP, and HAp. The HAp feedstock composition,
purity, particle size, gas- stream temperature and its composition,
and substrate temperature are among the important experimen-
tal parameters. Recent work has also explored the preparation

and characterization of biomimetic and nano-hydroxyapatite com-
positions with the hope that they might also lead to improved
implant fixation [58–60]. Although not indispensable in arthro-
plasty surgery, HAp and its associated calcium phosphates are
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seful for promoting bone ingrowth and accelerating the biologic
nchoring of joint prostheses to host bone. Their effectiveness for
his purpose continues to be robustly demonstrated and reviewed
53,61–63,656].

.3. Zirconia

Continuing concerns over in vivo fractures of Al2O3 femoral
eads and liners in total hip arthroplasty in the 1980s led to the

ntroduction of zirconia ceramics in 1985 [64], including partially
tabilized zirconia using magnesia (Mg-PSZ) and a yttria-doped
omposition known as Tetragonal Zirconia Polycrystals (Y-TZP)
64–66]. These ceramics represented a new generation of implants.
hey were biocompatible [37] and had approximately twice the
trength and toughness of Al2O3 [66]. They also had exception-
lly low coefficients of friction and lower wear on polyethylene.
hey promised to provide a new level of care and safety over
etallic and Al2O3 implants [64,67–69]. Their improved mechani-

al properties were achieved by taking advantage of a polymorphic
hase transformation that occurs in doped zirconia known as phase
ransformation toughening [70]. This mechanism involves the

eta-stabilization of a high-temperature tetragonal phase through
he incorporation of magnesia, yttria, or other dopants. In the pres-
nce of an advancing crack, the metastable phase transforms to
ts stable monoclinic polymorph with an accompanying volume
ncrease of ∼4–5%. The sudden volume change exerts compressive
orces on the crack tip, thereby slowing or arresting its propagation.

g-PSZ implants entered the marketplace and an industrial stan-
ard for their composition, processing, and properties was  created
71]. However, the strength of Mg-PSZ was inferior to Y-TZP, so,
onsiderable physician interest and rapid uptake of Y-TZP ceram-
cs occurred after its clearance by US and EU regulatory bodies.
ver 600,000 Y-TZP femoral heads were implanted between 1985
nd the turn of the century largely based on bench test data, with
ittle clinical evidence as to the material’s longer-term effective-
ess [72,73]. There were initially few reported in vivo failures [69],
ut a change in manufacturing methods (from batch to tunnel
urnace) by the leading vendor of Y-TZP in 1998 resulted in a signif-
cant increase in fractures beginning in 2000, many occurring only

onths after implantation [73]. Independent investigations by a
umber of scientific groups in cooperation with regulatory agencies
ighlighted the material’s inherent instability [72–74]. After more
han a decade of use, Y-TZP was withdrawn from the US and EU

arkets in 2001 and its industrial standard was subsequently aban-
oned [75]. Despite its improved initial strength, Y-TZP possesses
ne critical weakness. It may  spontaneously transform to its stable
onoclinic form under in vivo conditions. This effect has become

nown as low-temperature hydrothermal degradation (LTD) [76].
he transformation results in increased implant surface roughness,
nhanced wear, weakening of the material, and eventual fracture
72–74,77,78]. Despite its withdrawal from EU and US markets, Y-
ZP femoral heads are still available for implantation in Asia, and
ecent physical chemistry analyses suggest that the unconstrained
ransformation experienced by the original EU manufacturer may
e limited and controlled through improved processing and care-
ul assessment before clinical use [79]. Y-TZP is also extensively
sed and preferred as esthetic and functional dental prostheses
80], although concerns have also been raised about its longevity
n this application due to low-temperature hydrothermal degrada-
ion [81]. LTD is considered the Achilles’ heel of zirconia with its
ccurrence being highly dependent on its microstructure; there-

ore, the overall process must be strictly controlled and any change
n one of the process steps must be carefully assessed. In other, sim-
le terms, Y-TZP may  perform better than Al2O3 but is less robust
s far as industrial variations are concerned.
eramic Society 35 (2015) 4327–4369 4329

2.4. Silicon nitride

Silicon nitride (Si3N4) is another high-strength and tough indus-
trial ceramic which is also considered to be a viable implant
material [82–84]. In 1986, it was  first utilized in a small clinical trial
in Australia (30 patients) to determine its capability as an arthrode-
sis device in the lumbar spine [85]. This medical study happened
to coincide with massive investments by the US Government in
the development of this new ceramic for aerospace, automotive,
and industrial applications [86–90], although no funding was ever
channeled to medical devices at that time. Over two  decades passed
before Si3N4 became a commercially available biomaterial in the US
and EU, partially thanks to a small grant from the US National Insti-
tutes of Health [91]. Since 2008, it has been used as a fusion cage
for arthrodesis of the cervical and thoracolumbar spine [92]; and
to date, approximately 25,000 Si3N4 spinal fusion cages have been
implanted with few adverse reported events [93]. Extensive testing
of silicon nitride has indicated its potential as an articulation mem-
ber as well, but it has yet to be cleared by regulatory agencies for this
purpose [82,94]. Two industrial standards have been adopted for its
composition, processing, and properties [95,96]. They are appro-
priate for its use as a biomaterial, but need to be augmented with
provisions that address biologic issues. Si3N4 has been shown to
be biocompatible, possessing favorable cell interaction character-
istics [83,84,97–102]. These and other studies indicate that porous
or unpolished Si3N4 osteointegrates with adjacent bone [102–106]
and exhibits bacteriostasis [106,107] . In its dense and polished
form, it has been shown to produce implants with exceptionally low
wear rates [108–118]. Its strength and toughness are comparable
to the best values obtained for other polycrystalline ceramics [82].
Si3N4 derives its strength and toughness through microstructural
engineering and not from phase transformation. Similar to Al2O3,
Si3N4 exists as an irreversibly stable phase at room temperature;
but unlike Al2O3, its microstructure is composed of asymmetric
needle-like interlocking grains surrounded by a thin (<2 nm)  refrac-
tory grain-boundary glass [119]. This unique structure provides
Si3N4 with exceptional strength and toughness. An advancing crack
must navigate a tortuous high energy path through the ceramic,
and bridging grains within the crack wake restrict its continued
propagation [120–122]. Si3N4 can not only be produced as a poly-
crystalline ceramic, but it can also be applied as a wear resistant
coating using physical vapor (PVD) or chemical vapor deposition
(CVD) methods [123–127]. Si3N4 is the only ceramic material being
considered thus far for both bulk and metal-coated orthopedic
applications. Although bulk and coated silicon nitrides are chemi-
cally similar, the coated material is amorphous or nano-crystalline
and non-stoichiometric. It can be either silicon or nitrogen rich and
may  also contain other elements, either by design or as impurities,
such as carbon, oxygen, or fluorine. Mechanically, it does not have
the same strength or toughness as the polycrystalline material, but
can have comparable hardness.

2.5. Ceramic coatings for bearing applications

Other ceramic coatings for medical applications predated sili-
con nitride. The first of these was  PVD deposited titanium nitride
(TiN) on titanium. It was  developed and introduced into the market-
place for total joint arthroplasty beginning in the late 1980s [128]
with formal clinical investigations beginning in 1990 [129–131]. At
about this same time, another hard coating, diamond-like carbon
(DLC), was applied to titanium implants for shoulder, ankle, and
knee arthroplastic devices in Europe. However, no pre-operative in

vitro testing of these DLC coated implants was ever conducted. Nei-
ther were there any clinical data nor regulatory oversight because
the manufacturer failed to obtain the necessary clearances prior to
marketing these devices. Consequently, these products fared poorly
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nd were quickly removed from distribution [132]. The first and
nly legitimate premarket approved clinical trial of DLC coated
evices was initiated in 1993 [133]. Other hard ceramic coatings
ere subsequently introduced, including zirconium nitride (ZrN)

n a cobalt chromium (CoCr) substrate [134] and titanium nio-
ium nitride (TiNbN) also on CoCr [135,136]. These single or mixed
itride coatings are nano-crystalline and have thicknesses in the
ange of 1 �m to 15 �m.  All have been shown to be biocompati-
le [123–127,136–139], and they are currently used or considered
or use as hip resurfacing implants, for total hip arthroplasty, or
s femoral knee components. In 1997 another new metal–ceramic
omposite was introduced via clinical trials [140,141]. Known by
he trade name of Oxinium® [142], it is not technically a coating. It
onsists of a ∼5 �m thick monoclinic ZrO2 ceramic layer which is
rown in situ on a Zr–2.5Nb alloy. However, like coatings, it com-
ines the strength of a metal core with the wear resistance of a
eramic surface. This composite has been shown to be biocom-
atible [143] and is currently successfully used in both hip and
nee arthroplasty [144,145]. In principle, ceramic coatings appear
o be excellent solutions for three prevalent problems in articulat-
ng prostheses. First, they eliminate brittle fracture because of their
igh toughness metallic substrates. Second, in comparison to metal

mplants, they minimize wear debris due to the high hardness and
brasion resistance of the outer ceramic layer. Third, they place

 barrier between the metallic implant and human bone or tissue,
hich lessens allergic reactions from soluble metal ions (Co, Cr, and
articularly Ni) for hypersensitive patients [146]. However, there
re concerns with all thin ceramic coatings or layers. Their fabrica-
ion processes can generate high surface stresses, which challenge
dhesion to their respective substrates. Thermal expansion dif-
erences can exacerbate these stresses. Also, in vivo scratching,
itting, or even delamination of these coatings have been observed
147–149], leading to increased surface roughness and excessive
ear of the coating, the underlying metal, or the counterface mate-

ial [150,151].

.6. Zirconia toughened alumina

A group of new ceramics containing mixtures of Al2O3 and ZrO2
ere brought to US and EU markets beginning in about 2000, almost

imultaneous with the withdrawal of Y-TZP [152]. They were intro-
uced in an attempt to overcome the hydrothermal deficiencies of
-TZP and the relatively modest strength of Al2O3. At one end of
he composition spectrum are zirconia-toughened alumina (ZTA)
153,154] and an alumina matrix composite (AMC) [152]. ZTA is a
ully dense ceramic consisting typically of about 7–25 wt.% unsta-
ilized ZrO2 or Y-TZP incorporated into an Al2O3 matrix [155,156].
lternative ZTA materials have also been developed using cerium
xide as the stabilization additive instead of yttria [157–159]. AMC
ecame a special ZTA composition consisting of 24 wt.% ZrO2 (i.e.,
7 vol.%) with 1.7 wt.% mixed oxides (Y2O3, Cr2O3, and SrO), the
alance being Al2O3 (74 wt.%) [160]. Since its introduction in 2000,
MC  has become the most popular orthopaedic ceramic for articu-

ation implants used in the world today. It is commercially known
s BIOLOX® delta [160]. An industrial standard for its composition
nd testing has been prepared and published [161]. At the oppo-
ite end of the spectrum, but still consisting of Al2O3 and ZrO2, is
lumina-toughened zirconia (ATZ) [162]. ATZ is also a completely
ense ceramic composed of 80 wt.% Y-TZP and 20 wt.% Al2O3 [162].
s might be expected, this broad range of Al2O3–ZrO2 mixtures
esulted in marked differences in properties, but all are superior to
oth pure Al2O3 and Y-TZP. All have been tested and determined to

e biocompatible [163,164]. They have excellent strength, tough-
ess, and hardness [154,165,166], and are highly abrasion [167] and
ear resistant [168–174]. Clinical studies using these devices have

een on-going since their introduction with acceptable overall out-
eramic Society 35 (2015) 4327–4369

comes [172,175–178]. However, they all achieve their enhanced
mechanical properties through transformation toughening, and
may  be susceptible to in vivo hydrothermal instability, although its
effects are retarded due to the presence of the non-transforming
Al2O3 phase.

Undoubtedly, there will be other ceramics and coatings con-
sidered for arthroplasty over the coming decades as scientists and
engineers attempt to match specific material properties or charac-
teristics to existing or new orthopaedic applications. However, in
learning from past experience, they will likely be introduced grad-
ually [179], and only after significant scientific in vitro and in vivo
scrutiny.

In the following sections, a comparative review of the physical
and mechanical properties of these ceramics and coatings will be
provided and correlated with available in vitro and in vivo data for
their specific applications. The physicochemical stability of each
material will follow, along with a discussion of degradation mech-
anisms. A summary of important findings and future directions for
research and product development will be given.

3. Properties and performance

This section is devoted to a comparative discussion of ceramic
material properties, bio-stability, in vitro, and in vivo perfor-
mance as they relate to specific applications. Certain properties
are unavailable for some materials, particularly the coatings; and
the range of applications precludes direct comparison of some
performance characteristics. In addition, differences in testing
methods used in assessing properties make precise comparisons
problematic. Nevertheless, given in Tables 1a and 1b are repre-
sentative values for the physical and mechanical properties of
polycrystalline ceramics and ceramic coatings contained within
this review, respectively. Two medical grade alloys (CoCr and
Ti6Al4V) and polyetheretherketone (PEEK) are included in Table 1a
for comparison purposes. The data provided in these tables were
compiled from peer-reviewed literature cited in this review. It
is important to note that these published values are not consid-
ered material specifications. ASTM and/or ISO standards have been
prepared for the bulk ceramics [35,36,71,75,95,96,161] and key
specifications from these standards are shown in Table 2. These
specifications reasonably represent the properties that orthopaedic
implants must meet when they leave their respective manufactur-
ing plants. A perusal of this information provides an interesting
contrast between reported data from technical literature and
actual specifications from the standards. They indicate consid-
erable equivalence for bioceramics used in similar applications.
Standard specifications do not exist for the hard ceramic coatings
or oxidized zirconium, although processing and characterization
techniques have been published by ASTM and ISO organizations
[180,181].

Parameters considered important for total joint arthroplasty
are density, grain size, flexural and compressive strength, Weibull
modulus, fracture toughness and slow crack growth (SCG),
hardness and wear resistance, biocompatibility, corrosion, and low-
temperature hydrothermal degradation (LTD). Additionally, for
bioceramics used as arthrodesis devices or for bone fixation, such as
HAp, Al2O3, or Si3N4, the ceramic’s hydrophilicity, bacterial resis-
tance, and osseointegration ability are important characteristics.
Other properties such as elastic modulus, Poisson’s ratio, thermal
expansion, and conductivity are specific to each material and not

directly comparable, although they may  play important roles in
performance. All are included in Tables 1a and 1b for the purpose
of providing a reasonable reference source for these bioceramics
and coatings.
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Table 1a
Physical and mechanical properties, and performance of biomaterials.

Property or
performance

Units Alumina Zirconia Zirconia–alumina composites Silicon
nitride

Cobalt
chromium

Ti6Al4V PEEK Cortical
bone

Composition or
designation

NA Al2O3 Mg-PSZ Ce- or
Y-TZP

m-ZTA AMC  ATZ Si3N4 ASTM F799 ASTM F136 ASTM
F2026

Collagen,
proteins,
HAp

Density  g/cc 3.98 5.65–5.77 6.00–6.05 4.25 4.37 5.51 3.22– 3.35 8.29– 8.50 4.43–4.50 1.29 1.5–2.0
Grain  size �m <1.8

Equiaxed
50 Equiaxed 0.1–0.6

Equiaxed
0.4–0.7
Equiaxed

0.54
Equiaxed

0.4
Equiaxed

0.5 × 5.0
Equiaxed

∼62
Equiaxed

∼10 × 60 Lamellar NA NA

Flexural  or tensile
strength

MPa  400–580
Flexural

450–700 Flexural 700–1500
Flexural

700– 1248
Flexural

1250–1400
Flexural

755–1163
Flex./biaxial

800–1100
Flexural

827 Tensile 860–970 Tensile 170
Flexural

90–228
Flexural

Compressive
strength

MPa  4100–5000 2000–3000 2000–2200 4000–4500 4300 ∼2600 4000 600–1800 800–970 118 150–260 ‖
70–110 ⊥

Elastic  modulus GPa 380 200–250 210–223 340–390 358 240–250 296–313 197–210 105–120 4 7.5–25.8 ‖
5–20 ⊥

Poisson’s  ratio NA 0.23 0.30 0.30–0.33 ∼0.24 0.24 ∼0.28 0.27 0.27–0.32 0.31–0.34 0.4 0.19– 0.48
Weibull  modulus NA 5–29 22 7–87 NA 10–15 6–17 8–53 NA NA NA NA
Fracture  toughness
KIC

MPa  m1/2 3.3–4.2 2.9–16.0 4.5–20.0 >4.1 6.4–8.5 8.0–12.0 4.4–15.0 50–100 46.3–93.3 7.6 kJ/m2

Impact Test
1.0–5.0 ‖
3.0–20.0 ⊥

Fatigue  resistance
KTH/KIC

0.52–0.84 0.45–0.90 0.37–0.92 NA 0.67 NA 0.50– 0.97 0.14–0.36 0.10–0.40 0.53–0.62 0.30–0.83

Biocompatibility NA Pass Pass Pass Pass Pass Pass Pass Marginal Pass Marginal Pass
Surface  phase
Composition

% 100%
�-Al2O3

42–54% t-ZrO2 65–95%
t-ZrO2

83–93%
t-ZrO2

58–90%
t-ZrO2

95–99%
t-ZrO2

100%
�-Si3N4

NA Mixture of � & � Ti Amorphous
&
crystalline

Collagen
and HAp

LTD  susceptibility NA Stable Marginal Metastable
(Y-TZP;
marginal
(Ce-TZP)

Stable Marginal Metastable Stable Stable Stable Stable NA

Hardness  GPa 18.0–23.0 10.0–12.0 11.0–12.5 15.7–20.8 19 13.7–15.0 15.0 3.0–4.0 2.8–3.3 99
Rockwell M

0.68–0.78 ‖
0.46–0.57⊥

Wear  rate PE
HXLPE
Hard-on-hard

mm3/MC  20–58
0.0–6.9
0.02–4.71

– 1.8–5.1 NA 11–63
5.0–6.0
Catastrophic

NA 1–20
0.1–4.4
0.00–0.45

17–32
5.6–6.1
0.02–0.06

17–25
3.7–6.3
0.18–0.98

14–201
0.0–11.7
0.18–25.00

NA NA NA

Thermal  expansion
coefficient

10−6/◦C 8 7–10 11 ∼8 8.1 ∼10 2.0–4.6 7.32 8.5–9.7 47 22.0–32.4

Thermal
conductivity

W/m  K 30 2 2–3 ∼17 17 ∼6 30–50 12.7 6.7–7.0 0.29 0.41–0.63

X-ray
radiolucency

NA  Radiolucent Opaque Opaque Opaque Opaque Opaque Radiolucent Opaque Opaque Transparent Radiolucent

Sessile  water
contact angle

Degree (◦) 50–72 79 82 90 90 90 40–70 55–93 76 95 NA

Bacteriostatic
capabilities

⊕  = excellent;
+  = good;
	 = fair;
⊗ = poor;
x = very poor

	 + + NA + NA ⊕ ⊗ + x NA

Osseointegration
ability

	  + + NA + NA ⊕ ⊗ + x ⊕

NA = not applicable or not available. MC  = Million cycles.
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Table 1b
Physical and mechanical properties, and performance of biomaterials.

Property or
performance

Units Titanium nitride Diamond-like carbon Zirconium nitride Titanium–niobium nitride Oxidized zirconium Hydroxyapatite

Composition or
designation

NA TiN DLC ZrN TiNbN Ox–Zr ASTM F1609

Density  g/cc 4.87–5.22 0.90–3.20 7.09 ∼5.69 5.84 2.55–3.21
Grain  size �m 30–300 nmColumnar Amorphous 2–25 nm 10–30 nmNanocrystals 10–30 nm Nanocrystals 40 × 200 nm 0.4–100 �m splats
Adhesion or
bond strength

MPa  10–60 N LC Adhesion 35–160 NLC Adhesion 24–60 N LC Adhesion 83 N LC Adhesion 35 N LC Adhesion 39–89 Bond 25–60

Compressive
strength

MPa  400–5500 NA NA NA ∼2000 102–1000

Elastic
modulus

GPa  402–550 110–900 175–395 200–600 200 3.2–122 coat vs. bulk

Poisson’s ratio NA 0.21 0.17–0.20 0.19 ∼0.20 0.34 0.11–0.27
Weibull
modulus

NA  5–18 6–12 NA NA NA 2–19

Fracture
toughness

MPa  m1/2 0.7–12.4 1.6–5.1 2.3–7.5 NA 2.2–2.8 0.5–1.2

Fatigue
resistance
KI0/KIC

NA NA NA NA NA 0.61

Biocompatibility NA Pass Pass Pass Pass Pass Pass
Surface  phase
composition

% TiN nanocrystals Amorphous ZrN nanocrystals TiN, NbN nanocrystals 95% m-ZrO25% t-ZrO2 ACP, TCP, HA

LTD
Susceptibility

NA  Stable Stable Stable Stable Stable Purposely degradable

Hardness GPa 33–56 14.5–80.0 14.0–31.0 14.0–24.5 12.0–14.0 3.0–9.0
Wear  rate PE mm3/MC 21 28–67 NA NA – NA
HXLPE  NA 2.8 3.5 NA 0.2–1.7 NA
Hard-on-hard NA NA NA NA
Thermal
expansion
coefficient

10−6/◦C 7.4–9.2 2.3 5.9–7.2 ∼7.4–9.2 7–10 11.6–14.2

Thermal
conductivity

W/m◦K 11.9 0.2–30 20 ∼12–14 2–3 1.1–1.2

X-ray
Radiolucency

NA  Opaque Opaque Opaque Opaque Opaque Radiolucent

Sessile  water
contact angle

Degree (◦) 31 - 69 55–71 89 73–75 71 34–39

Bacteriostatic
capabilities

⊕  = excellent;
+  = good;
	 = fair;
⊗ = poor;
x  = very poor

+ + ⊕ NA + +

Osseointegration
ability

+  + ⊕ NA NA ⊕

NA = not applicable or not available. See text for discussion of adhesion and bond strength differences.
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3.1. Density

Although absolute density values (in g/cc) are not directly
comparable for bioceramics due to chemical composition differ-
ences, attainment of near theoretical values (in %) provides insight
with respect to each material’s capability. Today, all ceramics for
articulation purposes are densified using hot-isostatic pressing,
and densities of greater than 98% are routinely achieved. HIPing
results in substantial improvements in strength for these mate-
rials [16,182–185]. As an example, Garino et al. reported that
HIPing of Al2O3 was implemented as part of a number of pro-
cess improvements resulting in about a 3% change in mass density
(i.e., from 3.86 g/cc to 3.96 g/cc) and a 45% increase in flexural
strength (i.e., 400–550 MPa) [186]. Hot-isostatic pressing has since
become a standard manufacturing practice for bulk ceramics used
in structural applications [187]. The data presented in Table 1a and
specifications shown in Table 2 demonstrate that all of these ceram-
ics are essentially equivalent (within about 1.5%) with respect to
their percentage of theoretical density.

Densities for ceramic coatings vary based on composition and
application. Compiled values are provided in Table 1b. PVD coatings
are typically dense amorphous or nano-crystalline structures [188].
Density determinations are difficult due to their thin nature, but
measured values appear to approach theoretical limits in defect-
free regions [189]. However, entrained imperfections, such as pits
and micro-droplets, negatively impact average values. Oxidization
of Zr–2.5Nb alloys (OxZr) produces a uniformly dense “blue–black”
nano-crystalline scale. Nevertheless, its thickness is limited to
about 5 �m because a porous “white” transitional oxide occurs
beyond this point due to high compressive growth stresses [190].
HAp coatings are purposely engineered to be porous for osseous fix-
ation. Porosity in thermally sprayed HAp coatings is governed by
plasma conditions [191] and can vary from about 2% to greater than
10% [192,193]. A broad range of porosity can also be engineered
into most ceramics for use as arthrodesis devices, scaffolds, or bone
substitutes [21,105,194–197]. In summary, the amount of porosity
within an implant is an important design parameter. Low porosity
implants with concomitant small flaw populations are essential for
load bearing applications whereas high porosity or mixed porosity
devices are required for bone fixation.

3.2. Grain size and morphology

Grain size is an important parameter governing mechanical
properties. The grain size values shown in Table 1a and the speci-
fications of Table 2 are indicative of the control that is required in
processing ceramics. Smaller grains are essential for maintaining a
reasonable level of fracture strength in Al2O3. Minimizing grain size
is the only method of improving the performance of devices made
from this material [40,198]. While larger grained microstructures
in Al2O3 resist crack propagation due to grain bridging and pull-out
(which effectively increases local fracture toughness) [199,200],
these large grains themselves can become inherent strength limit-
ing flaws. Consequently, smaller grains are preferred. One  approach
to designing brittle ceramics for structural applications (as has
been done for Al2O3) is to reduce the probability of failure through
grain-refinement and flaw elimination, both of which increase frac-
ture strength and improve Weibull modulus (i.e., less variability in
strength). Provided in Fig. 1(a) is a microstructural example of a
biomedical Al2O3 [154].

Unlike Al2O3, Mg-PSZ has a unique microstructure. Its average
grain size is large – 50–60 �m – and is composed of a cubic- ZrO2

matrix embedded with metastable coherent tetragonal-ZrO2 pre-
cipitates having diameters of ∼250 nm and aspect ratios of ∼5:1.
The lenticular t- ZrO2 precipitates occupy 40–50 vol.% of the c-ZrO2
grains [70]. Because Mg-PSZ is transformation-toughened by these
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Fig. 1. Microstructures of biomedical ceramics: (a) Al2O3; (b) Y-TZP

ano-sized acicular t-ZrO2 precipitates, grain size control of the
arger c-ZrO2 is less important. Trials were conducted in the 1990s
n an effort to decrease the grain size of Mg-PSZ by adding a small
mount of yttria and/or a second phase (alumina or an aluminate)
201,202]. The purpose of these additives was to limit grain bound-
ry mobility. However, follow-up studies were limited because
-TZP was considered the system of choice during that period.
ecause of concerns with LTD in Y-TZP, there might be renewed

nterest in these Mg-PSZ systems, with the goal of improving their
trength by careful control of their microstructure.

Grain refinement is essential for Y-TZP, ZTA, AMC, and ATZ com-
osites, but for one additional key reason. The transformation of
he t-ZrO2 phase within these materials occurs more readily when
rO2 grains are beyond a critical size [203]. This size for Y-TZP under
ydrothermal conditions is reportedly less than 360 nm [204]. Dev-

lle et al. confirmed that small ZrO2 grains <500 nm are also required
n ZTA ceramics [205], with the Al2O3 matrix influencing their crit-
cal transformation size. Typically, the t- ZrO2 grains are located at
lumina grain boundaries or at triple-point grain junctions [206];
ut unique intragranular composites have been developed hav-

ng submicron Al2O3/t-ZrO2 grains embedded within larger Al2O3
rains [207]. The concentration and dispersion of the t-ZrO2 grains
ithin the Al2O3 matrix (or the converse for ATZ composites)

s important for optimum strength. Adequate intermixing of the
l2O3 and ZrO2 ceramic powders prior to densification is essen-

ial [208]. For ZTA composites, where Al2O3 is the dominant phase,
eeping the ZrO2 concentration below the theoretical percolation
imit (∼16 vol.%) prevents linking-up of t-ZrO2 grains throughout
he Al2O3 matrix [205]. Their isolation is important in inhibiting
ntergranular H2O diffusion which leads to premature transforma-
ion. AMC  composites have an additional tertiary phase engineered
nto their microstructure composed of magnetoplumbite platelet

rains [209]. Their purpose is to increase the ceramic’s overall resis-
ance to fracture via crack deflection [152,156], which is plausible
n principle, but their actual contribution to increased toughness,
onsidering their small volume percentage in the composition, has
TA; and, (d) �-Si3N4; Courtesy Kyocera and Amedica Corporations.

not been fully verified [210]. For ATZ, where t-ZrO2 is the matrix and
Al2O3 is the minor phase, strength improvements are due to trans-
formation toughening and intergranular crack deflection induced
by the presence of the Al2O3 particulates at t- ZrO2 grain boundaries
[211,212]. Dispersion of the Al2O3 and ZrO2 grains is therefore an
important design element of this material. However, this ceramic is
also highly susceptible to hydrothermally induced phase transfor-
mation because of the large proportion of t-ZrO2 grains, although its
kinetics are reportedly retarded when compared to Y-TZP ceramics
[162]. Representative microstructures of Y-TZP [213] and ZTA [154]
are shown in Fig. 1(b) and (c), respectively.

Grain size control is also important for Si3N4, yet it is not as
critical as it is for transformation-toughened materials. Because
�-Si3N4 grains are acicular, it has been shown that bimodal struc-
tures [214] or large aspect ratio grains [120–122] are beneficial in
improving fracture toughness through a number of mechanisms,
including crack deflection, crack bridging, grain pull-out, and com-
pressive stresses [122]. The acicular grain structure of Si3N4 is
unique among bioceramics. Elongated grains are generated dur-
ing densification via a dissolution re-precipitation process that
irreversibly converts equiaxed �-Si3N4 particles to their acicular
�-Si3N4 counterparts. The �-Si3N4 grains impart high toughness
and strength comparable to transformation-toughened ceramics
without the inclusion of a metastable phase. Consequently, Si3N4
is not susceptible to hydrothermal degradation. A representa-
tive microstructure of a biomedical Si3N4 ceramic is provided in
Fig. 1(d).

A summary of grain sizes for the various ceramic coatings is pro-
vided in Table 1b. PVD ceramic coatings are either amorphous or
nano-crystalline. Their stoichiometry can vary depending on chem-
istry and deposition conditions [215]. For instance, DLC coatings are
amorphous but can differ in their atomic bonding structure. Co-

2
deposition of carbon with hydrogen results in softer sp graphitic
type bonds, whereas pure carbon deposition can produce hard
sp3 bonding with corresponding hardness values ranging from
about 14 GPa to 80 GPa [148,216]. Other PVD coatings such as TiN,
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iN  coating showing the presence of pit and droplet defects [228] ; and, (d) cross-se

rN, and TiNbN possess nano-crystalline columnar microstructures
129,208,209]. Their acicular size can be 30 × 300 nm,  with the
hickness of the grains increasing proportionately in the crystal-
ite growth direction. It is also common practice within industry
o deposit multiple transitional layers to increase substrate adhe-
ion [217–219]. For example, in coating a CoCr alloy with ZrN, one
anufacturer includes a bond layer and up to five interlayers, alter-

ating between CrN and CrCN, with the final surface layer being ZrN
134,220]. The initial layer, which is generally a compositional vari-
nt of the substrate, is designed to achieve good chemical bonding
hile subsequent layers modulate a transition in elastic properties.

hese layers reduce deposition and thermally induced compres-
ive residual stresses, which can be significant—up to 11 GPa [221].
elamination of the coating would readily occur in their absence

222]. The composition of these layers is experimentally deter-
ined, with the thickness of the total deposition typically being

ess than about 15 �m.  Most PVD coatings also contain undesir-
ble micro-droplets as a result of the deposition process. These
re larger particles ablated from the PVD target and accelerated
oward the substrate within the plasma. They result in degradation
f the smoothness, uniformity and thickness of the deposited layer,
nd can be a source of mechanical or corrosive failure [223,224].
limination of 100% of these defects is statistically improbable,
nd special filters have been added to PVD equipment to minimize
heir occurrence [225] . Examples of the surface texture and cross-
ection of two different TiN coatings are shown in Fig. 2(a) and (b),
espectively [226,227], and a graphic example of coating defects is
hown in Fig. 2(c) from the work of Kamiya et al. [228] .

A detailed examination of the grain morphology of OxZr was
erformed by Hobbs et al. [190] This in situ grown layer predom-

nately consists of nano- crystalline columnar monoclinic ZrO2
rains that are about 20–70 nm wide × 200–300 nm long, arranged

n an anisotropic brickwork pattern, with their long axis orthog-
nal to the surface of the Zr–2.5Nb substrate. Fortuitously, this
ligned grain structure resists crack propagation parallel to the
lloy’s surface, thus reducing the layer’s chances for delamination.
 �m thickness [226]; (b) cross-section of TiN coating [227]; (c) fracture surface of
 of Ox–Zr in situ grown layer [180]. Reprinted with permission.

Also, their large aspect ratio and parallel alignment advantageously
resist pull-out from the polished articulation surface. Adhesion of
the oxidized layer to the substrate is facilitated by Nb stringers
which extend from the metal into the oxide and serve as anchors.
Compressive oxidation surface stresses, reportedly ∼670 MPa, fur-
ther assure coherency of the monoclinic ZrO2 layer [190]. A typical
microstructure of OxZr at the Zr–2.5Nb alloy interface is presented
in Fig. 2 (d) [180].

The grain structure of hydroxyapatite coatings is lamellar due
to the nature of the deposition process. Plasma spraying results in
partial or full melting of the hydroxyapatite particles. Demnati et
al. suggest that the compositional structure of the particles is com-
posed of concentric layers of different apatite compounds as shown
in Fig. 3 [63]. The outermost layer is CaO and a melt, followed by
successive inner layers of tri- and tetra-calcium phosphate (TCP,
TTCP) and orthohydroxyapatite (OHAp). At the core of the parti-
cle is solid hydroxyapatite (HAp). Upon impaction, partially melted
particles solidify as multiphase mixtures in small-sized deformed
splats at the substrate’s surface. The size of these splats is pro-
portional to the original HAp particles and can range up to about
100 �m.  Successive particles impacting on their predecessors form
the lamellar structure [229]. The initial lamellae are different from
their successors since the first layer is deposited on the high thermal
conductivity metallic surface, whereas subsequent layers adhere to
their thermally insulating predecessors. The apatite composition of
the coating changes with successive deposition passes as indicated
in Fig. 3.

Differential cooling and reheating is responsible for migration
and segregation of the apatite phases within the coating. The amor-
phous phase (ACP) dominates the composition in the as-sprayed
condition; but controlled crystallization of ACP can be accom-
plished by post deposition thermal treatments [230]. Porosity is

generated within the coating during cooling due to entrapped
air, and cracks form due to differential shrinkage. Microstructures
for a thermally sprayed HAp coating are shown in Fig. 4(a) and
(b) [229]. Newer HAp coating compositions incorporate ZrO2 or
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Fig. 3. Sequence of events during deposition of a semi-molten HAp particle impinging on a roughened surface [63]. Reprinted with permission.
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Fig. 4. Flame-sprayed HAp coating: (a) surface grain structure; 

i6Al4 V as additives to improve substrate bonding and increase
oating toughness [231]. More recently, HAp has also been coated
nto, or incorporated into polyetheretherketone (PEEK) to improve
sseointegration of spinal fusion cages. In the former case, HAp
oatings are applied using PVD methods [232,233]. In the latter
nstance, HAp particles are compounded into PEEK prior to thermal
orming and machining of the implant [234,235,236].

In summary, microstructural engineering has been essential in
nabling and improving biologic functions of ceramics and ceramic
oatings. Reduction of grain size is necessary for increased strength
nd toughness in Al2O3. Its control is also critical for phase trans-
ormation toughening at the crack tip under applied stresses and
he prevention of premature transformation under hydrothermal
onditions in Y-TZP, ZTA, AMC, and ATZ compositions. Conversely,
rowth of acicular �- Si3N4 grains to an appropriate aspect ratio
esults in increased strength and toughness without the necessity
f a metastable transformable phase. Microstructures for PVD coat-
ngs are amorphous or nano- crystalline, and vary in size based on
hemistry and deposition conditions, but micro-droplet defects and
igh residual deposition stresses are common. Improved substrate

dhesion via incorporation of multiple interlayers is employed to
educe stress and modulate differential elastic properties. OxZr
icrostructures are also nano- crystalline with excellent substrate

dhesion and anisotropic grain orientation that resists delamina-
ss-section of grain structure [229]. Reprinted with permission.

tion and grain pull-out. Plasma sprayed HAp (or HAp mixtures with
toughening additives) coupled with post-deposition heat treat-
ments provide microstructures possessing adequate bond strength
and fortuitous mixtures of apatite phases, porosity, and other
defects for effective osseointegration. Finally, HAp has been incor-
porated into PEEK devices, either as a PVD coating, or as particles
compounded with the polymer.

3.3. Strength

Strength is the ability of a material to resist deformation or frac-
ture. The common method for measuring bulk strength of ceramics
is flexural testing, which involves symmetrical bending of carefully
prepared parallelepiped specimens in accordance with interna-
tional standards [237,238]. Shown in Table 1a are compiled flexural
strengths for ceramics, which range from 400 MPa  for Al2O3 to
1500 MPa  for Ce- or Y-TZP. While this is indeed a broad range,
differences in reported strengths of up to 90% have also been
observed for some individual ceramics, particularly Mg-PSZ, Ce-
, and Y-TZP. This spread in data is not only due to variations in

material and processing, but also a result of differences in test-
ing methods. Three specimen geometries and the use of either 3-
or 4-point bending are allowed within the standards. Due  to the
stochastic nature of brittle fracture, maximum strengths are always
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bserved when using the smallest specimens in 3-point bending.
onsequently, some of the highest reported strengths in Table 1a
ere obtained in this manner. Using Si3N4 as a model material,
atayama et al. found up to a ∼60% difference in strength between
- and 4-point flexural testing, when using the smallest and largest
llowable specimens, respectively [239]. However, they and Quinn
t al. [240] pointed out that reconciliation of differing data can be
ccomplished through a simple relationship, provided an adequate
umber of specimens have been tested and a meaningful Weibull
odulus determined. Nevertheless, this reconciliation might be
ore difficult in highly transformable ceramics, such as Ce-TZP,
here the maximum failure stress relates to the transformation

tself rather than to pre-existing defects.
Al2O3 has a modest flexural strength of about 580 MPa, (cf.,

able 1a) [40]. The ASTM and ISO specifications for this material are
isted as ≥400 MPa  and ≥500 MPa, respectively (cf.,  Table 2). Al2O3’s
ower strength is the primary reason it has lost favor in recent years
or use as femoral heads and liners, having been replaced by the
igher strength and toughness ZTA and AMC  ceramics. Neverthe-

ess, in vivo fractures of Al2O3 components are now extremely rare.
eported failures declined from about 13.4% for implants produced
rior to 1990 to 0.021% for parts produced between 2000 and 2013
40,241]. This reduction was due to the aforementioned process
mprovements; and suggests that even a modest strength material
an provide excellent in vivo reliability.

With the advent of Mg-PSZ and Y-TZP, flexural strengths
mproved markedly—from 700 up to 1500 MPa, respectively (cf.,
able 1a) [65,70,187]. However, their ASTM specifications were
nly set at 600 and 800 MPa, respectively (cf., Table 2). Y-TZP might
ave been one of the best materials for articulation, were it not for

ts susceptibility to LTD. An incompletely validated process change
y the leading manufacturer of Y-TZP in the late 1990s led to a dra-
atic increase of in vivo fractures, from 0.002% prior to the process

hange to 8% afterwards [73], resulting in their recall from US and
U markets in 2001 [242].

The introduction of ZTA and AMC  composites was  a significant
tep forward in joint arthroplasty due to a combination of improved
exural strength and reduced sensitivity to hydrothermal degra-
ation. ZTA strengths as high as 1248 MPa  have been observed,
nd flexural strengths of up to 1400 MPa  have been reported for
MC on a series of ∼40 production lots (cf., Table 1a) [154,243].

n vivo fracture rates for AMC  are extremely low, at 0.001% [40].
t is now the preferred ceramic worldwide for hip joint replace-

ents, although its LTD resistance remains an area of long-term
esearch [79,172,244–248]. In spite of their high reported values,
he minimum flexural strength for ZTA and AMC  ceramics per the
SO standard was set at ≥750 MPa  (cf., Table 2).

Only limited strength data are available for ATZ composites,
ith values ranging between 755 and 1163 MPa  (cf., Table 1a)

249,250]. The lower average value was determined from 4-point
ending of standard test bars, whereas the higher strength was
btained by biaxial flexural testing [251]. One manufacturer lists
heir ATZ’s biaxial strength at 2000 MPa; but this extraordinary
alue is not found in the technical literature [252]. ATZ orthopaedic
evices clearly show a certain degree of LTD since their major phase

s Y-TZP [81], although the transformation kinetics appear to be
lower than Y-TZP and the impact less dramatic.

Si3N4 is the latest entrant in load-bearing medical applica-
ions. It is a non-oxide ceramic with flexural strengths comparable
o the oxide materials, typically between 800 and 1100 MPa  (cf.,
able 1a) [82], with ASTM or ISO specifications of ≥760 MPa  (cf.,
able 2). It has an advantage over ZTA and AMC  ceramics in that

ts high strength is not reliant on the presence of a metastable
ransformable phase. It is therefore immune to LTD. Its acicu-
ar microstructure is responsible for its high flexural strength. An
dvancing crack must follow a tortuous and chaotic high-energy
eramic Society 35 (2015) 4327–4369 4337

path in its propagation. Grain bridging and pull-out in the crack
wake serve to reduce tensile stresses at the crack-tip resulting in
increasing resistance to crack propagation during crack extension,
which is known as R-curve behavior [253].

Strength testing of PVD ceramic coatings is problematic due to
their thin nature, small specimen sizes, substrate adherence, and
existence of residual internal stresses. As reviewed by Borrero-
Lopez et al., a number of techniques have been explored, including
tensile, flexure, nano-indentation, and scratch methods [254]. They
reported characteristic strengths for TiN and DLC coatings ranging
from 1.25 GPa to 7.6 GPa. Jaeger et al. developed a novel flexu-
ral technique using pre-cracked metallic substrates and measured
strengths for TiN coatings from 183 to 491 MPa. They concluded
that their results were reasonable based on comparable data for
HIPed TiN. Separately, Wiklund et al. used four-point bending
inside an SEM to evaluate fracture resistance of TiN thin films using
relatively large specimens (i.e., 60 mm2), and measured flexural
strengths of between 600 MPa  and 1.0 GPa [255]. Later, Kamiya
et al. prepared free-standing TiN films and performed flexural tests
with strengths varying from 2.60 to 3.87 GPa. However, the area
of their specimens was  only 1 �m2. They rationalized that their
higher strengths were not inconsistent with Wiklund’s findings
after accounting for surface area differences [228]. Finally, for DLC
films, Espinosa et al. used nano-indentation to measure fracture
strength and obtained values of 4.7–5.2 GPa on samples with sur-
face areas ranging from 500 �m2 to 4000 �m2 [256].

This broad and inconsistent range of observed strengths
highlights the difficulty in obtaining quality data for coatings. Con-
sequently, scratch adhesion testing was  developed as a practical
engineering method for assessing coating viability [257]. This tech-
nique involves dragging a diamond stylus across the coating’s
surface under a linearly increasing load. Typically, two  critical loads
(LC1 and LC2) are determined by examining the scratch track for
brittle damage events such as cracking, delamination, chipping,
spallation, or buckling. LC1 is recorded at the first sign of cohe-
sive failure, with LC2 noted at complete coating failure. One or both
of these values are often reported in the literature, with LC2 typ-
ically designated as the coating’s scratch adhesion strength. It is
important to note that this test does not provide intrinsic scientific
information on adhesion. Rather, it yields valuable comparative
engineering data. As pointed out in the standard, test outcomes
are dependent upon a number of factors including stylus prop-
erties, geometry, loading and displacement rates [257].With this
background information, shown in Table 1b is the range of scratch
adhesion values reported in the literature for various hard ceramic
coatings. Values from 10 N to 160 N were observed. Differences are
due to deposition chemistry and methods, coating thicknesses, and
substrate materials.

Hardness of the substrate plays a major role in determining
scratch adhesion. As demonstrated by Roy et al., hard substrates
perform better than soft ones. Their study correlated scratch adhe-
sion data for DLC coatings applied to Mg-PSZ and CoCr substrates,
with hardness values of 10–12 GPa and 3–4 GPa, respectively. Also
included was  an OxZr coating with a Zr–2.5Nb substrate hard-
ness of 2.5 GPa. LC2 values of 46.8 N were obtained when the DLC
was applied to Mg-PSZ versus 35.2 N on CoCr, which was remark-
ably close to the OxZr result of 34.8 N [258]. A similar conclusion
was reached by Utsumi et al. after applying an interlayer of hard
tungsten carbide between an aluminum substrate and a thin DLC
coating. Scratch adhesion values were increased from about 12 N to
80 N [259]. These results are not surprising given that a hard brittle
ceramic coating on a soft metallic substrate is analogous to applying

a “hard candy coating over soft chocolate.” Under an applied load,
slight elastic deformation will readily fracture the thin brittle coat-
ing. Even though scratch adhesion does not determine the intrinsic
strength of thin films, it is an important engineering measurement
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n predicting in vivo viability. As will be discussed in more detail
ater in this review, one of the failure modes for coated orthopaedic
evices is poor adhesion. Adhesion can be significantly improved by
losely matching elastic properties between the coating and sub-
trate, and by ensuring strong chemical and mechanical interfacial
onding.

Strength testing of HAp coatings is also problematic due to their
hin nature and inherently defective structure. However, flexural
ests have been obtained for bulk HAp densified using conven-
ional sintering, spark-plasma sintering, and hot-isostatic pressing
ith reported values ranging from 113 MPa  to 189 MPa  [260–262].

trengths were increased up to 220 MPa  by reactive sintering of
Ap and fluorapatite admixed with up to 40 vol.% ZrO2 [263], and
alues of ∼250 MPa  were obtained when using 40 vol.% Al2O3 [264].
ven higher strengths of about 300 MPa  were obtained when com-
ining HAp with 30 vol.% Al2O3 and 15 vol.% ZrO2 [265]. While these
ompositional studies on bulk HAp are instructive, they are not
irectly transferrable to coatings, and strength testing of coatings

s essentially impossible. Scratch adhesion can be employed, but
he more practical approach for evaluating HAp coatings is to uti-
ize “pull-off” testing in accordance with international standards
266,267]. Specimen preparation and testing is straightforward.
fter applying the HAp coating to one end of a 25.4 mm diame-

er metallic rod, an identical rod is bonded to the coating using
dhesive glue. The joined test specimen is then subjected to tensile
oading, and the “pull-off” load recorded. The test yields valuable
ngineering data about the bond strength of the coating; but, sim-
lar to scratch adhesion, it does not provide scientific data on the
trength of the coating itself. The standards require that the “pull-
ff” adhesion strength be greater than 15 MPa, which is one-fourth
o one-tenth of the reported flexural strengths for dense HAp.
ifferent deposition practices have been explored to improve “pull-
ff” strengths, including plasma, induction, vacuum–aerosol and
igh velocity oxy-fuel combustion spraying, hot-isostatic pressing,
ip coating, electrophoretic deposition, sol–gel adhesion, pulsed-

aser, ion-beam, or co-spraying HAp with a toughening agent such
s Al2O3, ZrO2, or a titanium alloy [268–272]. However, none of
hese processes produce “pull-off” strengths approaching flexu-
al data for bulk HAp, with values ranging between about 10 MPa
nd 80 MPa  [54,268]. The highest reported “pull-off” strengths of
0–80 MPa  were produced using either a high power laminar jet
oating method or vacuum deposition [268,272]. Shown in Fig. 5
s a range of “pull- off” adhesion strengths obtained using vari-
us deposition techniques [268]. It is easy to understand why both
ulk HAp and HAp coatings cannot be used as structural mem-
ers in orthopaedic devices given these observed low flexural and
pull-off” strengths.

This section on strength was initiated with a discussion of
bserved fracture rates for ceramics in THA. Even though their
ccurrence is small, they are serious events, requiring immediate
evision surgery, debridement of damaged tissue, and replacement
f THA components. Nevertheless, it is now evident that failure
ates for metals have eclipsed those of ceramics. National reg-
stries and follow-up studies indicate that the hip systems with

etal-on-metal (MoM)  articulation have higher revision rates than
ny current ceramic based devices [273–275]. Fig. 6 shows surviv-
bility statistics for a combination of cemented and uncemented
HAs from the UK national joint registry [273]. The revision rate
or MoM  articulation is over four times that of ceramic containing
evices at ten-years postoperatively. The pathology of these MoM
ailures is not catastrophic fracture, but rather, excessive compo-
ent wear, which symptomatically presents itself as groin pain,

omponent loosening, metallosis, formation of pseudotumors, and
ocalized tissue necrosis, with elevated serum levels of Co and Cr
ons. Patient morbidity and the requirement for revision surgery to
eplace worn metal components are no less serious, and in many
eramic Society 35 (2015) 4327–4369

instances more severe than for ceramic fractures. In retrospect, the
harm and suffering endured by patients with MoM  devices might
have been substantially eliminated by using ceramic-based THA
systems. Keep in mind that the strength of ceramics is even higher
than most metals. The issue is their low strain to failure as a con-
sequence of high elastic modulus and lack of plasticity. Material
strength is therefore only one of many factors that should be con-
sidered in the selection of appropriate orthopaedic implants.

3.4. Weibull modulus

A biomaterial’s Weibull modulus provides a statistical measure
of its strength variability. The range of observed strengths for a
brittle material is related to the number and size distribution of its
inherent flaws. As reviewed by Quinn et al., [240] the two parame-
ter Weibull distribution function is commonly used to characterize
experimentally determined strengths. The probability of a failure,
Pf, under an applied stress, �, is given by the following expression:

Pf = 1 − exp

(
−
∫

v

(
� ⁄�0

)m

dV

)
(1)

where �0 is the Weibull scale parameter or characteristic strength,
which is a measure of the centrality of the distribution and repre-
sents a failure probability of 63%. The Weibull modulus, m, is an
indicator of the dispersion in strength values. A material with a
high modulus has a narrower strength distribution and improved
reliability. V is the volume of the specimen or component. The two
parameters, �0 and m, are determined from strength testing fol-
lowed by graphical interpretation of the results in accordance with
an international standard [276].

A wide range of Weibull moduli is reported for bioceramics (cf.,
Table 1a). Values between about 7 and 18 are nominally observed,
but measurements from 5 to 87 have been reported. Most ceram-
ics fall within the nominal range, and repetitive measurements on
serially produced batches and round-robin studies confirm this fact
[239,277,278] . A low value of 5 was reported for Al2O3 [171], but
this appears inconsistent when compared with the aforementioned
repetitive studies. Extreme values of 53 and 87 were found for Si3N4
and ZTA, respectively, but these are not routinely observed for stan-
dard production batches [279,280]. Note that the ASTM and ISO
specifications for Al2O3, Mg-PSZ, Y-TZP, ZTA, and AMC have been
set at ≥8–10 (cf.,  Table 2). Conversely, for Si3N4, its Weibull modulus
was set at ≥12, (cf., Table 2). Si3N4’s elongated grain structure can
influence its Weibull modulus. Increases in size and aspect ratio
of grains result in higher fracture toughness and strength due to
R-curve behavior [281–283]. Without acicular growth, the mechan-
ical properties of equiaxed Si3N4 are similar to oxide ceramics
[284,285]. Also, Weibull moduli concomitantly increase for larger
high aspect ratio grains because they become strength limiting
flaws [283].

There is a paucity of Weibull strength data for ceramic coat-
ings due to the difficulty in preparing specimens and conducting
tests (cf.,  Table 1b). This is particularly true for PVD thin films. For
instance, Borreo-Lopez et al. assessed a number of hard ceramic
coatings, including DLC and TiN and found Weibull moduli of 6–12
and 10–18, respectively [254,286]. Their results are consistent with
Kamiya et al., who  conducted flexural fracture tests on TiN films and
found their moduli varied between 5 and 12 [228]. No Weibull data
were found in the literature for ZrN, TiNbN, or OxZr thin films. Lim-
ited Weibull statistics have been compiled for HAp using biaxial
flexural strength (BFS) and nano-indentation hardness measure-

ments. Weibull moduli for strontium doped HAp fell within the
range of 4–19 from BFS tests [287]. Using nano-indentation, Yang
et al. found Weibull moduli ranging from 3 to 4 [288], and Dey
et al. measured values between 2 and 9 [289]. Overall, the range of
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Fig. 5. HAp adhesion strengths for different coating meth

esults for coatings is not markedly different than those observed
or bulk ceramics.

Consistently attaining both high characteristic strengths and
eibull moduli on sequential production ceramic batches is a sig-

ificant challenge for process engineers. Strength-limiting defects
an occur at any manufacturing step, but are most likely to be
ntrained during powder processing (including spray- drying).

oarse particles (or granules), large or hard agglomerates, and for-
ign contamination are common flaws. Inadequate particle packing
fter compaction further exacerbates their negative contribution,
eading to formation of pores or voids during sintering [290].

ig. 6. Cumulative number and percentage of revisions for cemented and uncemented hi
etal, CoC = ceramic-on-ceramic, and CoP = ceramic-on-polyethylene) [273].
dapted from Mohseni et al. [268] Used with permission.

Hot-isostatic pressing was  largely implemented to minimize or
eliminate void-related defects [187]. Surface cracks and pull-outs
can be generated during post-densification grinding operations
[291–293].

Furthermore, specimens used in assessing mechanical proper-
ties have different processing than components. Therefore, their
characteristic strengths and Weibull moduli may  not be represen-

tative of actual implants. This was  the case for the recalled Y-TZP
femoral heads in 2001. The defects resulting in their failure were
on uninspected ID surfaces [73]. For coatings, inappropriate deposi-
tion conditions can generate droplets, or produce voids, inclusions,

ps with different bearing surfaces (MoP = metal-on-polyethylene, MoM = metal-on-
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nd pits, all of which reduce reliability. Low characteristic strengths
nd Weibull moduli are signals to process engineers that special
ause variation has occurred, requiring investigation and corrective
ction.

Alternatively, an increase in characteristic strength and Weibull
odulus can be accomplished by truncating the flaw population

hrough the use of proof-testing [198,294,295]. Proof-testing is an
nspection technique that subjects finished components to a stress
n excess of physiologic loads. Proof-testing eliminates a priori any
omponent that has unacceptable strength, and therefore provides

 threshold stress, below which no failure is likely to occur. Today,
eramic THA components and spinal fusion cages are subjected to
roof-testing. Proof-test levels are based on finite element anal-
ses, or in vitro and in vivo studies, and regulatory requirements.
ecause of this fact, the measurement of a Weibull modulus, while

mportant for process investigation and control, has less mean-
ng and is less relevant as a design parameter. Consequently, as
hown in Tables 1a and 1b, the reliability of ceramics and coat-
ngs, as expressed by their respective Weibull moduli, is essentially
quivalent.

.5. Fracture toughness

Fracture toughness is a fundamental property governing
trength. It describes the material’s intrinsic resistance to crack
ropagation. While it is applicable for all materials, it is critically

mportant for ceramics. The strength of a ceramic is related to its
racture toughness by the Griffith equation [296]:

R = KIC

Y
√

�a
(2)

here �R = fracture strength; KIC = fracture toughness, or critical
tress intensity for fast fracture; Y = a geometrical factor related
o the crack; and, a = crack length. Fast fracture occurs when the
tress intensity at the crack tip exceeds the material’s innate frac-
ure toughness, KIC. From the Griffith equation, there are two  routes
or improvement of a ceramic’s fracture strength. One method is to
ontrol processing of the material in order to reduce pre- existing
efects. This approach was discussed in the prior section on Weibull
odulus. The second method is to engineer the microstructure to

ncrease its KIC.
A myriad of procedures for determining fracture toughness of

eramics have been developed. Common methods include chevron-
otch (CVN), indentation fracture (IF), indentation-strength (IS),
ingle-edge notched beam (SENB), single-edge v-notched beam
SEVNB), single-edge pre-cracked beam (SEPB), surface- crack in
exural (SCF), and Vickers indentation (VIF), with newer techniques
eing developed periodically – the details of which are beyond
he scope of this review. The reader is referred to critical com-

entary by a number of noted fracture mechanics authorities for
n-depth discussions of these various methods [297–301], includ-
ng their applicability to biomaterials [302]. Round-robin testing

as conducted in the 1990s to evaluate, reconcile, and standard-
ze fracture toughness procedures [303–306]. Shown in Fig. 7 are
esults for five different ceramic materials – sintered silicon carbide
Si–SiC), alumina (Al2O3), Y-TZP, hot-pressed silicon nitride (HPSN),
nd magnesia partially stabilized zirconia (Mg-PSZ), tested in ten
aboratories using five methods – CVN, IF, IS, SEPB, and SENB [304].
ote that differences between techniques can range up to 95% for

ome materials. Conclusions from this, and the other cited stud-
es, highlighted inadequacies with indentation methods (IF, IS and
IF), and preferences for CVN, SEPB, and SENB techniques which

ere judged to produce the most consistent results. These three

echniques were eventually incorporated into an ASTM standard
ith recommendations to utilize at least two methods for assessing

oughness of unfamiliar or new materials [306].
eramic Society 35 (2015) 4327–4369

A number of strategies have been devised to enhance toughness
in ceramics. For single phase materials with equiaxed struc-
tures, grain size control and grain boundary engineering are
performed, with sub-critical-micro-cracking, crack-bridging, and
branching yielding toughness improvements [307,308]. Transfor-
mation toughening is used in Mg-PSZ, Y- and Ce-TZP, ZTA, AMC,
and ATZ; whereas in situ growth of elongated grain structures in
Si3N4 increases its KIC. Composites incorporating metal or ceramic
dispersoids, platelets, whiskers, fibers, or laminates also lead to
increased toughness by crack deflection and branching [307] . Frac-
ture toughness values for the ceramics are listed in Table 1a. Al2O3
has a fracture toughness between 3.3 and 4.2 MPa  m1/2, which is
the lowest among the structural ceramics used in joint arthro-
plasty [309,310]. It also has the lowest ISO specification at 2.5
MPa  m1/2 (cf.,  Table 2). Its toughness is related to its microstruc-
ture, which consists of equiaxed grains of less than about 2 �m.
Strength improvements in Al2O3 have not been due to marked
increases in fracture toughness [206]. Rather, they have been
achieved by controlling processing defects and decreasing grain
size. As reviewed by Pezzotti et al., thermal expansion anisotropy
within the corundum crystal structure between the c-axis and a-
or m-axes leads to weak grain interfaces in the densified ceramic
[311]. These interfaces become defect origins under applied ten-
sile loads, with crack propagation typically occurring along grain
boundaries. Consequently, larger grains (usually referred to as
“abnormally grown” ones) not only originate fractures, but also
allow a crack to easily propagate along very weak or even already
broken grain boundaries. With a smaller grained material, this
detrimental phenomenon is less effective; but the crack possesses
a less tortuous path through the matrix. However, it is princi-
pally a difficulty in engineering the strength of grain boundaries
while concurrently controlling the grain morphology that limits
the toughness of Al2O3. On the other hand, Mg-PSZ, Ce- and Y-TZP,
ZTA, AMC, and ATZ ceramics also have equiaxed grains, but the
polymorphic expansion of the ZrO2 crystal lattice during the t → m
transformation shields the crack-tip from excessive tensile forces,
thereby slowing or arresting its progression. Because of this, KIC
values for these ceramics are higher than for Al2O3, ranging from
4.1 up to 20.0 MPa  m1/2 [153,312] . The ASTM standards are silent
with respect to a fracture toughness specification for Mg-PSZ and
Ce- or Y- TZP, whereas the ISO standard for ZTA and AMC  materials
was set at 3.5 MPa  m1/2. Si3N4 has the highest ASTM or ISO spec-
ification for fracture toughness, at ≥6 MPa  m1/2 (cf.,  Table 2), with
reported KIC values between 4.4 and 15.0 MPa  m1/2 [304,313]. This
range is not only due to testing differences, but also from its diverse
microstructures, which, depending on composition and process-
ing, can be engineered to have smaller more equiaxed or larger
high aspect ratio grains. Increased toughness from the latter type
of microstructure is due to its interlocking nature. Crack tortuosity
and bridging grains in the crack wake reduce critical stress inten-
sities at crack tips by absorbing significant tensile energy (up to
1.5 GPa), which enhances R-curve behavior [308,313]. Indeed, Si3N4
has the strongest R-curve of any ceramic, with KIC values rising from
4 to 15 MPa  m1/2 over crack extensions of ∼800 �m [313]. R-curve
trends for Al2O3, Y-TZP, ZTA, and two Si3N4 materials are given in
Fig. 8 [311].

Acquisition of fracture toughness data for ceramic coatings
suffers from the same difficulties encountered in assessing their
strength. Measuring KIC values is challenging given their thinness
and bonding to softer metallic substrates. Techniques including
bending, buckling, scratching, and indentation have been used,
but as of yet there are no standards nor consensual methods

[314,315]. Scratch adhesion and Vickers indentation are most prac-
ticed because of their operational simplicity. Empirical formulas are
employed for scratch adhesion, which arguably are more a measure
of load carrying capability than intrinsic toughness. Indentation
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To understand this evolution requires a brief review of the
ig. 8. Comparative R-curve measurements of bioceramics [311]. Reprinted with
ermission.

ethods which use the equations and measurement methods for
eramics suffer from the same inconsistencies [316]. Due to their
hinness, nano-indentation is often employed to avoid substrate
nteractions, with concomitant difficulties arising in the formation
nd measurement of acceptable crack lengths. Compounding these
roblems are issues associated with intrinsic coating defects and
esidual stress which also alter apparent KIC values [315].

Increased fracture toughness is deemed to be important for
oatings, particularly in tribology applications. As reviewed by
hang et al., research continues to be conducted on improving
oughness of these brittle films [222]. Not surprisingly, the envi-
ioned techniques are similar to “tried and true” practices used
or ceramics, including cohesive strengthening of grain bound-
ries and its juxtaposition of providing for grain boundary sliding,
hase transformation, utilization of multiple layers, fiber reinforce-
ent (i.e., carbon nanotubes), compressive stress toughening, and
ncorporation of a ductile phase. The most practiced and therefore
he most reported method for improving toughness is incorpora-
ion of multiple interlayers. Sequential layering of coatings with
t methods of assessing fracture toughness [304].

varying hardness and metallic content was originally developed
for the express purpose of increasing adhesion. However, it was
soon realized that composite layered structures provide beneficial
improvements in fracture toughness as well [222,317–319]. Pro-
vided in Table 1b are reported fracture toughness data for hard
ceramic coatings, which range from 0.7 to 12.4 MPa  m1/2 for TiN
coatings [320,321]; and from 1.6 to 5.1 MPa  m1/2 for DLC [316,322];
with ZrN between 2.3 and 7.5 MPa  m1/2 [323,324]. TiN is perhaps
the most studied, and therefore it is not surprising that its observed
KIC range is broader than for any of the other PVD coatings. How-
ever, as pointed out by Zhang et al. [321] and by Mofidi et al. [325],
toughness values for TiN films vary considerably based on film
thickness and interlayers. There are no reported data for TiNbN,
but its KIC range will likely be similar to TiN. An investigation of
the fracture toughness of OxZr layers was  performed by Leto et al.
using cathodoluminescence spectroscopy, resulting in KIC values
of between 2.2 and 2.8 MPa  m1/2 [326]. Their results are similar to
values observed for bulk monoclinic zirconia [327].

To summarize, KIC values for various biomaterials as a func-
tion of their elastic moduli are shown in the Ashby diagram of
Fig. 9 [328]. This chart compares ceramics, metals, and polymers
and contrasts them to cortical and cancellous bone. The chart high-
lights interesting engineering trade-offs in the selection of implant
materials. Metals are an order of magnitude greater in toughness
and elastic moduli than cortical bone. The structural bioceramics
and ceramic coatings also have high moduli; but, with the excep-
tion of HAp, their toughness values are essentially equivalent to
bone. Neither class of materials has a combination of elastic or
fracture properties that closely match cortical bone. However, only
engineered polymers have a combination of toughness and elastic
moduli that approximate native bone; and yet these plastics are
not exclusively used as structural replacements because of their
low yield or fracture strengths. Consequently, joint arthroplasty
systems have evolved to typically include a combination of two
or more materials—polymers, ceramics, and metals.
chemistry, structure, and properties of bone. Approximately
70 wt.% of bone is composed of a variant of HAp-nanocrystals,
which are slightly deficient in calcium with added carbonate [55].
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Fig. 9. An Ashby diagram showing the elastic modulus and fracture toughness of
bone  tissue compared to biomaterials commonly used as orthopaedic implants. The
mechanical properties of cortical bone are shown for loading parallel (‖) and per-
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in the Table are inclusive of various environmental conditions –
endicular (⊥) to the longitudinal anatomic axis. Adapted from Roeder et al. [328]
sed with permission.

owever, as previously noted, HAp is too brittle for use as a struc-
ural member alone. Consequently, the remaining 30% of bone is
omposed of collagen that is bound and supported by an arrange-
ent of apatite nanocrystals, forming mineralized fibrils that are

rganized into lamellar structures. The basic metabolic unit is
n osteon, which consists of vascular canals that are surrounded
y the lamellae in concentric rings. Bone composition is essen-
ially constant despite the fact that its properties vary based on
ocation—from its dense and strong exterior cortical surface to its
orous and flexible cancellous core.

Due to this architecture, its mechanical properties are generally
eported as a function of density [329]. For cortical bone, alignment
f the osteons with the bone’s long axis bestows unique and ben-
ficial anisotropy. Strength and elastic modulus are higher parallel
o the axis [330–336]; whereas, hardness and fracture toughness
re greater in the orthogonal direction [337] (cf.,  Table 1a). It is stiff
nd strong in its longitudinal direction and yet tough and flexible
n its transverse direction. Although soft when compared to non-
iving engineered materials, cortical bone of the femur is hardest
long the diaphysis and the distal radius next to the articulation sur-
ace [338]. It exhibits remarkable R-curve behavior in its transverse
irection, with toughness values increasing from approximately
–20 MPa  m1/2 under crack extensions of up to 400 �m [337]. It can
ithstand reasonable loads and deformation with no residual dam-

ge, and yet, absorb considerable energy through micro-cracking,
rack deflection, fiber pullout, or crack bridging to prevent com-
lete failure when stress levels are excessive [335]. Because it

s living tissue, bone remodeling is a natural response to applied
tress, allowing it to reshape and repair itself. Nature has indeed
ngineered bone to be an extraordinary responsive composite con-
isting of a native bioceramic (hydroxyapatite) and a native polymer
collagen fibrils). It uniquely combines appropriate mechanical
ttributes from each material into a living composite. It is therefore
ot surprising that modern arthroplasty designs typically consist
f combinations of two or more engineered materials. Yet, because
iomaterials are non-living,  they lack the ability to self-repair or
emodel, and therefore a level of additional safety is needed in their

roperties, particularly fracture toughness and strength, both of
hich must exceed native bone to ensure adequate performance

nd prevent premature failure.
eramic Society 35 (2015) 4327–4369

3.6. Slow crack growth and fatigue resistance

It is well known that ceramics and glasses are susceptible
to delayed failure at stress intensities below KIC under fixed or
dynamic loads. This failure phenomenon is often referred to as
slow crack growth (SCG) or sub-critical crack growth. Slow crack
propagation occurs through linking- up of inherent microstructural
defects under static or cyclic stress. The reader is referred to the
work of Ritchie et al. for a comprehensive review of the mechanics
and mechanisms for fatigue in ceramics, with contrasts to similar
processes in metals and composites [339–341] . In brief, there are
two operative mechanisms in ceramics, designated as intrinsic and
extrinsic, that either advance or retard crack propagation, respec-
tively. Growth is promoted ahead of the crack tip by intrinsic factors
such as processing defects (pores, cracks, inclusions, etc.) or due to
weak grain boundaries, and is retarded in the wake of the crack
by extrinsic factors that increase toughness (i.e.,  transformation- or
microcrack-toughening, crack deflection, the presence of bridging
grains, and frictional interfaces, etc.). As discussed in the prior sec-
tion, KIC is a basic material property, which determines a lower limit
for instantaneous rupture. While SCG can be operative beneath this
critical stress intensity, there also exists a stress intensity thresh-
old below which no sub-critical crack growth occurs. This value is
designated as KTH. It is also a major basic material property and
indicates the level of stress intensity that a material can withstand
without SCG initiation (i.e., thus without delayed failure). Measure-
ments of KTH have traditionally been computed from cyclic stress
rupture data, where the rate of crack propagation in a specimen
is monitored as a function of load in accordance with the Paris
equation [342]:

da

dN
= A(�K)m (3)

where A and m are scaling factors specific to the material and
test conditions, and da/dN is the crack growth rate, �K is the
stress intensity range (Kmax–Kmin), and Kmax and Kmin are the maxi-
mum and minimum stress intensities applied during cyclic loading,
respectively. In his review, Ritchie et al. further taught that KTH
was more sensitive to the maximum stress intensity, Kmax, than to
�K, and incorporated this into a modification of the Paris equation
[339]:

da

dN
= C

′
(Kmax)n(�K)p (4)

where C′ is a constant for the material and testing conditions, and
(n + p) = m.  For brittle materials, n is much larger than p, and there-
fore has a greater influence on Kmax. The SCG characteristics for a
given ceramic can then be represented on a V–KI diagram where
the velocity of the crack, V or da/dN (on the y-axis), can be plotted
against the applied stress intensity, KI (on the x-axis). Traditionally,
the lowest observed KI value has been interpreted as the threshold
stress intensity, KTH. While specific values of KTH are often reported,
a ratio (KTH/KIC) is usually also computed to normalize operative
ranges for SCG. Doing so allows comparisons between different
materials and testing methods. Using this methodology, available
or computed ratios for KTH/KIC based on graphical interpretations
of V–KI diagrams are provided in Tables 1a and 1b for ceramics and
coatings.

For the materials of Table 1a, it can be observed that KTH/KIC val-
ues lie between 0.37 and 0.97. This range is due to several factors.
Results obviously vary by material, but can also differ due to test
conditions and applied stress ratios. Furthermore, the data shown
particularly the presence of moisture [211,212,343–355]. Stress
corrosion cracking is a common problem for all polycrystalline
ceramics due in part to the presence of grain boundary impurities.
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Fig. 10. (a) V–KI/KIC of biomedical grade alumina, yttria stabilized zirconia, con-
ventional zirconia-toughened alumina ‘micro’-composite, and nano-structured
alumina–zirconia composite. Schematic V–KI/KIC of covalent ceramics (SiC and
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i3N4) are given for comparison [310]; and (b) Microstructure of an Al2O3–ZrO2 com-
osite showing a nano-ZrO2 grain imbedded in a larger Al2O3 grain. (a) Reprinted
ith permission; (b) courtesy INSA Lyon.

eramics with fewer impurities are less sensitive [212,345], and
rain boundaries that have high nitrogen content show increased
esistance to SCG [349,350]. Compositional and microstructural
ngineering of these advanced ceramics is on-going by many orga-
izations in an effort to reduce their sensitivity to fatigue. For
xample, shown in Fig. 10(a) is a V–KI diagram demonstrating ∼50%
mprovement in KTH/KIC between a biomedical alumina and two
TA composites, one of which has a highly refined microstruc-
ure [310] . Projected values for SiC and Si3N4 are also shown
or reference purposes. This figure highlights intrinsic differences
etween oxide and non-oxide ceramics. Traditional oxide ceram-

cs, such as Al2O3 and ZrO2, have higher propensities for SCG
han do non-oxides (i.e.,  SiC and Si3N4) because of differences
n atomic bonding. Ionic bonds in oxide ceramics are particu-
arly sensitive to attack by moisture at crack-tips (driven by a
trong decrease in surface free energy), whereas covalent ceramics
re more resistant to bond breakage [356]. Selection of cova-
ent ceramics is therefore preferred for demanding structural
pplications. However, it is remarkable that the nano-Al2O3–ZrO2
omposite shown in Fig. 10(a) has SCG behavior similar to that
f covalent ceramics [355]. Furthermore, this accomplishment

s indicative of the importance of microstructural engineering
nd of its impact on mechanical properties. Shown in Fig. 10(b)
s a representative microstructure of these types of Al2O3–ZrO2
ano-composites. For reference purposes, fatigue testing has been
eramic Society 35 (2015) 4327–4369 4343

conducted for most of the biomaterials of Table 1a, and the reader
is referred to selected publications for Al2O3 [357–362], Mg-PSZ
[363–365], Ce-TZP [366,367], Y-TZP [346,368–370], Ce- and Y-
ZTA [212,348,355,371,372], ATZ [211], Si3N4 [344,354,373,374],
CoCr [375], Ti6Al4V [376,377], PEEK [378–380], and cortical bone
[381–383].

Note from Table 1b that there is a conspicuous absence of KTH/KIC
results for coatings. Inherent fatigue data for coatings are difficult
to obtain because of their thin nature. Indeed, excluding hydrox-
yapatite [384,385], fatigue results for coatings are more associated
with the substrate, or the interface between the coating and the
substrate, than the coating itself; and even here, there is a scarcity of
reported values. The coating obviously imparts fatigue resistance to
the substrate because of its combination of inertness, higher hard-
ness, compressive stress, and adhesion [384,385]. However, if the
coating delaminates in vivo, it can have a dramatic opposite effect,
leading to poorer fatigue of the underlying metal [133]. Compre-
hensive reviews on coating/substrate fatigue, and corrosive fatigue
of implantable metals have been provided by Sadananda et al. [386]
and Antunes et al. [387].

Nowadays, a new method of assessing KTH has been proposed
that goes beyond the traditional graphical interpretations of V–KI
diagrams. It uniquely incorporates and demonstrates the impor-
tance of R-curves in determining fatigue resistance. First elucidated
by Kruzic et al. [388] using Al2O3 and Si3N4 as model systems, and
later expanded and verified by Gallops et al. [389], Hartelt et al.
[390], and Greene et al. [391,392], it deconvolutes KTH into two
terms:

KTH = KI0 + KR (5)

where, KI0 is the intrinsic toughness of the material without R-curve
effects, and KR is R-curve toughness, due (in the model cases) to
bridging grains in the crack wake. To determine KTH, the R-curve
toughness is first obtained in the usual manner, followed by a
determination of crack dimensions at each point along the R-curve
by either direct measurement or indirectly imputed using sub-
stitutional modifications to the Griffith and Paris equations. (The
derivation can be found in the foregoing references.) Using this
methodology, Kruzic et al. found KI0 values of 1.3 MPa  m1/2 and
1.4 MPa  m1/2 for Al2O3 and Si3N4, respectively [388]. Remarkably,
their results demonstrate little difference in intrinsic toughness
between materials that have strongly different R-curve behavior.
Then, using the KI0 and KR values, they derived practical fatigue
diagrams for these model materials. The diagram for Si3N4 is repro-
duced in Fig. 11 [388].

Depicted are areas of stress intensity versus crack size where:
(1) no SCG is operative under either static or cyclic loading (i.e.,
below KTH); (2) mixed mode behavior is present, with unstable
crack growth under cyclic, but not static loading (i.e., above KTH,
but below KIC); and, (3) unstable behavior occurs with either static
or cyclic loading (i.e., fast fracture, or above KIC ). Later, Greene et al.
extended the method to a series of silicon nitrides and reported KI0
ranging between 2.0 and 2.3 MPa  m1/2 and KTH falling between 2.6
and 4.1 MPa  m1/2 [391]. The corresponding KTH/KIC ratios ranged
from 0.47 to 0.59. In accordance with predictions, they demon-
strated 100% survivability of a limited number of test specimens
subjected to cyclic fatigue below KTH for a range of crack sizes from
about 60 to 230 �m.  The unique feature of this methodology is the
combination of R- curves with fatigue data. Their research provides
an important summary to this section of the review, with pertinent
instructions for practicing biomedical engineers. When designing
an implant system which incorporates a bioceramic, predictive ser-

vice stresses need to be kept below KTH for the reasonable range
of inherent flaws present within the ceramic; and, perhaps, more
importantly, selection of a bioceramic with high intrinsic (KI0) and
strong R-curve toughness (KR) is preferred. A pronounced R-curve



4344 B.J. McEntire et al. / Journal of the European C

F
b
R

p
a
f

3

i
e
i
i
s
r
E
c
n
t
i
b
c
s
l
a
d
s
b
t
c
n
f
o
i
c
p
d
e
w
e
c
f
g

ig. 11. Fatigue map  for YM-Si3N4, illustrating regimes of stable behavior for
oth monotonic and cyclic loading conditions [388]. (YM = Yttria–Magnesia doped).
eprinted with permission.

rovides additional safety because short cracks will arrest after
 small amount of sub-critical extension rather than progress to
ailure.

.7. Biocompatibility

Biocompatibility is an obvious essential requirement for an
mplantable material. A comprehensive ISO standard has been
stablished for assessing biocompatibility which includes both
n vitro and in vivo tests for cytotoxicity, genotoxicity, carcinogenic-
ty, reproductive toxicity, irritation, delayed hypersensitivity, and
ystemic toxicity. Testing in accordance with this standard is a pre-
equisite for legally marketed orthopaedic devices in the US and
U [393]. In general, all of the materials shown in Tables 1a and 1b
omply with this requirement. However, passing the standard does
ot guarantee an absence of adverse reactions or potential sys-
emic problems in vivo. A key example is ASTM F799CoCr. While
t is employed in multiple implantable applications, its use as
oth femoral heads and acetabular liners in THA has resulted in
onsiderable morbidity due to tissue incompatibility. CoCr is con-
idered bioinert per the ISO standard principally due to its apparent
ow solubility. However, the testing protocol does not replicate
n evaluation of submicron wear particles which have enhanced
issolution rates. Clinical evidence of the induced harm of these
mall particles is rapidly growing with numerous adverse events
eing reported annually. Patients with these devices are advised
o have their blood serum levels frequently checked for high con-
entrations of cobalt, chromium, and nickel which can lead to
eurologic, cardiac, endocrine, or ocular impairment [394]. Local

ormation of pseudo-tumors and tissue necrosis are commonly
bserved [395,396], and isolated cases of metallosis induced fatal-
ties have been reported [397]. Even for an Al2O3 ceramic, which is
onsidered to be completely bioinert, the presence of small wear
articles can still produce an inflammatory response. This was  aptly
emonstrated from in vitro and ex vivo studies by Yagil-Kelmer
t al. [398]. They tested the effect of a range of clinically relevant
ear particles from 0.5 �m to 1.5 �m on the viability and cytokine
xpression from human monocyte cells at a particle to cell con-
entration ratio of 100:1. While no cell lysis was observed, they
ound that the smallest particles consistently provoked increased
eneration of cytokines, suggesting that the smaller particles are
eramic Society 35 (2015) 4327–4369

bio- incompatible. Another pertinent example is the use of PEEK
polymers. Again, these compounds are assessed as being biocom-
patible, and their performance as arthrodesis devices is acceptable.
However, even one manufacturer readily acknowledges that PEEK’s
osseointegration capabilities are inadequate, resulting in sparse
bone on-growth and fibrous tissue formation [235]. These obser-
vations have prompted development of Ti- or HAp-coated PEEK or
HAp/PEEK composites which effectively employ the added material
to solve bone apposition problems [399].

One must remember that the human immunological system is
attuned to treating any foreign body as a potential hazard, and pri-
oritizes its defensive actions as: (1) dissolution – if possible, (2)
encapsulation – if necessary, and, (3) integration – if appropriate.
The physicochemical and physiologic reactions that take place at
the implant’s surface are complex involving interactions with both
inorganic and microbial chemical moieties. Small changes in chem-
istry at the implant’s surface can determine the difference between
a device being bio-friendly and one that is rejected. Integration with
living tissue is innately difficult for foreign bodies due to a lack of
critical biologic functions, such as vascularization, self-reparation,
and modification in response to external stimuli [400]. Mechanical
loading, friction, and wear all play important roles in determin-
ing an implant’s biocompatibility and biologic integration. While
the goal of any implant is to maintain its function for the life of
the patient, all have practical limitations. For articulation devices,
present-day failures are due to aseptic loosening, infection, wear-
debris induced osteolysis, dislocation, or fracture, with the rate of
early failures remaining alarmingly high [275]. Remarkably, these
same failure modes were recognized by Sir John Charnley for hip
arthroplasty in his pioneering procedures [12]. This is perhaps not
as surprising as it may  seem, given that some popular implant
materials of today are essentially the same as those used by arthro-
plasty pioneers. The body’s rejection of an implant typically leads to
fibrous tissue encapsulation [401]. The etiology of this type of fail-
ure can be due to poor surgical placement or inadequate initial fix-
ation, or it may  be associated with the biomaterial’s lack of mid- to
long-term functional biocompatibility [402] . It is therefore impor-
tant to have in vitro and in vivo tests that go beyond the general ISO
standard. Biocompatibility evidence is basic, but it must also be
modified to support the implant’s design functions. For instance,
biocompatibility of articulation devices needs to include an assess-
ment of the toxicity of fine wear particles; and arthrodesis devices
need to be checked for fibrous tissue formation and pseudarthrosis.
With this being said, ceramics and ceramic coatings do have bio-
compatibility advantages over their metal and plastic counterparts.
As an example, direct in vivo comparisons of Al2O3, ZrO2, Ti6Al4V,
and high density polyethylene (HDP) particles implanted adjacent
to murine calvarial bone were performed by Warashina et al. [403].
While all four materials are biocompatible in accordance with
the ISO standard, the particles of HDP and Ti6Al4V induced two-
to three-times higher osteolytic lesions with significantly greater
levels of proinflamatory cytokines than the ceramic materials. Nev-
ertheless, as previously discussed, this does not suggest that bioce-
ramics are wholly bioinert. Indeed, as reviewed by Pezzotti, there
are probably no truly bioinert substances [79], with physicochemi-
cal changes occurring on all materials in contact with human tissue.
However, the biologic reactivity of ceramics is indeed lower, and
as described in subsequent sections, this feature can be beneficial.

3.8. Phase composition

In this section, a comparison of phase compositions for ceram-

ics and coatings is provided. This discussion is restricted to analyses
of “new” and “retrieved” components. Subsequent sections of the
review will discuss effects of hydrothermal and corrosive condi-
tions on phase stability.
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Shown in Table 1a are surface phase compositions for ceramics.
wo materials, �-Al2O3 and �-Si3N4 are stable, essentially single
hase materials, whereas all transformation-toughened ceramics
re at least biphasic and purposely metastable. For Al2O3, sub-
icron equiaxed powders are received in their �-phase form. A

mall amount of MgO  is added to the Al2O3 powder to inhibit exag-
erated grain growth during densification. The �-crystal structure
s maintained during sintering, and resulting products consist of
00% �-Al2O3; but the presence of MgO, along with raw material

mpurities generates a residual thin glass phase at grain boundaries
404]. Preparation of dense Si3N4 involves an irreversible phase
ransformation. Similar to Al2O3, submicron equiaxed Si3N4 pow-
ers are received in their �- phase form. With addition of sintering
ids, �-Si3N4 is 100% converted to its �- polymorph during densi-
cation. The �-phase has higher free energy (∼30 kJ/mol at 25 ◦C),
hich makes the reverse � to � transformation impossible [405]. A

hin residual glass or crystallized phase exists at Si3N4 grain bound-
ries. Its presence is dependent on the type and amount of sintering
ids and powder impurities [406]. As discussed in subsequent sec-
ions, the physiologic environment has minimal or no impact on the
hase stability of either �- Al2O3 or �-Si3N4. The phase composi-
ion of ZrO2-based ceramics, including Mg-PSZ, Ce- and Y-TZP, ZTA,
MC, and ATZ is composed of tetragonal-, monoclinic- and cubic-
rO2, and �-Al2O3 for composites. Processing of these materials
egins with co-precipitation or intricate mixing of submicron m-
rO2 powders with aliovalent cation dopants (MgO, CeO2, or Y2O3)
o form Mg-PSZ, and Ce- or Y-TZP. Separately, admixing submicron
- Al2O3 powder in appropriate proportions with TZP powders is
erformed to obtain ZTA, AMC, or ATZ composites. Other minor
dditives, such as Cr2O3, SrO, TiO2, and SiO2 are often included, and
hese compositions are then densified at temperatures above the

- to t- ZrO2 phase transition (950–1170 ◦C). Metastable t-ZrO2 is
redominantly retained upon cooling due to dopant-stabilization
nd the dense constraining matrix. The data of Table 1a indicate
hat the surface phase composition of these ceramics varies from
2% to 99% t-ZrO2, excluding �-alumina for the composites. Mg-
SZ’s phase composition after initial firing is approximately 55%
-ZrO2 with the balance being t-ZrO2 [70]. The phase composition
f as-fired Ce- and Y-TZP is predominately t-ZrO2 (65–95%), the
emainder being m-ZrO2 and a residual amount of c- ZrO2 [70].

Excluding �-Al2O3, the phase composition of ZTA, AMC, and
TZ ranges from 58% to 99% t-ZrO2, the balance being mostly
-ZrO2 [162,247]. Minor addition of SrO results in a tertiary
agnetoplumbite phase, SrAl12O19, which forms platelet-type

rains. Also, as with the other ceramics, impurities segregate at
rain-boundaries forming an intergranular glass phase. For AMC,
ffatato et al. documented an evolution in the phase chem-

stry for new, unworn femoral heads over a ten-year period and
ound chronological reductions in m-ZrO2 from about ∼40% to
12%, indicating progressive improvements in composition and
rocessing by the manufacturer. Their results are graphically pre-
ented in Fig. 12 [247]. Shown also are phase compositions for
etrieved, worn femoral heads during the same period. In all
ases, increased m-  ZrO2 was observed on worn components. Their
esults, along with similar findings cited elsewhere within this
eview, demonstrate the impact physiologic conditions have on the
hase evolution of ZrO2-based bioceramics. The metastability of
hese ZrO2-containing materials presents both benefits and risks.
herefore, careful compositional control of the monoclinic content
s necessary for enhanced toughness and strength in combination

ith sufficient hydrothermal resistance, which is seen as a “feature
f safety” [160].
Surface phase compositions for PVD ceramic coatings, OxZr, and
Ap are provided in Table 1b. The PVD coatings (DLC, TiN, ZrN,
nd TiNbN) exist as stable amorphous or cubic columnar phases
hat are epitaxially grown on their respective metallic surfaces
Fig. 12. Average monoclinic volume fraction (Vm) data as obtained from micro-
Raman spectra recorded on the unworn (control) and worn areas of analyzed
BIOLOX® delta femoral heads [247]. Reprinted with permission.

[217,321,407,408]. Even though they are under significant com-
pressive stress because of their growth processes (up to 3.5 GPa),
none undergo phase transformation during use [409]. Similarly,
OxZr exists predominately as m-  ZrO2 because its oxidation tem-
perature is below the t → m transition. However, a small amount
of t-ZrO2 (<5 vol.%) is observed in the microstructure, but does not
appear to contribute to any instability [190]. OxZr is also under
considerable compressive stress (∼670 MPa) due to its growth,
and this may  contribute to its stability [190]. Finally, as described
previously, HAp coatings are multiphase mixtures of CaO, amor-
phous and crystalline calcium phosphates, and a disordered range
of hydroxyapatites that are intentionally designed for dissolution
and resorption.

3.9. Corrosion and hydrothermal stability

Corrosive dissolution and hydrothermal degradation of a bioma-
terial may  impact its in vivo performance and longevity. On the one
hand, debris or dissolved ions can contaminate surrounding tissues
leading to formation of pseudotumors or tissue necrosis (e.g., CoCr
hard-on-hard bearings), but, on the other hand, controlled dissolu-
tion is desirable for other materials (i.e., calcium–phosphates and
HAp). Similarly, partial resorption may  be preferred for certain hard
coatings such as Si3N4 [124] but unacceptable for others (e.g., DLC,
TiNbN, or OxZr). Consequently, an understanding of each material’s
corrosive and hydrothermal characteristics is important addenda
to basic physical and mechanical properties. In this section, we
elucidate on the susceptibility of these bioceramics to chemical
corrosion and discuss their hydrothermal stability.

3.9.1. Chemical corrosion
Ceramics are more stable in corrosive environments because

they are the oxide or nitride counterparts to metals. While corro-
sion in metals can be due to electrochemical or galvanic oxidation
(i.e., dissolution into soluble ions), ceramics degrade by corrosive
attack at grain boundaries. Tribochemical wear can accelerate these

processes. Active bioceramics like HAp and TCP degrade in vivo by a
combination of physicochemical processes and osteoclastic resorp-
tion. Most corrosion studies on ceramics have been conducted for
industrial applications in severe chemical environments, whereas
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Table 3
Qualitative corrosion resistance of biomaterials.

Material Weak acids Weak bases Strong acids Strong bases Molten salts Organic solvents Saline or SBF

Al2O3 ⊕ ⊕ 	 	 	 ⊕ ⊕
ZrO2 	 	 ⊗ ⊗ ⊗ ⊕ +
Si3N4 + + 	 	 ⊗ ⊕ ⊕
TiN  + + 	 	 ⊗ ⊕ ⊕
ZrN  + + 	 	 ⊗ ⊕ ⊕
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440C  SS ⊗ ⊗ x 

 = excellent; + = good; 	 = fair; ⊗ = poor; x = very poor; SBF = simulated body fluids.

orrosion in the presence of various body fluids or simulated solu-
ions is less-well characterized. This section reviews the corrosive
ehavior of these bioceramics in both types of environments. A
ualitative assessment of the corrosive behavior of ceramics and
elected coatings in acids, bases, organic solvents, molten salts, and
aline or simulated body fluids is provided in Table 3. A common
edical grade stainless steel (440 ◦C) is also included for compar-

tive purposes.
For ceramics, �-Al2O3 shows excellent corrosion resistance

nder hydrothermal conditions at neutral pH, in saline solution
410] , or in the presence of weak acids or bases [411,412]. It is stable
n static saline and body fluids at room temperature [413]. Strong
cidic or alkaline solutions [411,412,414,415], high-temperatures,
nd/or pressures are generally required to initiate significant corro-
ion [416–418]. Al2O3 also exhibits moderate corrosion resistance
n the presence of high-temperature molten salts [418]. In all cases,
orrosive attack occurs at grain boundaries where impurities such
s SiO2, Na2O, CaO, and MgO  segregate [412], with higher purity
ompositions showing improved corrosion behavior. Also, minor
eneficial corrosion improvements for Al2O3 were obtained using
itrogen ion implantation by formation of aluminum nitride at the
eramic’s surface [413,419] .

The corrosion characteristics of ZrO2-based ceramics (i.e., Mg-
SZ, Ce- Y-TZP, ZTA, AMC, and ATZ) are more complex due to
ariations in chemistry, phase composition, and processing. For
nstance, Mg-PSZ is severely attacked in dilute acids, whereas Ce-
ZP shows improved corrosion resistance, with attack occurring
t grain boundaries [420]. Some ZrO2-based ceramics contain sin-
ering additives such as TiO2, MgO, SiO2, or CaO, which partially
egregate to grain boundaries [158,421]. Similar to Al2O3, these
mpurities provide a corrosion path from the surface to the bulk
420,422]. Intergranular microcracking associated with the t → m
ransformation permits corrosive solution penetration into the

aterial, eventually leading to disintegration. In fact, hydrothermal
hase instability of doped-ZrO2 is the dominant corrosive mecha-
ism, which is operative at all temperatures and pressures above
mbient [73,422].

Si3N4 is resistant to attack by common organic solvents and
eak acids or bases at room temperature [423,424]. Its corro-

ion behavior is dependent upon the amount and composition of
intering additives, processing conditions, and the type and con-
entration of the corrosive media [410,425]. Corrosion is more
ronounced in highly acidic or caustic solutions [415,426–432] ,
r in combination with high-temperatures (>300 ◦C) and pressures
>8 MPa), [433] or in molten salts [434,435]. In one study, sintered
i3N4 was more susceptible to attack by HCl than hot-isostatically
ressed Si3N4, but the opposite effect was found for HF [426]. In
wo comparable studies, Glauskova et al. found very nearly iden-
ical corrosion rates for Al2O3 and Si3N4 using distilled water at
emperatures up to 290 ◦C [410]; and in a third study, Lin et al.
ound corrosion of Si3N4 in NaCl and CaCl2 solutions to be negligi-

le at room temperature [423] . Similar to other ceramics, corrosive
ttack occurs preferentially at grain boundaries. In some instances,
rystallization of the intergranular glass improves its resistance to
orrosive attack [429–433]. In a recent review, compositional tai-
x x + +

loring of Si3N4’s grain boundaries was  advocated by Hermann as the
best approach to improving its overall corrosion resistance [436].

Corrosion studies on PVD ceramic coatings typically show favor-
able results for all organic solvents, most acids, bases, and in
hydrothermal conditions [437–444]. Because the coatings possess
amorphous or columnar grain structures and are deposited epitax-
ially from high purity targets, they are devoid of impurities, which
favors improved corrosive behavior. Nevertheless, imperfections
generated during the deposition process, such as micro-droplets,
pinholes, or other point defects become corrosion initiation sites,
resulting in wear or delamination of the coating, leading to attack
of the underlying metal [445]. As an example, Bolton and Hu stud-
ied the corrosive behavior of three biomedical PVD coatings (CrN,
TiN, and DLC) on surgical grade CoCr in saline at room- temperature
[224]. They found improved corrosion resistance for coated sam-
ples, but noted that pit defects continued to expose the substrate
to corrosion. They also observed that coating thickness via multi-
ple layers was  an effective countermeasure to reduce pit defects.
As discussed earlier in this review, the use of multiple interlayers
is a method of covering-up defects that may  randomly appear in
any one layer. A review of corrosion mechanisms and preventive
strategies for ceramic coatings has been provided by Antunes et al.
[147].

There is a lack of published information on corrosion of in situ
grown OxZr. Available data suggest that this ceramic layer is largely
free of the defects observed in PVD coatings [180]. The process of
forming the layer through oxidation of the base Zr–2.5Nb metal is
diffusion controlled, which is self-regulating with respect to thick-
ness. Provided the base metal is free of impurities and surface
contamination, and is homogeneous in composition, the oxidized
coating will mimic  the chemistry and uniformity of the substrate
[190]. Corrosion studies have been conducted on a range of Zr–Nb
base metal compositions by Zhou et al. [446] and Branzoi et al.
[447] with similar findings—increased niobium content improves
the corrosion of the metal alloy. It is plausible that the characteris-
tics of the metal may  translate to the oxidized layer given that its
cation composition is identical, and its microstructure is composed
of lath-type m-ZrO2 interwoven with adherent NbO2 or Nb2O5
stringers [190]. It is therefore reasonable to expect that OxZr will
have corrosion characteristics similar to other non-transformable
ceramics for all organic and aqueous solvents, saline, and bodily
fluids.

In contrast to the hard ceramic coatings which are corrosion
resistant, HAp coatings are intended to degrade. In fact, the most
important function of HAp is its controlled dissolution and resorp-
tion concurrent with appositional bone formation. As described
earlier in this review, thermal sprayed HAp fortuitously contains a
multiphase mixture of an amorphous phase, �- and �-tri-calcium
phosphates, and several apatite phases, all of which have varying
solubility, with the lower order phases being the most soluble. Ini-
tial attraction of osteoblasts is generated early in the post-operative

period by dissolution of the amorphous phase, whereas long-term
boney apposition is governed by HAp. As reviewed by Sun et al.
[55], there are six potential degradation mechanisms for HAp coat-
ings: (1) normal dissolution in homeostatic pH; (2) dissolution by
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steoclasts as part of normal bone remodeling; (3) fixation failure
esulting in coating delamination; (4) micro-motion abrasion; (5)
amellae cracking due to residual deposition stresses; and (6) pref-
rential attack and dissolution of the amorphous phase. The first
wo mechanisms comprise the intended function of HAp, whereas
he remaining four generate unwanted coating debris. Resorption
f the debris can be accomplished by macrophages if they are suffi-
iently small in size; but beyond about 30 �m,  they are reported to
e an irritant [55] . Herein lies the key dilemma for HAp coatings:
egulating degradation is essential for adequate fixation, and this is
irectly related to the process of applying the coating itself. Work
erformed by a number of researchers suggests that treatments
ubsequent to deposition or alternative application methods may
ave advantages in coating chemistry and quality. As examples,
ingh et al. demonstrated that post-deposition thermal treatments
etween 700 ◦C and 800 ◦C completely removed undesirable phases
448]. Chen et al. [230] showed a similar result at 600 ◦C with an
ssociated reduction in deposition defects, and Kwok et al. [449]
sed electrophoretic deposition and vacuum sintering to improve
Ap’s dissolution behavior. Further research will undoubtedly lead

o the adoption of compositions and methods that balance HAp
dhesion with short- and long-term resorption.

.9.2. Hydrothermal stability
It is critical that the hydrothermal stability of any biomate-

ial used in joint arthroplasty be investigated and validated. As
escribed earlier, the chemical environment of the human body is
uch that no material can truly be considered bioinert, even though
hey may  be classified as biocompatible. In this section, studies on
he hydrothermal stability of the various ceramics and coatings will
e reviewed.

Any discussion of the hydrothermal stability of ceramics should
egin with a review of the stability of ZrO2. Its susceptibility to
TD brought to the forefront the need to assess all bioceramics for
n vivo deterioration. Unfortunately, introduction of Y-TZP in the

id-1980s occurred without adequate testing and standards. An
nitial in vitro study suggested that the material had sufficient sta-
ility for long- term in vivo use [68], but early failures persisted
74,450]. From 1997 to 1999, two technical reports were published
n the material’s hydrothermal stability [451,452]. Static testing in
ater or an autoclave at temperatures from 60 ◦C to 130 ◦C were
erformed to examine transformation kinetics and polyethylene
ear in a hip simulator. Hydrothermal degradation was operative
nder all experimental conditions; but the calculated activation
nergy for the transformation extrapolated to biologic temperature
37 ◦C) suggested that the ceramic’s deterioration was kinetically
imited, and “25–35 years” would elapse prior to m-ZrO2 contents
eaching 30% and 40%. At this rate, the researchers concluded that
he performance of ceramic-polyethylene wear couples should be
naffected for the lifetime of most patients. Yet, retrievals as well
s in vitro studies showed considerable changes in surface finish in
ome particular heads [77,453]. The apparent contradiction in per-
ormance between in vitro and in vivo Y-TZP femoral heads was
ikely due to higher in vivo stresses which were not addressed
or replicated in the laboratory studies and to variations in the
rocesses from one producer to another, and even from batch to
atch. Surface stresses particularly generated during joint laxity
i.e., micro-separation) have been shown to significantly increase
ear in THA joints [454,455]. Also, as described previously, a sig-
ificant number of in vivo fractures from several batches of femoral
eads – traced to a processing change – resulted in the September

001 recall of this material [242]. Although controversial, the LTD
echanism has been described by Sato et al. [456], Guo et al. [457],

nd later by Chevalier et al. [73]. Addition of trivalent Y3+ ions
ntroduces oxygen vacancies in the zirconia sublattice and induces
eramic Society 35 (2015) 4327–4369 4347

metastability of the t- ZrO2 phase. In Kröger-Vink nomenclature,
the reaction is as follows:

Y2O3
2ZrO2

→ 2Y′
Zr + 3Ox

O + V
••
O (6)

where, Y3+ ions substitute for Zr4+ with a net negative charge of −1
(i.e., Y

′
Zr) and V ••

O represents double positive oxygen vacancies in
order to maintain charge neutrality. As long as hydroxyl ions are not
present in the environment, metastability of the tetragonal phase
is assured due to a reduction in the Zr4+ coordination number from
8 to approximately 7. However, in the presence of moisture, disas-
sociation of water dipoles into hydroxyl ions (OH)− and protonic
defects (OH)•

O provides a mechanism for annihilation of vacancies,
filling them with either the protonic defects or with oxygen ions and
interstitial hydrogen. This destabilizes the tetragonal structure and
initiates the polymorphic phase transformation at the surface. As
described by Keuper et al. and demonstrated in Fig. 13, the process
is autocatalytic, having linear kinetics controlled by the reaction of
water with Y-TZP grains. Transformation-induced microcracks at
grain-boundaries create diffusion paths which cascade the degra-
dation reaction to subsurface grains, where the process is repeated
[458].

Understanding the seriousness of this issue, it is remarkable that
little attention was  initially given to LTD of ZTA, while the basic
mechanism is intrinsically the same. The first reported study was
by Insley et al. in 2002 [169]. They examined two  ZTAs designated
CZTA and NZTA. The composition of CZTA was 74% Al2O3, 24% ZrO2
and 1% of other mixed oxides, while NZTA was a 75%/25% mix-
ture of Al2O3 and m-ZrO2. X-ray diffraction analysis of the dense
bodies showed only t-ZrO2 at the surface of the NZTA, but up to
35% m-  ZrO2 in CZTA. Ageing of both compositions was  conducted
in an autoclave for up to 5 h at 134 ◦C. Samples were also placed
in Ringer’s solution at 37 ◦C for up to 12 months. Remarkably,
they reported no increase in monoclinic content and no observable
degradation for either composition. Later, Deville et al. published
two studies on the low-temperature ageing of ZTA [205,459]. Their
first paper examined a range of Al2O3–ZrO2 compositions from
2.5 wt.% ZrO2 in Al2O3 to pure 3Y-TZP. Ageing experiments were
carried out in an autoclave at 140 ◦C under a pressure of 2 bars
for up to 115 hours. No ageing was observed for Al2O3/ZrO2 mix-
tures using unstabilized ZrO2. However, significant ageing followed
by microcracking was noted at Al2O3 grain boundaries for ZrO2
contents of >15 wt.%, resulting in a pathway for water diffusion
from the surface towards the bulk. Compositions exceeding the
percolation limit exhibited up to 80 vol.% m-ZrO2 [460]. All Y2O3-
doped Al2O3/ZrO2 mixtures showed hydrothermal degradation,
reaching levels of up to 25 vol.% for the highest ZrO2 contents.
The most degradation was  observed for 22 wt.% 3Y-TZP in Al2O3,
which corresponded to the percolation limit. Their second study
focused on ZTA degradation using only Y- TZP/Al2O3 composites
[205]. Compositions from 10 to 20 vol.% Y-TZP were aged for up
to 80 hours in an autoclave at between 110 ◦C to 140 ◦C. All com-
positions showed surface transformation even for short exposures.
Higher ZrO2 compositions showed the greatest change, from ∼10%
m-ZrO2 for sintered samples, increasing to ∼25% after ageing; and
all samples displayed a rapid rise in m-ZrO2 during initial exposure,
followed by a more gradual increase for the duration of the test. No
degradation plateau was  observed for any composition.

Additional studies by Pezzotti et al. were conducted on
commercially available AMC  ceramics from 2007 through 2011
[244,246,461–463] . Femoral heads were subjected to autoclave
conditions of 121 ◦C for up to 300 hours. Using Raman spectroscopy,

surfaces were examined for changes in ZrO2 phase composition.
They showed that the t → m transformation progressed at a high
rate during initial exposure (<30 h) and tended to slow thereafter,
but did not plateau. At the conclusion of the test, ∼75 vol.% of the
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ig. 13. SEM micrographs of the cross-section of Y-TZP showing progressive evidenc
ged  in a saturated steam autoclave at 134 ◦C and 3 bar for 48 h. Note the clear dem
eprinted with permission.

vailable ZrO2 at the surface had transformed. They also found
28% reduction in surface fracture toughness associated with the

ransformation. These studies confirmed that AMC was sensitive
o hydrothermal degradation; but this result is not unexpected
ince transformation-toughening is a key feature of this composite
eramic. It also has to be stated that all these in vitro conditions
ere severe, and the effects were only surface related, with bulk
roperties remaining unaffected. There have been very few in vivo
ailures of AMC  femoral heads, and they cannot be correlated so far
o LTD. According to one report, approximately 2.2 million devices
ere implanted by June of 2013, with a reported fracture rate of

.001% [40]. Retrievals have determined that LTD is operative, but
o far, there is no correlation between observed surface transfor-
ation and implant functionality [464,465]. Additional research

nd retrievals will be needed to assess the long-term impact of this
henomenon on the longevity of AMC  implants.

It should be noted that Mg-PSZ is also affected by LTD, but its
egradation is retarded because of Mg-PSZ’s unique microstructure
onsisting of discrete nano-sized t-ZrO2 precipitates embedded
ithin larger c-ZrO2 grains. Moisture must diffuse from grain-

oundaries through the cubic matrix to destabilize the precipitates.
ts diffusion coefficient is low, so degradation kinetics are expected
o be slow [76]. This was experimentally observed by Swain. Severe
utoclave exposure of two Mg-PSZ compositions at 400 ◦C and 6 bar
ressure for 4 h showed an increase of ∼17% m-ZrO2 coupled with

 modest decline in fracture strength [466].
Returning to Al2O3 or using Si3N4 might appear to be safe

ptions in avoiding the observed LTD in ZrO2 based materials.
fter all, both ceramics are innately phase stable, and presumably

mmune to attack by moisture. However, as we shall see, this pre-
umption is not entirely correct. Several studies provide insight into
he comparative hydrothermal stabilities of Al2O3 and Si3N4. Sato,
t al. examined the hydrothermal stability of a number of Al2O3
ompositions and Si3N4 in caustic alkaline solutions at tempera-
ures up to 200 ◦C. As expected, they demonstrated no phase change
n either bioceramic, and found essentially equivalent dissolution
ates for 99.5% Al2O3 and hot-isostatically pressed Si3N4 [467]. Oda,
t al. studied both the hydrothermal corrosion of Al2O3 and Si3N4
nder very severe aqueous conditions (300 ◦C and up to 85 atm)
416,433]. They showed that both materials degraded by an iden-

ical mechanism, which involved attack at the grain boundaries,
ollowed by dislodgement of individual grains. The rate of corrosion
or Si3N4 was higher than for the alumina, but this was not unex-
ected given the extreme conditions of the test. Conversely, less
D: (a) as-sintered sample with no hydrothermal treatment; and, (b) hydrothermally
on between transformed and non-transformed grains and microcracks in (b) [458].

severe, and biologically relevant hydrothermal testing was  sepa-
rately conducted on Si3N4 by Bal et al. [94], and on Al2O3 by Pezzotti
[79]. Bal et al. tested dense Si3N4 specimens autoclaved at 120 ◦C
in 1 bar steam for 100 h. Components were examined for phase
composition and strength both before and after autoclave expo-
sure. There were no observed phase changes, nor were there any
differences in the flexural strength (>900 MPa). Using cathodolu-
minescence spectroscopy on autoclaved samples of Al2O3, Pezzotti
demonstrated that hydrothermal ageing led to the formation of
oxygen vacancies in the alumina lattice. Mechanistically, this is
shown in Fig. 14 [79]. Hydrothermal and tribochemical activation
of Al2O3 results in concurrent hydroxylation of aluminum ions and
the release of oxygen along with substitutional inclusion of Mg2+

or Ca2+ cations forming a spinel-like structure, which is thermo-
dynamically favored over Al2O3 [468] . Due to inherently weak
grain boundaries and corrosive attack by proton and hydroxyl ions,
increased surface roughness and microcracking ensues, which may
lead to enhanced wear.

Hydrothermal exposure and/or tribochemical wear of Si3N4
also result in marked surface changes. The degradation mech-
anism is outlined in Fig. 15. As described by Galuskova et al.
[410], Dante et al. [469], and also by Pezzotti [79], dissolu-
tion of Si3N4 occurs by preferential attack of Si–N bonds, with
the release of ammonia (NH3) and hydroxylated silicic acid
(Si(OH4)·xH2O), forming a tribochemical surface film. The pres-
ence of this tribofilm leads to low friction for self-mated Si3N4,
particularly under moderate- speed continuous-motion bear-
ings [114,469,470]; whereas frictional spikes (i.e.,  stick-slip) are
observed with slow-speed non-continuous-motion couples [116].
Also, in contrast to Al2O3, which gives up oxygen under hydrother-
mal  conditions, Si3N4 is an oxygen scavenger, which may be an
advantage in articulation against polyethylene—preventing its pre-
mature oxidative deterioration [79].

Few hydrothermal stability studies have been conducted on
hard ceramic coatings. At room temperature, these coatings are
highly resistant to attack by water, and even offer protective advan-
tages in aqueous abrasive slurries [440]. At higher temperatures
and under hydrothermal pressure, DLC films change their carbon
coordination from diamond-like to predominately graphitic with
a corresponding loss in hardness [471]. In the presence of acids

or bases, TiN and ZrN coatings oxidize to form TiO2 or ZrO2 at
their respective surfaces [409]. However, as discussed previously,
the greatest problem associated with these coatings is their dis-
continuous nature. Localized water penetration and corrosion of
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of increased hardness, ceramics are more scratch resistant with
Fig. 14. Tribochemical behavior of Al2O3 in a bi

he underlying metallic substrate is the most common problem in
itro [441] or in vivo [472]. There are no reported hydrothermal
tability studies for OxZr; but this layered ceramic is expected to
e highly stable. As discussed previously, perhaps the only con-
erns for this coating are its thickness and hardness differential
etween the coating and the substrate, which could lead to delam-

nation [326]. Finally, as presented in the prior section on corrosion,
Ap coatings are designed to be hydrothermally active in order to

acilitate osseointegration.
In summary, a review of pertinent literature demonstrates

hat all ceramics and likely all ceramic coatings are susceptible
o hydrothermal degradation to a greater or lesser extent. The

 → m transformation that provides ZrO2-based materials with
nhanced toughness and strength under dry conditions may  lead
o changes in phase chemistry and properties upon exposure to
umid environments. Therefore, under moist conditions, the t → m
ransformation must be assessed during development, or after

 process change, and certainly prior to clinical use. Long-term
esearch must also be conducted to assess in vivo transforma-
ion rates of new ZrO2 containing materials. Al2O3 and Si3N4 are
hase stable materials under hydrothermal conditions, but are not
otally immune to physicochemical surface changes upon interac-
ion with biologic fluids. Similarly, PVD ceramic coatings and OxZr
re also stable, but concerns remain about their protective abil-
ty over their metallic substrates due to differential hardness, high
ompressive surface stresses, and deposition defects. However, it
hould be noted that corrosion and hydrothermal degradation also

ccur for metal and plastic implants; and on balance, bulk ceramics
nd ceramic coatings are innately more stable. Consequently, the
ost important challenges are development of scientific assess-
ents of each material’s degradation mechanisms and kinetics, and

Fig. 15. Tribochemical wear mechanism of Si3N4 in a biologic env
 environment [79]. Reprinted with permission.

improving the robustness of their respective processes, in order to
eliminate potentially negative consequences to patients.

3.10. Hardness and wear resistance

Hardness is a measure of a material’s resistance to elastic or
plastic deformation under an applied compressive load [473]. It is
a fundamental material property that is related to crystal structure,
bonding, and bond density, but can be affected by secondary phases,
impurities, grain boundaries, and residual stress [474,475]. Ceram-
ics, which are ionic or covalently bonded, have intrinsically higher
hardness than metals or polymers (cf.,  Tables 1a and 1b). Material
hardness plays an important role in artificial joints for one primary
reason – wear resistance. All metal, ceramic, and ceramic coatings
can be manufactured and polished to extremely fine surface fin-
ishes for articulation devices (i.e, <20 nm Ra). In vitro hip simulator
studies, along with in vivo retrievals, demonstrate that polycrys-
talline ceramics or hard ceramic coatings are more scratch-resistant
[150,258,476–478], typically have lower wear rates, and exhibit
less osteolysis for self-mated bearing surfaces [247,479–489] and
for articulation against polyethylene [150,476,477,490–499] than
do CoCr implants. With less than half the hardness of ceramics,
CoCr is particularly susceptible to third-body scratching. A scratch
in CoCr produces an abrasive gouge below the nominal articulation
surface, and also plastically displaces material above the surface.
Both effects lead to accelerated wear [500]. Conversely, because
shallower depths and smaller surface protrusions.
The impact of hardness on wear resistance can be observed

from the comparative wear data presented in Tables 1a and 1b.

ironment in four stages [469]. Reprinted with permission.
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Fig. 16. Polyethylene wear rates versus femoral head thermal co

ear rates are given for conventional (PE), highly-cross-linked
olyethylene (XLPE), and for hard-on-hard bearings using data
ompiled from hip simulator studies conducted under various pro-
ocols during the past 20 years – which partially accounts for the
road range of the observed values. Polyethylene wear is most pro-
ounced for non- or minimally-cross-linked polymers (<40 kGry),
nd decreases asymptotically for the highly- cross-linked mate-
ials (>50 kGry). However, as pointed out by Bowsher et al., any
erceived differences in wear need to be tempered with the knowl-
dge that protein precipitation occurs on femoral heads having
ower thermal conductivities [501]. This effect is shown in Fig. 16.
ess wear is noted for Y-TZP and CoCr in comparison to Al2O3 and
i3N4 due to greater protein precipitation. Proteins are precipi-
ated because of increased interfacial temperatures. Their presence

asks the true wear rate of the bearing. Wear rates for hard-on-
ard bearings are lower than XLPE, with AMC  and ZTA ceramics
roviding the best wear performance; however, protein precipita-
ion during in vitro wear tests may  also play a role in the variability
f these wear measurements [502].

Table 1b shows that PVD ceramic coatings or OxZr also provide
mproved wear resistance because of their high hardness, but only
n articulation against polyethylene. Ceramic coatings are unlikely
o be effective as hard-on-hard bearings because of the potential
or coating failure. Indeed, third-body particles can easily scratch
hrough these thin films, or pit defects can facilitate corrosive pen-
tration, delamination, and catastrophic wear of the underlying
etallic substrates. This continues to be a relevant clinical issue

s evidenced by several in vivo failures. For instance, a clinical trial
omparing DLC-coated Ti6Al4V and Al2O3 femoral heads articulat-
ng against conventional polyethylene showed disastrous results
or DLC implants due to corrosive pitting and spallation, leading
o a revision rate that was four times the Al2O3 control group
133,503]. Several case studies have reported similar poor in vivo
esults for TiN coatings [472,504,505]; and TiNbN coatings were
ecently found to have completely worn through in another study
506]. OxZr appears to be a solution for these failures due to its sub-
trate coherency and an absence of surface- defects, with clinical
esults supporting its equivalence to CoCr [144]. However, recent
ublications have expressed caution over the use of OxZr. Its surface
an be easily scratched if: (1) it is malpositioned during insertion;
2) patients experience subluxation or repeated dislocation; or (3)

hird-body wear particles are present [507–510]. As demonstrated
y Lee et al., when an OxZr coating is breached, the underlying soft
r/2.5Nb alloy can increase polyethylene wear by 161% in compar-
son to an identically sized CoCr head [150]. These clinical studies
ivity. Adapted from Bowsher et al. [501]. Used with permission.

and case reports point to the fragile nature of thin hard coatings,
and suggest that further development is necessary to improve their
reliability. Under ideal laboratory conditions their performance is
remarkable; but given on-going in vivo failures, clear and convinc-
ing clinical evidence will be needed to overcome growing prejudice
against their use. Conversely, bulk ceramics provide all of the ben-
efits of thin films with none of the consequences; and the current
risk of in vivo fracture has become inconsequential. In summary,
bulk ceramics should be considered as articulation couples over
hard ceramic coatings due to their scratch resistance and low wear,
either as self-mated bearings or in articulation against polyethy-
lene.

3.11. Bacteriostasis

Peri-operative or latent infections are a leading cause for hip,
knee, and spinal revision surgery [273], with a rate of 2.7–18% [511].
Their occurrence is devastating for patient and practitioner alike,
typically requiring surgical removal of the implant, debridement
of surrounding tissue, extended hospitalization for antibiotic ther-
apy, followed by re-implantation of an entirely new device [512].
The economic impact to treat infections is typically 4× the cost of
primary arthroplasty [513] . While the burden to the healthcare
system is large, degradation of the patient’s quality of life dur-
ing treatment, revision, and convalescence has to be considered
equally distressing. Nowadays, because of this problem, develop-
ing implants with natural or engineered anti-infective properties
is garnering considerable attention. Recent reviews have discussed
strategies for developing antibacterial devices [514,515]. Interest
has focused on preparing composites which perform a dual func-
tion, serving both as a structural member (e.g., spinal fusion cage,
acetabular cup, coated femoral stem), and incorporating an elutable
bactericide (e.g., silver, zinc, copper, iodine, vancomycin, etc.) to
prevent biofilm formation or kill planktonic bacteria [516,517].
Elutable calcium from an antimicrobial soda-lime glass–ceramic
containing combeite and nepheline crystals was shown by Cabal
et al. to effectively resist biofilm formation from five nosocomial
strains, while demonstrating excellent biocompatibility towards
mesenchymal stem cells [518]. An alternative strategy is to func-
tionalize the implant’s surfaces with non-leachable compounds
that are contact biocides. Such compounds can be natural or syn-

thetic polymers and include chitosan, peptides, quaternary amines,
and N-halamines [514,515]. These and similar “active” strategies
contrast with more “passive” methods which rely on the material’s
inherent antibacterial features. Bacteriostasis is the term used to
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escribe this behavior, and is defined as the property of a material
hich limits attachment and growth of bacteria without necessar-

ly killing the microorganism. Differences between bactericidal and
acteriostatic materials are significant. Bactericidal compounds
ften result in large bacteria kill ratios of >99%, whereas bacterio-
tatic materials only prevent biofilm formation, with reductions
rom 10% to 90%. There are standardized tests for assessing the
ffectiveness of implants incorporating bactericidal compounds
519–521]; but, with the exception of a test for plastics [522], none
urrently exist for comparing bacteriostasis.

In general, ceramics and coatings are considered bacteriostatic.
nlike polymers and metals, they inherently resist biofilm forma-

ion. A number of bacteriostasis studies have been conducted on
eramics for arthroplasty and dental applications. Ginebra et al.
523] examined Al2O3, Si3N4, and AMC  in vitro for biofilm for-

ation using two bacterial strains (Staphylococcus epidermidis and
scherichia coli). In comparison to a polystyrene control, all three
eramics showed between 30% and 60% less biofilm formation.
n a separate study, Hizal et al. prepared nanostructured and
ydrophobic Al2O3 and showed that it was effective in repelling
taphylococcus aureus and Escherichia coli [524]. For dental appli-
ations, Yamane et al. completed an in vivo human oral study
xamining titanium, ZrO2, Al2O3, and HAp, all with uniform sur-
ace roughness, against Au–Pt alloy as the control. They found no
ifferences among the ceramics as compared to lower adhesion on
he Au–Pt alloy [525]. In contrast, Yoshinari et al. demonstrated
hat Al2O3 coated titanium oral implants were significantly more
ffective in resisting biofilm formation than titanium alone [526];
nd Al-Radha et al. found similar results for ZrO2-coated titanium
r ZrO2-abraded titanium in oral studies [527]. A contrasting bac-
eriostasis study on several grades of Y-TZP was  performed by
arygianni et al. in vitro using Enterococcus faecalis, Staphylococ-
us aureus, and Candida albicans. They observed no anti-adhesive
mprovement of the ceramics when compared with bovine enamel
labs as controls [528]. Conversely, Gorth et al. tested Si3N4, tita-
ium, and PEEK with five separate nosocomial bacterial strains

n vitro and consistently found lower amounts of biofilm forma-
ion (up to 90%), and fewer live bacteria on Si3N4 than either of
he other two biomaterials. As might be expected, PEEK gener-
ted the highest amount of biofilm and harbored the most live
acteria. They postulated that reasons for the observed differences
ere likely due to: (1) improved hydrophilicity of the ceramic in

omparison to the moderately and highly hydrophobic metal and
olymer, respectively; (2) chemical moieties on the surface of Si3N4

ncluding charged amino and silanol species of SiNH3
+, SiOH2

+,
iO−, SiNH2, and SiOH, all of which may  act to repel microbial
ttachment; and (3) a micro-textured surface for Si3N4, which may
lso prevent biofilm formation. These features were not observed
ith the other two biomaterials [107]. Webster et al. pursued this
ork using an in vivo Wistar rat model. Samples of Si3N4, PEEK,

nd titanium were pre-inoculated with 104 S. epidermidis prior to
mplantation into the animal’s calvaria followed by incubation for
p to 3 months. Provided in Fig. 17(a) through (d) are histological
nalyses conducted subsequent to animal euthanasia, showing a
atent infection on the surfaces of the PEEK and titanium implants,

hereas none was present for Si3N4 [106].
A similar range of results has been observed with the hard

eramic coatings. For instance, a dental study by Grobner-Schreiber
t al. using ZrN indicated significant reductions in oral bacteria
ompared with uncoated samples; but the diversity of the bacte-
ial flora were not affected [529]. For DLC, Love et al. reviewed a
umber of bacteriostasis studies which showed that hydrophobic

arbon coatings with low hydrogen contents were very effective as

 bactericide, even when compared with the antibiotic Gentamicin
148]. Finally, Shida et al. performed an in vitro bacterial adhesion
tudy for OxZr, CoCr alloy, titanium, and stainless steel implants
eramic Society 35 (2015) 4327–4369 4351

using S. epidermidis. All samples were carefully prepared to have
similar surface roughness. Reported amounts of S. epidermidis that
adhered to OxZr and CoCr were significantly lower than for titanium
or stainless steel (up to ∼60%) [530].

Clearly, the range of observed results for both the ceramics
and coatings suggests that exogenous factors play key roles in
determining bacterial adhesion. A review of potential parameters
governing biofilm formation was  conducted by Renner et al. [531],
which included physical, chemical, and interactive factors between
orthopedic devices and bacteria.

They concluded that interactions between microbes and bioma-
terials are complex, and the diversity and adaptability of differing
bacterial strains to the milieu of the human body make it difficult
to construct even simple engineering guidance. For example, it is
generally accepted that hydrophilic substrates are more resistant
to biofilm formation; but this is not true for all microbes, with com-
mon S. epidermidis preferring either polar or hydrophobic surfaces
[532]. Certainly, the unique physical and chemical environment
presented by an implant’s surface is important. However, while
surface roughness, topography, and chemical properties may  dic-
tate bacteria attraction, it is the external functions of the microbe
itself (i.e., flagella, fimbriae, and pili) which facilitate its attachment.
In this regard, bacteria have an advantage because of their living
nature. They have motility, selectivity and are adept at exploit-
ing weaknesses present in inanimate implants or the surrounding
environment. Not surprisingly, defensive strategies against their
onslaught may  need to be as varied as the bacteria themselves.
Potential solutions include dense implants coated with bacterici-
dal or bacteriostatic compounds, porous structures infused with
elutable antibiotics, or devices engineered with micro- or nano-
structured features that resist biofilm formation. These and other
strategies are active areas of research. In summary, development of
anti- bacterial bioceramics represents a new frontier—one in which
necessary structural functions are combined with bacteriostatic or
bactericidal features to combat an evolving variety of nosocomial
microbial strains.

3.12. Osseointegration

The rigid and permanent fixation of an alloplastic medical device
with native bone is referred to as osseointegration (or sometimes
as osteointegration). Obviously not all bioceramics and coatings
are designed for integration with bone. Some are solely impor-
tant for articulation and wear. However, at the end of the day,
implantable medical devices will ultimately fail if they are not
soundly supported by the musculoskeletal system. In this regard,
osseointegration is as critical in its function as wear resistance is
in its respective role. While significant understanding has been
acquired with regards to wear resistance, our knowledge of factors
affecting osseointegration is only now coming to light. Interac-
tions between the biological environment and implant surfaces are
complex, involving a sequence of events that begins with protein
absorption and, if successful, ends with fixation via bone on-growth
or in- growth. Previous generations of ceramics were considered
efficacious if they were merely classified as being bio-inert or bio-
tolerant, meaning that they did not elicit an inflammatory response.
However, this does not suggest there were no reactions. On the con-
trary, the body’s immunological answer to bioinert materials has
typically been isolation and fibrous tissue encapsulation. However,
to effectively integrate, bioceramics must go beyond this sim-
ple one dimensional classification. They must be bioactive and/or
bio-resorbable, capable of interacting with tissue, inducing bone

formation, and providing fixation.

The biological sequence of events leading to osseointegration
is complex and dependent on factors associated with the physico-
chemical structure of the implant and its interaction with proteins
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ig. 17. Effect of biomaterial on latent infection in Wistar rat calvarial defects [
erformed 3 months after implantation: (a) PEEK; (b) Si3N4; (c) titanium; and (d) S

nd living cells. The first and immediate biologic reaction to a
oreign body is its coating with proteins. For bioceramics, this
rocess has been documented by Wang et al. in detailed review
533]. Fibronectin, a protein found in plasma binds almost instanta-
eously to all biomaterials, but other proteins including vitronectin,

aminin, collagen, and fibrin also quickly adsorb and participate
n wound healing [534]. Adsorption of these molecules is induced
y the roughness, hydrophilicity, charge, and topography of the
iomaterial’s surface, with micro- or nano-structured surfaces
eing the most effective. Proteins orient themselves to local vari-
tions in surface charge and topographical features, and adhesion
ccurs by electrostatic and mechanical means. Specific active sites
n these molecules are recognized by mesenchymal stem cells,
ainly integrins, which subsequently bind to the proteins. How-

ver, as discussed by Kieswetter et al., cell attachment is neither
redestined nor immediate. It may  take hours to occur [535] .
gain, surface chemistry and topography of the implant dictate

his timeline, and remarkably, cells can distinguish between dif-
erent chemistries and surface features [536,537]. As reviewed by
nselme et al., many studies suggest that surface topography may
e more important than chemistry, with more mature and differen-
iated cells adhering to micro- and nano- structured surfaces [538].
owever, the presence of soluble calcium phosphates, bioavailable

ilicon, and magnesium also appear to be key chemical species
romoting adhesion and proliferation of progenitor cells, facili-
ating their eventual differentiation into osteoblasts [539–541].
rovided the chemical environment remains conducive to contin-
ed cell function, osteoblasts secrete a calcified osteoid which leads
o endochondral ossification and eventual fixation of the implant.

ost of our knowledge with respect to the interaction of cells and

iomaterials comes from studying titanium alloys, but features that
romote its osseointegration appear similar if not identical to those
hat are likely operative for bioceramics [542–544]. Ceramic scaf-
olds possessing interconnected porosity have also been shown to
Implants were pre-inoculated with 1 × 104 Staphylococcus epidermidis. Histology
eprinted with permission.

be effective in boney in-growth for a number of different materi-
als including bio-glasses and ceramics [545], tantalum [546,547],
PEEK [548], and of course, various HAp compositions [60,549]. The
integration ability of these scaffolds is dependent upon surface
chemistry and the size distribution of engineered porosity. As with
on-growth, a chemical environment with appropriate concentra-
tions of Ca, P, Si, and Mg  are essential for in-growth, along with
porosity that is within a preferred range of ∼100 �m to ∼500 �m
[550]. Although integration occurs for pores smaller than 100 �m,
vascularization of the porous structure is most pronounced when
openings between the pores exceed this minimum [550] .

A number of the ceramics and coatings have been tested for
their ability to interdigitate with living bone, beginning with porous
Al2O3 in the 1970s [21]. While this early work showed that ossifica-
tion is possible, the immunological response to Al2O3 at that time
was encapsulation in fibrous tissue. Bioactive coating strategies
have subsequently been employed for Al2O3 to alter its local chem-
ical environment and thereby improve boney apposition [551,552].
The use of Y-TZP for dental implants has spawned numerous stud-
ies examining its osseointegration characteristics with a review
performed by Hisbergues et al. in 2009 [80]. While significant
human clinical data are lacking, in vivo animal studies suggest
that its osseointegration performance is at least equivalent to
titanium alloys (i.e., the gold standard for oral surgery). Effective
osseointegration has also been demonstrated for mixtures of ZrO2
and Al2O3. For example, using push-out strengths as a measure
of integration, Burgkart et al. examined AMC  in an ovine model
[553] . They showed that a pre-engineered macro-porous struc-
ture required approximately eight times the push-out force when
compared with smooth implants, and histomorphological evalua-

tions revealed consistent and substantial boney apposition within
the porous structure at 12 weeks post-operatively. Similar effective
osseointegration for ATZ dental implants has also been reported
[554] . For Si3N4, several studies demonstrated its osseointegra-
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ion capabilities. Anderson et al. showed osseous penetration of
p to 3 mm in ∼72% porous Si3N4 with excellent vascularization
welve weeks after implantation in an ovine model [105]. Similar
tudies by Guedes e Silva et al. showed good boney apposition for
i3N4 samples in rabbits evaluated eight weeks after implantation
103,104]. In Wistar rats, Webster et al. compared the osseoin-
egration of Si3N4, PEEK, and titanium, reporting that Si3N4 had
mproved osseointegration over the other two  biomaterials at all-
ime points up to 3 months post-operatively, both under aseptic
onditions and when implants were pre-inoculated with 104 S.
pidermidis [106].

There are few reported studies on the osseointegration of hard
VD ceramic coatings. As discussed previously, while these coatings
re biocompatible, their ability to fixate to bone is governed by local
urface chemistry and topography. From a chemical standpoint,
hey are largely bioinert, and their surface roughness is deter-

ined by the underlying substrate. Consequently, improvements
n osseointegration are expected via topography modifications of
he substrate or by adjustments to deposition composition. Recent
tudies suggest that some or all of these strategies may  be effective.
or example, DLC coated titanium implants showed significantly
reater boney apposition and bone thickness growth than com-
arable bare titanium in an in vivo femoral study conducted on
ats [555]. An in vitro study using DLC suggested that several
ompositions may  provide osseointegration improvements [556].
lternatively, for TiN coatings, Sovak et al. found excellent miner-
lization at the interface of implants in Wistar rats, and concluded
hat TiN was at least as effective in boney fixation as uncoated
i6Al4V substrates [557]. Finally, for dental implants, Rizzi et al.
ound that application of a ZrN coating to titanium markedly
mproved osseointegration and reduced healing time [558]. Sim-
lar results might be expected from the other ceramic coatings, but
ata are currently lacking.

As might be expected, studies on the osseointegration of HAp
oatings have been numerous and significant – and no more so
han for those that have examined the long-term survivability of
Ap-coated hip stems [49,52,559,560]. A number of these studies

eport Kaplan-Meier survivability of >92% at 20+ years post implan-
ation. Failures were mostly unrelated to the hip stem itself, and
ither involved anatomical changes, wear, osteolysis, and asep-
ic loosening of the acetabular cup, or other medical problems.
atient satisfaction with these implants remained high (also at
2%) at final follow-up, with essentially all femoral stems show-

ng signs of stable fixation. Development of HAp coatings is closely
elated to parallel innovative research into porous synthetic bone
caffolds. Osseointegration is an essential requirement for these
evices as well. Today, autograft and allograft are primarily used
or rectifying large bone defects due to trauma, tumor resection,
steomyelitis, or necrosis. However, limitations which preclude
heir wide- spread use include restricted availability, donor site
omorbidities, and risks for infection or disease transmission. Con-
equently, ceramics, glasses, and orthophosphate composites are
eing extensively investigated as alternative bone-building ther-
pies. The interested reader is referred to a number of recent
elevant reviews in this field [44,60,561–567]. There is general
greement that an ideal bone scaffold must be biocompatible and
steoinductive, having a broad range in porosity for cellular pro-
iferation, neovascularization, and bone ingrowth, possessing a
trength greater than the bone being repaired, but having a similar
lastic modulus to prevent stress shielding. Furthermore, the scaf-
old must be customized in properties and shape to closely match
he osseous defect, and be slowly resorbable concurrent with the

ngrowth of new bone. These are challenging requirements given
ifferences in patient age, bone quality, and overall health. HAp
nd tri-calcium phosphate are commonly used clinically because
f their demonstrated biocompatibility, bioactivity, osteoinductiv-
eramic Society 35 (2015) 4327–4369 4353

ity, and chemical similarity to the apatite phase of living bone.
Nanocrystalline HAp particles, fibers and composites having open
interconnected porosity, from about 100–900 �m, compounded
with bioglass (i.e., 45S5 or �-wollostonite) or synthetic polymers
(e.g., polymethylmethacrylate, polyacrylic acid, polyvinyl alcohol,
and others) display increased mechanical properties, good bio-
compatibility, and bioactivity [58,60,566]. Other organic-inorganic
multicomponent HAp scaffolds are being explored, including
biomimetic adsorption, or seeding of the porous structure with
collagen, gelatin, chitosan, growth hormones and factors, bone
morphogenetic proteins, genes and mesenchymal stem cells, or
various therapeutic drugs. These additives are designed to induce
osteo- and angiogenesis, or target disease and prevent infection,
respectively [568]. While many of these strategies are exploratory
in nature, they demonstrate the breadth of research being con-
ducted on HAp composites, with more than 10,000 scientific
publications occurring within the last 4 years [569]. It spite of
this progress, utilization of synthetic bone scaffolds remains in its
infancy. Challenges that must be overcome include: (1) contin-
ued improvement of mechanical properties, particularly fracture
toughness, through the use of nanostructured materials, and by
developing ceramic–ceramic, ceramic–glass, or ceramic–polymer
composites; and (2) enhancement of bioactivity through incorpora-
tion of the aforementioned growth factors, genes, cells, or biological
agents. Ultimately it should be possible to engineer a new gener-
ation of bespoke-based HAp scaffolds to address specific patient
pathologies [44]. With attendant developments in bone tissue engi-
neering, the effectiveness of HAp coatings in total joint arthroplasty
will undoubtedly improve as well.

To summarize, osseointegration mechanisms for ceramics and
ceramic coatings are complex, but dependent principally on two
interrelated factors: (1) the biologic environment next to the
implant itself, including its hydrophilicity, surface charge, and
availability of osteogenic elements (e.g., Ca, P, Si, and Mg)  and
compounds (e.g., collagen, chitosan, synthetic biocompatible poly-
mers, and therapeutic drugs); and (2) the structure, topography
and roughness of the implant’s surface, or the size distribution
of its pores and connecting channels. These engineered features
promote protein adhesion and attract progenitor cells which differ-
entiate into osteoblasts and osteocytes, leading to the firm fixation
of orthopaedic devices.

4. New directions in bioceramics

4.1. Novel ceramic materials and composites

Over ten years ago, Dr. Larry Hench, the distinguished researcher
and inventor of 45S5 bioglass [570], forecasted the development of
a third generation of biomaterials [571]. Whereas the first two gen-
erations involved use of bioinert and then bioactive or resorbable
materials, respectively, he envisioned a third generation designed
to assist in healing the body. His prognostication is becoming a
reality, but not by abandonment of first and second generation
materials. Indeed, technological progress on all three generations
exists on a continuum and are additive. In the following sections,
we sequentially discuss new directions in bioinert, bioactive, or
resorbable ceramics, and reiterate Dr. Hench’s view with respect
to the future, which includes “smart ceramics.”

4.1.1. Bioinert ceramics
Fifty years of clinical experience has demonstrated that there are
no truly bioinert materials. All induce an immunological response,
but ceramics tend to minimize this interaction. Bioinert ceramics
have evolved through trial and error experimentation from Al2O3
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modest strength) to ZrO2 (high strength, but also high sensitivity
o LTD) to ZrO2–Al2O3 composites (high strength with improved
TD resistance). While the current standard in bioinert ceramics
s BIOLOX® delta (CeramTec, Plochingen, Germany), its position

ay  eventually be challenged by other ZrO2 and ZTA compositions
aving both high strength and little or no LTD, or by non-oxide
eramics such as Si3N4 with elevated strength and no LTD. As an
xample of an improved ZrO2, Matsui et al. demonstrated that
ddition of a small amount of germanium oxide (0.30 mol%) to a

 mol% Y2O3-doped ZrO2 coupled with low- temperature sintering
roduced a fully dense nano- crystalline Y-TZP (grains <300 nm)
hich exhibited no LTD for 4 years in a steam autoclave at 140 ◦C

572]. As other examples, ZTA nano- composites which exclude
he use of yttria, or which incorporate zirconia nano-particles
<500 nm)  evenly dispersed within alumina grains have been devel-
ped [154,573]. Both composites result in high strength, tough,
nd highly LTD resistant ceramics. Torrecillas et al. predict that
urther developments in nano-structured ceramics and compos-
tes should result in a new generation of biomedical implants with
ifespans matching the life expectancies of their recipients [574].
ombining Y-TZP with Ta, Ti, or Nb metals to form cermets has
lso been investigated with promising results. These composites
emonstrate improved ageing behavior and mechanical stability,
educed friction against polyethylene, and excellent biocompatibil-
ty [575–577]. Even returning to MgO-doped PSZ is a consideration,
iven its reasonable strength, enhanced toughness, and LTD resis-
ance [578]. Lastly, use of non-oxide Si3N4 is also a viable option
ecause it has the requisite strength and toughness, and is absent
f any LTD [94].

Overcoming the deficiencies of hard ceramic coatings is also
eing explored. Recall that thickness, inherent deposition defects
i.e., pinholes and delamination), and wear debris limit the artic-
lation life of these materials. As pointed out by Alakowski et al.,
he survivability of any thin film under load is proportional to the
quare of its thickness [579]; with thicker coatings (particularly
hose composed of multiple interlayers) reducing the likelihood
f defects [147,317,580]. Coating thicknesses will need to increase
rom less than about 5 �m (current state) to greater than 15-20 �m
future state) in order to achieve the goal of being lifetime pros-
heses. Recognizing a renewed potential for hard surface coatings,

 European consortium was formed in 2013 to develop thick PVD
i3N4 coatings on cobalt-chromium alloys with a stated objective of
ntroducing them as hip or knee prostheses in clinical trials by about
018 [581] . This particular bearing surface has the unique advan-
age of eliminating osteolytic joint debris because Si3N4 wears via

 tribochemical reaction, the products of which are soluble and
esorbable [123,124]. With these ongoing developments, bioinert
eramics and coatings are expected to remain as favored materials
or future joint arthroplasty procedures.

.1.2. Bioactive and resorbable ceramics
Engineered transitions between bioinert and bioactive ceram-

cs represent a new field of endeavor, with advances in the areas
f functional gradient materials (FGM) and self-assembled mono-
ayers (SAM). Additionally, while calcium orthophosphates are the
tandard for bioactive and resorbable ceramics, structural and com-
ositional improvements are enhancing their performance as well.

Functional gradient materials—FGMs are designed by chang-
ng the structure or composition within a component to provide
ariable properties. As discussed by Bahraminasab et al., joint
rthroplasty research often tends to be compartmentalized, with
ome investigators focused solely on bioactivity for improved

mplant fixation, ignoring problems such as adverse wear or stress-
hielding; whereas others concentrate on mechanical properties
r friction to reduce stress shielding or wear-induced osteolysis,
espetively [582]. Perhaps an optimum solution is introduction of
eramic Society 35 (2015) 4327–4369

functionally graded materials which address all three issues. For
instance, one side of a ceramic acetabular monoblock cup can be
engineered to have high porosity, low elastic modulus, and a bioac-
tive coating (e.g., HAp) to promote osseointegration and minimize
stress shielding; while the opposite side has low porosity, high elas-
tic modulus, and hardness for wear resistance. Furthermore, such
a device has the added advantage of conserving native bone due to
elimination of the metallic shell. This idea has proceeded beyond
the conceptual stage. Dual porosity ceramic implants are particu-
larly advantageous in spinal fusion [583,584] and are actively being
developed as THA acetabular components [585,586]. FGMs based
on composition are also being developed. For example, Laurenti et
al. designed an innovative reconstructive implant that combines
bioactive 45S5 glass fibers and polyurethane. The distal end of the
implant is predominately polyurethane, and serves as replacement
cartilage, while the proximal end, which has a high concentra-
tion of glass fibers, osseointegrates for fixation. They demonstrated
excellent performance in an animal model [587]. In another less
demanding example, Zhao et al. functionally distributed iron oxide
within a dental ZrO2 to generate a gradient in color [588].

Self-assembled monolayers—use of self-assembled monolay-
ers represents another effective method of bridging the gap
between bioinert ceramics and biologic tissue. In fact, SAMs can
be considered functional gradient materials themselves, but on
the nanometer scale. The technique involves grafting or bind-
ing organo- metal molecules to an implant in a single layer in
order to activate an otherwise bioinert surface. A recent review
of SAM methods as applied to ceramics was  prepared by Boke
et al. [589]. They focused on SAMs consisting of organo-silane poly-
mers whose silane heads proximally attach themselves covalently
to the ceramic’s surface, allowing for further functionalization of
their distal tails. Silane-based SAMs are effective because of their
ability to readily bind with silicate surfaces. However, other inor-
ganic moieties are also available, including thiolates [590] and
phosphonates [591]. The phosphonates are particularly valuable
in functionalizing many materials including bioinert ceramics and
bioactive calcium orthophosphates, with at least one start-up com-
pany commercializing their use [592]. The distal tails of the SAM
can be functionalized with other molecules to customize surface
properties for hydrophilicity or hydrophobicity, for cell adhesion,
to selectively promote or repel protein adsorption, and to resist
or kill adherent bacteria [591,593,594]. Another SAM, applied to
polyethylene, has been shown to favorably reduce friction between
acetabular liners and metal femoral heads in total hip arthro-
plasty. This unique SAM, consisting of 2-methacryloyloxyethyl
phosphorylcholine (PMPC) provides hydrophilicity and effective
hydrodynamic boundary lubrication between the two articulation
surfaces. PMPC grafted liners dramatically reduced polyethylene
wear debris by 99.9%, making their performance equivalent or even
superior to ceramic-on-ceramic bearings [595]. Three-year clini-
cal and radiographic outcomes for a 76 patient trial using PMPC
grafted XLPE liners and CoCr femoral heads showed very high Har-
ris hip scores (95.6), no adverse events, and mean femoral head
penetration rates of <0.002 mm/year at the latest follow- up. This
is a remarkable achievement given that comparative trials with-
out PMPC grafted liners showed at least an order of magnitude
higher penetration rates—from 0.01 to 0.06 mm/year [596]. While
the study is still in its early stages, its positive outcomes portend a
bright future for this and similar SAM technologies.

Calcium orthophosphates—hydroxyapatite and various calcium
phosphates are already considered bioactive because of their
osteoinductive and resorbable properties. Yet, these features

are being enhanced by elemental substitutions, development of
composites, biomimetic processing, and introduction of nanostruc-
tures, with several recent exhaustive reviews highlighting these
efforts [44,566,597,598]. While pure orthophosphate mixtures are
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ffective bone inducing agents, they lack other trace elements
ommonly found in native bone. Consequently, investigators have
oped HAp with silicon [539], fluorine [599], strontium [600], mag-
esium [601], and carbonates [602] among others in attempts to

ncrease bioactivity and osteoinduction. Additions of bone mor-
hogenetic proteins and growth factors [568], mesenchymal stem
ells [603], and therapeutic genes [604] have also been explored for
imilar reasons. Elutable silver [605,606] or antibiotics [607,608]
ave been incorporated to inhibit nosocomial infections. Compos-

tes of synthetic bio-erodible polymers [609] (e.g., polylactic acid,
olyglycolic acid, and polylactic-co-glycolide), natural occurring
olymers [610–612] (e.g., alginate, collagen, chitosan), or non-
esorbing polyurethane [613] have been constructed principally to
mprove mechanical properties. Similarly, HAp has been admixed

ith bone cement and antibiotics for fixation and infection preven-
ion, respectively [614]. Magnetic compounds [615] , electrically
onductive compositions [616], or carbon nanotubes [617] have
een added to HAp with favorable osseous outcomes. Addition-
lly, biomimetic nanocrystalline HAp coatings are among the latest
evelopments that show significant potential. Nano-structures
ave enhanced mechanical properties, consistent resorption kinet-

cs, and increased osseointegration in comparison to thermally
pplied coatings [58,261,618]. These various mimeses or modifica-
ions have been effective, although few are in clinical use at this
ime. Each of these concepts will continue to be active areas of
esearch, with future commercial products undoubtedly improving
utcomes for joint arthroplasty patients.

.1.3. Smart ceramics
Smart materials are defined as having adaptable properties that

espond to external stimuli (i.e., stress or strain, local chemistry,
H, moisture, temperature, and electric or magnetic fields) [619].
on-ceramic examples include shape memory alloys and polymers
hich are designed to expand or contract in response to tempera-

ure fluctuations, or to swell or shrink due to changes in moisture
r pH. For ceramics, piezoelectric compounds (e.g. barium titanate,
aTiO3) which generate a voltage under an applied stress are clas-
ic examples. Titanium dioxide (TiO2) is another smart ceramic.
ts photocatalytic behavior is effective for self-cleaning glass,

ater purification, and in prevention or eradication of biofilms
620,621]. Even ZrO2-based ceramics (i.e., Y-TZP, ZTA, AMC, and
TZ) and Si3N4 are arguably smart biomaterials. They dynamically
espond to localized stress and strain changes to minimize catas-
rophic fracture risk. In ZrO2, the tensile stress field in front of an
dvancing crack spontaneously triggers the t → m transformation,
hereby reducing stress and arresting crack propagation. A different

icrostructural mechanism is operative in Si3N4 (i.e., crack wake
ridging) which yields a similar result. These smart mechanisms are
ffective in ensuring the reliability and longevity of bioinert pros-
heses. However, the third generation of smart ceramics (according
o Dr. Hench) needs to further interact with the human milieu to
acilitate healing, not just replace defective or diseased tissues. In
eeping with this challenge, several recent reviews provide percep-
ive viewpoints on this new generation of smart materials. Parvizi
t al. envision the use of “self-protective” implants, possessing
urfaces with permanent covalently-grafted antibiotics or bacte-
iostatic molecules [622]. They argue that such moieties will be
ssential in combating a rising incidence of periprosthetic joint
nfections (PJI) which result in implant loosening, revision surgery,
nd replacement. Other researchers have taken on this challenge
nd effective surface coating strategies against PJI are being real-
zed [515,623,624] . Barrere et al. suggest that biomaterial assisted

issue engineering is in its infancy, and hierarchal constructs are
he key to its success [625]. Devices must meet at least three cri-
eria: (1) be recognized and accepted by human tissue; (2) restore
issue utility; and (3) stimulate biological function. Separate per-
eramic Society 35 (2015) 4327–4369 4355

tinent reviews by Wegst et al. [626], Perez et al. [627], and Porter
et al. [628] discuss the future of biomaterials by drawing from bioin-
spired, naturally occurring compounds and structures. They predict
synthetic composites will eventually be able to imitate living tissue.
To do so, the physical, mechanical, chemical, and biological proper-
ties of these composites will need to be engineered (internally and
externally) to address unique patient pathologies. Adjustments to
mechanical properties (i.e., elastic modulus and strength), tailor-
ing of the morphology and biomimetic functionalization of surfaces
with grafted polymers, and inclusion of therapeutic drugs, proteins,
or stem cells are all suggested strategies. Finally, Holzapfel et al.
promote a multidisciplinary approach in which biologists and bio-
material scientists collaborate to advance beyond biocompatibility
and bioactivity, to biomimicry—eventually imitating the extracel-
lular matrix (ECM) of natural tissues [629]. Their stepwise vision is
shown diagrammatically in Fig. 18.

While they recognize a long road lies ahead in understanding
ECM’s complexity, they suggest that this knowledge will ultimately
achieve the objective of translating smart biomaterials from the
“bench to the bedside.” Clearly, one ceramic, HAp, is at the forefront
of meeting many of the “smart” criteria outlined by these prog-
nosticators. It can be compositionally modified to resist infection.
It can include progenitor cells and genes which provide signaling
instruction to in vivo cells to differentiate and induce ossification. It
can incorporate therapeutic drugs, natural or synthetic polymers,
and can be biomimetically deposited to induce native bone growth.
Finally, its dissolution kinetics can be tuned so that metabolic
resorption occurs consistent with bone reformation. In 2010, a
European consortium was formed to explore and conduct clinical
trials for a number of these therapies using orthophosphate scaf-
folds [630]. It is apparent that the modulated features of HAp are
living up to Dr. Hench’s prediction of a future in which biomaterials
aid in repairing instead of replacing living tissue. Although signifi-
cant research remains, the paradigm shift now occurring with HAp
should ultimately be transferrable to other bioceramics.

4.2. Manufacturing processes

There are three general methods for manufacturing ceramic
components—subtractive, near-net-shape, and additive. Subtrac-
tive manufacturing is the dominant and traditional method. It
involves forming of oversized parts followed by material removal
to achieve final shapes. Forming methods include dry- or isostatic-
pressing, slip-casting, gel-casting, extrusion, and injection molding.
Machining is performed on pre-fired parts using cutting, turning,
and milling operations (green state), or on fired parts by grinding
(dense state). Over the past 30 years, subtractive methods have
benefited from innovations in computer-aided design and manu-
facturing (CAD/CAM) integrated with sophisticated machine tools.
Components previously only produced by journeymen machinists
and craftsmen are now routinely manufactured by CAM program-
mers and machine operators. With computer-based technology,
intricately shaped parts are now available that previously were
considered improbable. Subtractive manufacturing is remarkably
flexible and ideal for short production runs and rapid-prototyping
[631]. Nowadays, almost all ceramic orthopaedic implants are pro-
duced using this method, and it is also extensively used to produce
custom dental implants [632]. However, there are drawbacks and
limitations. By its very nature, subtractive methods involve waste
of raw materials, tooling, energy, labor, and capital equipment. Fur-
thermore, there are constraints to the complexity and feature sizes
that can be addressed with this process. Intricate 3-dimensional

scaffolds, with sub-millimeter and hidden internal features are
nearly impossible, although creative processing, machining, and
bonding techniques have been employed to produce prototypes
[633,634] .
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ig. 18. Evolution of biomaterials. Today’s clinical materials will progress from bein
timulating cellular function [629]. Reprinted with permission.

Near-net-shape fabrication was the next logical progression in
eramic manufacturing. While, it too, involves forming of com-
onents by the aforementioned methods, in this case, parts are
roduced to achieve essentially their final size subsequent to fir-

ng. Very little intermediate green machining or final grinding are
equired, and usually only to remove mold flashings. However,
chieving net shape dimensions necessitates tighter process con-
rols and more intensively designed and costly forming tools. This

ethod obviously reduces waste and concomitant costs. Intricately
haped components (particularly produced using injection mold-
ng or gel casting) are more common; but they still lack extremely
ne or hidden features and close tolerances.

Additive manufacturing is the latest evolutionary development
n ceramic production. Also known as solid freeform fabrication
SFF), this method has been exclusively used for prototypes and

odels until recently. It involves producing solid, porous, or func-
ional gradient components from computer models without the use
f special fixtures or tooling. Parts are manufactured by the suc-
essive layer-by-layer build-up of ceramic powders. Components
an be highly complex, yet still possess fine features. As reviewed
y Travitzsky et al., multiple SFF processes have been developed.
hile a number of SFF methods have been examined for bioce-

amics, those with particular relevance include 3D printing (3DP),
elective laser sintering (SLS), and stereolithography (SLA) [635].
iven in the following paragraphs are brief discussions on each

echnique along with selected examples.
Three dimensional printing—3DP is perhaps the most widely

nown method for SFF, and is based on ink-jet printing developed
t the Massachusetts Institute of Technology (MIT) in the 1990s
636]. Two deposition methods are employed—direct and indirect.
sing the direct method, ceramic powder is dispersed within a liq-
id binder or wax, and then each layer is successively thermally
rinted using an injection nozzle. Components having intricate cav-
ties and blind features with excellent surface finish are easily and
apidly formed. However, achieving high-solids content and con-
rolling the rheology of the powder-ink mixture are key challenges.
nert and biocompatible to bioactive and biodegradable, to ultimately mimicking or

Effective demonstration of this process was recently performed for
a Y- TZP ceramic dental crown where the occlusal surfaces were
precisely replicated from the computer model [637]. Using the indi-
rect method, components are built by distributing a liquid binder
onto successive powder layers. There is no need for admixing pow-
der and ink in this method. Conversely, fine powders are difficult
to spread evenly across the work surface, resulting in poor feature
definition and lower density. Coarser powders are preferred. Both
methods require post-forming sintering to achieve final density.
3DP has been effectively used for construction of hydroxyapatite
bone scaffolds [638].

Selective laser sintering—SLS is a process in which particles
within a powder bed are fused by the application of a precision
laser. Here too, there are two methods—direct and indirect. The
direct method relies on localized melting between ceramic par-
ticles. A low temperature liquid phase is a prerequisite, which
limits the number of ceramic materials that can be employed.
High thermal gradients can also result in component distortion and
cracking. A polymeric binder is employed in the indirect method.
Fusion occurs via melting of the binder between adjacent par-
ticles followed by coalescence. Subsequent sintering is required
to fully densify the as-formed parts. In either method, the den-
sity of the components is directly related to the density of the
powder bed. Higher powder bed densities result in higher density
parts. Using the direct SLS method, Feng et al. added 45S5 glass
into �-tricalcium phosphate (which provided the necessary low-
temperature liquid) to form complex bone scaffolds [639]. These
were subsequently conventionally sintered to near full-density,
yielding excellent mechanical properties and favorable biocompat-
ibility.

Stereolithography—in the SLA method, ceramic powders are dis-
persed into a photo-sensitive monomer resin. This liquid mixture
is then selectively solidified layer by layer upon exposure to an

ultraviolet laser. Afterwards, formed components are subjected to
general irradiation or a thermal treatment to cure the remaining
monomers. Following curing, the monomers are removed in a burn-
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ut cycle and components are densified by conventional sintering.
imilar to the other SFF methods, SLA is capable of forming intri-
ate shapes with hidden features. However, it is not as capable
f reproducing computer models as 3DP due to wider photo line
idths and flow of uncured resin during part formation. These lim-

tations result in rougher surface finishes with stepped features.
evertheless, custom-made anatomical ceramic implants, such as
ydroxyapatite scaffolds, have been produced using SLA techniques
640], and this method remains broadly applicable for a number of
on-ceramic biomedical devices [641].

The one ceramic implant common to all three SFF methods is an
rthophosphate bone scaffold. Indeed, SFF technologies offer signif-
cant benefits over conventional manufacturing for these devices,
nd are ideally suited for building complex, patient-customized
rostheses [642]. Present-day SFF equipment can readily create
ub-millimeter features and internal pore structures which effec-
ively support neovascularization and osteogenesis. However, with
he advent of higher precision equipment, building of micron and
ubmicron features is on the horizon [643]. Continued develop-
ent of these technologies will pave the way for their use in many

econstructive or arthroplastic procedures, including trauma [644],
ral [645] , cranio-maxillofacial [646], and spinal [647] surgeries,
nd ultimately total joint replacement [648].

.3. Testing methods

Currently, validation of new ceramic orthopaedic prostheses
equires conducting a series of independent tests on both samples
nd components. For example, consider the regulatory require-
ents for a new ceramic-on-polyethylene total hip arthroplasty

ystem using a titanium hip stem [649]. The ceramic’s basic
trength is determined by flexural testing of small parallelepiped
pecimens. Compression burst testing is conducted on actual
eramic femoral heads against mock titanium stems. Separate
atigue testing of the femoral heads is also performed. Corrosion
etween the femoral heads and hip stems is determined using
nother test. Additional testing is conducted to assess wear in a
ip simulator. While each test is performed in accordance with

nternational standards, the results are independently reported and
nly weakly correlated. Provided each test meets its successful
riteria, the total hip system is considered acceptable for mar-
et clearance. Little consideration is given to interactive effects.
owever, the hip system’s real world behavior may  differ consider-
bly from these independent evaluations. Multiple physical effects
nteracting simultaneously might result in unpredicted early fail-
res. As an example, wear, fatigue, and hydrothermal ageing are
ow known to be the main degradation mechanisms of ceramics
sed for joint prostheses. All three occur simultaneously in vivo,
nd coupling them in preclinical testing may  correctly simulate
he complex conditions encountered within the body. Yet, to date,
nly a few recent papers have highlighted multi-failure mode inter-
ctions [248,650]. Realization of this problem has led to the use
f multiphysics simulation and experimental verification testing.
ultiphysics simulation is a recent approach to computer modeling
hich simultaneously evaluates the effects of multiple environ-
ental and operating parameters on product performance and

eliability [651]. It has been adopted in the aerospace and auto-
otive industries with considerable success [652,653], but is only

ow beginning to be used for orthopaedics [654]. Recent marked
ncreases in computational power have enabled complex material
nd system simulations which heretofore have not been possible.
ophisticated multiphysics software is now included with most

nite element modeling and CAD systems. These new tools provide
iomedical engineers with the ability to in silco test and evaluate
oncepts and conditions simultaneously. It decreases design errors
nd costs, and minimizes reliance on multiple prototypes and test
eramic Society 35 (2015) 4327–4369 4357

specimens. However, it does not obviate verification testing. Con-
versely, it is used to discover the physicochemical and mechanical
tests that are most important or overlooked. As described ear-
lier in this review, orthopaedics in general and joint arthroplasty
in particular have had products successfully clear independent
in vitro testing, only to later fail in vivo. Adoption and utilization
of multiphysics simulation and experimental testing is an impor-
tant advancement to eliminate the trial and error failures of the
past.

5. Conclusions

In the present review, rather than discussing each ceramic
material sequentially, a brief history of their evolution was pro-
vided, followed by detailed comparisons of respective properties
and performance. This was  done in order to highlight and con-
trast differences, advantages, and limitations of these bioceramics.
Much of the early work in these materials was directed at total
hip arthroplasty. Improvements in wear performance via introduc-
tion of Al2O3 and osseointegration of hip stems with the advent
of HAp coatings are notable milestones. However, other well-
intentioned improvements were conducted using trial and error
methods, many times with insufficient laboratory and clinical data
to support the safety and efficacy of new devices. Notable fail-
ures include femoral heads produced using DLC-coated titanium
and Y-TZP. Both resulted in considerable patient harm prior to
implant removals and the recall of these devices. With the possi-
ble exception of OxZr, other hard ceramic surface coatings appear
to be headed towards a similar fate, at least from an engineering
standpoint, principally due to deposition defects and an inability to
withstand third-body wear. Despite improvements in the mechan-
ical properties of ceramics, particularly with the introduction of
ZTA, AMC, and Si3N4, an unwarranted concern over catastrophic
fracture has been an impediment to their adoption by clinicians.
Unfortunately, this resulted in further patient suffering associated
with failures of metal-on-metal devices. Yet, with exceptions of
Al2O3 and HAp, both of which have 30+ years of successful clini-
cal history, concerns over newer bioceramics persist because their
arthroplastic resumes are no greater than about 10 years. However,
unlike prior generations of ceramics, currently available materi-
als have been extensively vetted in vitro and in vivo, using both
standardized and exploratory test methods that are more clinically
relevant today than ever before. Regulatory agencies have also com-
mensurately increased their acceptance criteria to ensure the safety
and efficacy of devices prior to their release. In turn, the require-
ments imposed on device manufacturers continue to rise as well.
In a recent instructional review by Rajpura et al. [655], the per-
fect total hip arthroplasty prosthesis needs to be constructed of
articulation materials that are reasonably hard, scratch resistant,
mechanically tough and strong with excellent in vivo biocompat-
ibility and phase stability. It must possess a low friction interface
that produces no noise and essentially no wear, with no immuno-
logical response to wear debris. In addition, it must have a large
femoral head to prevent dislocation, and a head–neck interface that
is not susceptible to fretting or electrochemical corrosion. How-
ever, while these are demanding requirements, some of which are
still unmet, they are likely insufficient for the next generation of
bioceramics. No longer will it simply be acceptable to focus on
producing biocompatible or bioinert components. In fact, as dis-
cussed within this review, no materials are perfectly bioinert. Even
the most established bioceramics are subject to chemical or phase

instabilities—some of which are detrimental, while others may  be
beneficial. Indeed, instead of producing bioceramics that are wholly
resistant to change, the next generation of ceramics must interact
with human tissues and cells. Certainly reducing friction, suppress-
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ng noise, and eliminating wear debris are important objectives,
ut of equivalent importance is eradication of peri-operative and

atent infections. While continued improvements in the strength
nd toughness of bioceramics are desirable, designing them as
omposite structures to interdigitate with adjacent bone is also
eeded. The next generation of “smart bioceramics” needs to be
ustomized for specific arthroplasty applications. They should be
ioactive, possessing engineered topography and functionalized
urface chemistry to selectively and positively interact with adja-
ent tissue or bone. Only by doing so, will the dream of lifetime
mplants be realized. Achieving this level of performance for a new
eneration of ceramics and ceramic coatings will demand the best
ooperative efforts from clinicians, manufacturers, and regulatory
gencies.
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195] K. Bodišová, M.  Kašiarová, M.  Domanická, M.  Hnatko, Z. Lenčéš, Z.V.
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Hydroxyapatite coatings prepared by a high power laminar plasma jet, J.
Mater. Process. Technol. 211 (6) (2011) 996–1004.

[273] M.  Borroff, M.  Green, P. Gregg, A. MacGregor, M.  Porter, K. Tucker, N.
Wishart (Eds.), National Joint Registry for England, Wales and Northern
Ireland, 11th Annual Report. Published Online at: <www.njrcentre.org.uk>,
London (2014).

[274] Australian Orthopaedic Association National Joint Replacement Registry,
Annual Report, in: S. Graves (Ed.), AOA Press, Adelaide, 2014, Published
online at: <www.aoa.org.au>.

[275] J.S. Melvin, T. Karthikeyan, R. Cope, T.K. Fehring, Early failures in total hip
arthroplasty—a changing paradigm, J. Arthroplasty 2988 (6) (2014)
1285–1288.

[276] Standard Practice for Reporting Uniaxial Strength Data and Estimating
Weibull Distribution Parameters for Advanced Ceramics, ASTMC1239-13
(2013).
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319] P. Panjan, M. Čekada, B. Navinšek, A new experimental method for studying
the  cracking behaviour of PVD multilayer coatings, Surf. Coatings Technol.
174–175 (2003) 55–62.

320] G. Jaeger, I. Endler, M.  Heilmaier, K. Bartsch, A. Leonhardt, A new method of
determining strength and fracture toughness of thin hard coatings, Thin
Solid Films 377–378 (2000) 382–388.

321] L. Zhang, H. Yang, X. Pang, K. Gao, A.A. Volinsky, Microstructure, residual

stress, and fracture of sputtered TiN films, Surf. Coatings Technol. 224
(2013) 120–125.

322] S. Baek, C. ?S. Seok, Fracture characteristics of DLC on silicon using
nano-indentation and FEA, Int. J. Mod. Phys. B 20 (25–27) (2006)
4213–4218.
eramic Society 35 (2015) 4327–4369 4363

[323] Y. Tang, G.-J. Zhang, J.-X. Xue, X.-G. Wang, C.-M. Xu, X. Huang, Densification
and mechanical properties of hot-pressed ZrN ceramics doped with Zr or Ti,
J.  Eur. Ceram. Soc. 33 (7) (2013) 1363–1371.

[324] P.K. Yalamanchili, ZrN based nanostructured hard coatings
structure–property relationship, in: Thesis, Department of Physics,
Chemistry and Biology, Linkoping University, Sweden, 2014.

[325] H.H. Mofidi, A.S. Rouhaghdam, S. Ahangarani, M.  Bozorg, M.  Azadi, Fracture
toughness of TiN coating as a function of interlayer thickness, Adv. Mater.
Res. 829 (2014) 466–470.

[326] A. Leto, W.  Zhu, M.  Matsubara, G. Pezzotti, Bioinertness and fracture
toughness evaluation of the monoclinic zirconia surface film of oxiniumTM

femoral head by raman and cathodoluminescence spectroscopy, J. Mech.
Behav. Biomed. Mater. 31 (2014) 135–144.

[327] J. Eichler, U. Eisele, J. Rödel, Mechanical properties of monoclinic zirconia, J.
Am.  Ceram. Soc. 87 (7) (2004) 1401–1403.

[328] R.K. Roeder, G.L. Converse, R.J. Kane, W.  Yue, Hydroxyapatite-reinforced
polymer biocomposites for synthetic bone substitutes, JOM 60 (3) (2008)
38–45.

[329] D. Arola, D. Bajaj, J. Ivancik, H. Majd, D. Zhang, Fatigue of biomaterials: hard
tissues, Int. J. Fatigue 32 (9) (2010) 1400–1412.

[330] D.C. Wirtz, N. Schiffers, T. Pandorf, K. Radermacher, D. Weichert, R. Forst,
Critical evaluation of known bone material properties to realize anisotropic
FE-simulation of the proximal femur, J. Biomech. 33 (10) (2000) 1325–1330.

[331] J.Y. Rho, T.Y. Tsui, G.M. Pharr, Elastic properties of human cortical and
trabecular lamellar bone measured by nanoindentation, Biomaterials 18
(20)  (1997) 1325–1330.

[332] T.S. Keller, Z. Mao, D.M. Spengler, Young’s modulus, bending strength, and
tissue physical properties of human compact bone, J. Orthop. Res. 8 (4)
(1990) 592–603.

[333] J. Peterson, P.C. Dechow, Material properties of the inner and outer cortical
tables of the human parietal bone, Anat. Rec. 268 (1) (2002) 7–15.

[334] F.G. Evans, Factors affecting the mechanical properties of bone, Bull. N. Y.
Acad. Med. 49 (9) (1973) 751–764.

[335] H.S. Gupta, P. Zioupos, Fracture of bone tissue: The ‘Hows’ and the ‘Whys’,
Med. Eng. Phys. 30 (10) (2008) 1209–1226.

[336] L.P. Mullins, M.S. Bruzzi, P.E. McHugh, Measurement of the microstructural
fracture toughness of cortical bone using indentation fracture, J. Biomech.
40 (14) (2007) 3285–3288.

[337] K.J. Koester, H.D. Barth, R.O. Ritchie, Effect of aging on the transverse
toughness of human cortical bone: evaluation by R-curves, J. Mech. Behav.
Biomed. Mater. 4 (7) (2011) 1504–1513.

[338] C.E. Hoffler, K.E. Moore, K. Kozloff, P.K. Zysset, M.B. Brown, S.A. Goldstein,
Heterogeneity of bone lamellar-level elastic moduli, Bone 26 (6) (2000)
603–609.

[339] R.O. Ritchie, Mechanisms of fatigue–crack propagation in ductile and brittle
solids, Int. J. Fract. 100 (1999) 55–83.

[340] R.O. Ritchie, C.J. Gilbert, J.M. McNaney, Mechanics and mechanisms of
fatigue damage and crack growth in advanced materials, Int. J. Solids Struct.
37  (1–2) (2000) 311–329.

[341] R.O. Ritchie, J.O. Peters, Small fatigue cracks: mechanics, mechanisms and
engineering applications, Mater. Trans. 42 (1) (2001) 58–67.

[342] P.C. Paris, F. Erdogan, A critical analysis of crack propagation laws, J. Fluids
Eng.  85 (4) (1963) 528–533.

[343] J.J. Kruzic, R.M. Cannon, R.O. Ritchie, Effects of moisture on grain-boundary
strength, fracture, and fatigue properties of alumina, J. Am.  Ceram. Soc. 88
(8)  (2005) 2236–2245.

[344] D.S. Jacobs, I.-W. Chen, Mechanical and environmental factors in the cyclic
and static fatigue of silicon nitride, J. Am. Ceram. Soc. 77 (5) (1994)
1153–1161.

[345] S. Ramalingam, I.E. Reimanis, E.R. Fuller, J.D. Haftel, Slow crack growth
behavior of zirconia-toughened alumina and alumina using the dynamic
fatigue indentation technique, J. Am. Ceram. Soc. 94 (2) (2011) 576–583.

[346] J. Chevalier, C. Olagnon, G. Fantozzi, Subcritical crack propagation in 3Y-TZP
ceramics: static and cyclic fatigue, J. Am.  Ceram. Soc. 82 (11) (1999)
3129–3138.

[347] A. Bhatnagar, M.J. Hoffman, R.H. Dauskardt, Fracture and subcritical
crack-growth behavior of Y–Si–Al–O–N glasses and Si3N4 ceramics, J. Am.
Ceram. Soc. 83 (3) (2000) 585–596.

[348] A.H. De Aza, J. Chevalier, G. Fantozzi, Slow-crack-growth behavior of
zirconia-toughened alumina ceramics processed by different methods, J.
Am.  Ceram. Soc. 86 (1) (2003) 115–120.

[349] S. Hampshire, Oxynitride gasses, J. Eur. Ceram. Soc. 28 (7) (2008) 1475–1483.
[350] D. Graaf, H.T. Hintzen, G. With, Subcritical crack growth and power law

exponent of Y–Si–Al–O(–N) glasses in aqueous environment, J. Mater. Sci. 41
(18)  (2006) 6031–6034.

[351] S. Ishihara, A.J. Mcevily, T. Goshima, Effect of atmospheric humidity on the
fatigue crack propagation behavior of short cracks in silicon nitride, J. Am.
Ceram. Soc. 83 (3) (2000) 571–577.

[352] S. Horibe, R. Hirahara, Fatigue crack propagation of sintered silicon nitride in
vacuum and air, Fatigue Fract. Eng. Mater. Struct. 14 (8) (1991) 863–870.

[353] S. Horibe, Fatigue of silicon nitride ceramics under cyclic loading, J. Eur.

Ceram. Soc. 6 (2) (1990) 89–95.

[354] C.J. Gilbert, R.H. Dauskardt, R.O. Ritchie, Behavior of cyclic fatigue cracks in
monolithic silicon nitride, J. Am. Ceram. Soc. 78 (9) (1995) 2291–2300.

[355] J. Chevalier, S. Deville, G. Fantozzi, J.F. Bartolomé, C. Pecharroman, J.S. Moya,
L.A. Diaz, R. Torrecillas, Nanostructured ceramic oxides with a slow crack

http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1525
dx.doi.org/10.1111/jace.13293
dx.doi.org/10.1111/jace.13293
dx.doi.org/10.1111/jace.13293
dx.doi.org/10.1111/jace.13293
dx.doi.org/10.1111/jace.13293
dx.doi.org/10.1111/jace.13293
dx.doi.org/10.1111/jace.13293
dx.doi.org/10.1111/jace.13293
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1565
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1595
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1600
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1605
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1610
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1740
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref1775


4 pean C
364 B.J. McEntire et al. / Journal of the Euro

growth resistance close t covalent materials, Nano Lett. 5 (7) (2005)
1297–1301.

[356] K.-T. Wan, S. Lathabai, B.R. Lawn, Crack velocity functions and thresholds in
brittle solids, J. Eur. Ceram. Soc. 6 (4) (1990) 259–268.

[357] D.A. Krohn, D.P.H. Hasselman, Static and cyclic fatigue behavior of a
polycrystalline alumina, J. Am.  Ceram. Soc. 55 (4) (1972) 208–211.

[358] S. Suresh, E.K. Tschegg, Combined mode I–mode III fracture of
fatigue-precracked alumina, J. Am.  Ceram. Soc. 70 (10) (1987) 726–733.

[359] M.J. Reece, F. Guiu, M.F.R. Sammurt, Cyclic fatigue crack propagation in
alumina under direct tension-compression loading, J. Am. Ceram. Soc. 2 (2)
(1989) 348–352.

[360] S. Lathabai, Y.-W. Mai, B.R. Lawn, Cyclic fatigue behavior of an alumina
ceramic with crack-resistance characteristics, J. Am.  Ceram. Soc. 72 (9)
(1989) 1760–1763.

[361] S. Lathabai, J. Rodel, B.R. Lawn, Cyclic fatigue from frictional degradation at
bridging grains in alumina, J. Am. Ceram. Soc. 74 (6) (1991) 1340–1348.

[362] C.J. Gilbert, R.O. Ritchie, Mechanisms of cyclic fatigue–crack propagation in a
fine-grained alumina ceramic: the role of crack closure, Fatigue Fract. Eng.
Mater. Struct. 20 (10) (1997) 1453–1466.

[363] R.H. Dauskardt, D.B. Marshall, R.O. Ritchie, Cyclic fatigue–crack propagation
in  magnesia-partially-stabilized zirconia ceramics, J. Am.  Ceram. Soc. 73 (4)
(1990) 893–903.

[364] A.A. Steffen, R.H. Dauskardt, R.O. Ritchie, Cyclic fatigue life and crack-growth
behavior of microstructurally small cracks in magnesia-partially-stabilized
zirconia ceramics, J. Am.  Ceram. Soc. 74 (6) (1991) 1259–1268.

[365] M.  Hoffman, Y.-W. Mai, S. Wakayama, M.  Kawahara, T. Kishi, Crack-tip
degradation processes observed during in situ cyclic fatigue of partially
stabilized zirconia, J. Am.  Ceram. Soc. 78 (10) (1995) 2801–2810.

[366] T. Liu, Y.-W. Mai, G. Grathwohl, Cyclic fatigue crack propagation behavior of
9Ce- TZP ceramics with different grain size, J. Am. Ceram. Soc. 76 (10) (1993)
2601–2606.

[367] S.-Y. Liu, I.-W. Chen, Plasticity-induced fatigue damage in ceria-stabilized
tetragonal zirconia polycrystals, J. Am.  Ceram. Soc. 77 (8) (1994) 2025–2035.

[368] R.H. Dauskardt, W.  Yu, R.O. Ritchie, Fatigue crack propagation in
transformation- toughened zirconia ceramic, J. Am.  Ceram. Soc. 70 (10)
(1987) C248–C252.

[369] S.-Y. Liu, I.-W. Chen, Fatigue of yttria-stabilized zirconia: I, fatigue damage,
fracture origins, and lifetime prediction, J. Am.  Ceram. Soc. 74 (6) (1991)
1197–1205.

[370] S.-Y. Liu, I.-W. Chen, Fatigue of yttria-stabilized zirconia: ii, crack
propagation, fatigue striations, and short-crack behavior, J. Am.  Ceram. Soc.
74  (3) (1991) 1206–1216.

[371] G. Grathwohl, T. Liu, Crack resistance and fatigue of transforming ceramics:
I,  materials in the ZrO2–Y2O3–Al2O3 System, J. Am. Ceram. Soc. 74 (2) (1991)
318–325.

[372] R. Benzaid, J. Chevalier, M.  Saadaoui, G. Fantozzi, M.  Nawa, L.A. Diaz, R.
Torrecillas, M.  Saâdaoui, Fracture toughness, strength and slow crack
growth in a ceria stabilized zirconia-alumina nanocomposite for medical
applications, Biomaterials 29 (27) (2008) 3636–3641.

[373] T. Kawakubo, K. Komeya, Static and cyclic fatigue behavior of a sintered
silicon nitride at room temperature, J. Am.  Ceram. Soc. 70 (6) (1987)
400–405.

[374] M.  Okazaki, A.J. Mcevily, T. Tanaka, On the mechanism of fatigue crack
growth in silicon nitride, Metall. Trans. A 22 (6) (1991) 1425–1434.

[375] R.V. Marrey, R. Burgermeister, R.B. Grishaber, R.O. Ritchie, Fatigue and life
prediction for cobalt–chromium stents: a fracture mechanics analysis,
Biomaterials 27 (9) (2006) 1988–2000.

[376] R.O. Ritchie, D.L. Davidson, B.L. Boyce, J.P. Campbell, O. Roder, High-cycle
fatigue of Ti–6Al–4V, Fatigue Fract. Eng. Mater. Struct. 22 (7) (1999)
621–631.

[377] K. Wang, F. Wang, W.  Cui, T. Hayat, B. Ahmad, Prediction of short fatigue
crack growth of Ti–6Al–4V, Fatigue Fract. Eng. Mater. Struct. 37 (10) (2014)
1075–1086.

[378] M.S. Abu Bakar, M.H.W. Cheng, S.M. Tang, S.C. Yu, K. Liao, C.T. Tan, K.A. Khor,
P.  Cheang, Tensile properties, tension–tension fatigue and biological
response of polyetheretherketone–hydroxyapatite composites for
load-bearing orthopedic implants, Biomaterials 24 (13) (2003) 2245–2250.

[379] M.  Sobieraj, S.M. Kurtz, C.M. Rimnac, Notch sensitivity of PEEK in monotonic
tension, Biomaterials 30 (33) (2009) 6485–6494.

[380] M.C. Sobieraj, J.E. Murphy, J.G. Brinkman, S.M. Kurtz, C.M. Rimnac, Notched
fatigue behavior of PEEK, Biomaterials 31 (35) (2010) 9156–9162.

[381] M.B. Schaffler, E.L. Radin, D.B. Burr, Mechanical and morphological effects of
strain rate on fatigue of compact bone, Bone 10 (3) (1989) 207–214.

[382] K. Choi, S.A. Goldstein, A comparison of the fatigue behavior of human
trabecular and cortical bone tissue, J. Biomech. 25 (2) (1992) 1371–1381.

[383] P. Zioupos, M.  Gresle, K. Winwood, Fatigue strength of human cortical bone:
age,  physical, and material heterogeneity effectsJ, Biomed. Mater. Res. A 86A
(3)  (2008) 627–636.

[384] A. Vadiraj, M. Kamaraj, Characterization of fretting fatigue damage of PVD
TiN  coated biomedical titanium alloys, Surf. Coatings Technol. 200 (14–15)
(2006) 4538–4542.
[385] P.P. Yicheng, D. Jarlen, P.C. Tsuchin, M. Ajay, Influence of diamond-like
carbon coatings on the fatigue behavior of spinal implant rod, in: T. Proulx
(Ed.), Time Depend. Const. Behav. Fract. Process., vol. 3, Springer, New York,
2011, pp. 383–389.
eramic Society 35 (2015) 4327–4369

[386] K. Sadananda, R.L. Holtz, Review of fatigue of coatings/substrates, in: G.-M.
Chow, I.A. Ovid’ko, T. Tsakalakos (Eds.), Nanostructured Film Coatings,
Springer, Netherlands, Dordrecht, 2000, pp. 283–295.

[387] R.A. Antunes, M.C.L. de Oliveira, Corrosion fatigue of biomedical metallic
alloys: mechanisms and mitigation, Acta Biomater. 8 (3) (2012) 937–962.

[388] J.J. Kruzic, R.M. Cannon, J.W. Ager, R.O. Ritchie, Fatigue threshold R-curves
for predicting reliability of ceramics under cyclic loading, Acta Mater. 53 (9)
(2005) 2595–2605.

[389] S. Gallops, T. Fett, J.J. Kruzic, Fatigue threshold R-curve behavior of grain
bridging ceramics: role of grain size and grain-boundary adhesion, J. Am.
Ceram. Soc. 94 (8) (2011) 2556–2561.

[390] M.  Härtelt, S. Fünfschilling, T. Schwind, H. Riesch-Oppermann, T. Fett, J.J.
Kruzic, Deducing the fatigue crack growth rates of natural flaws in silicon
nitride ceramics: role of R-curves, J. Am.  Ceram. Soc. 96 (8) (2013)
2593–2597.

[391] R.B. Greene, S. Fünfschilling, T. Fett, M.J. Hoffmann, J.J. Kruzic, Fatigue crack
growth behavior of silicon nitride: roles of grain aspect ratio and
intergranular film composition, J. Am. Ceram. Soc. 96 (1) (2013) 259–265.

[392] R.B. Greene, S. Fünfschilling, T. Fett, M.J. Hoffmann, J.J. Kruzic, Fatigue
threshold R-curves predict fatigue endurance strength for self-reinforced
silicon nitride, J. Am. Ceram. Soc. 97 (2) (2014) 577–583.

[393] F. Chevalier, Testing of medical devices, in: H.G. Vogel, J. Maas, F.J. Hock, D.
Mayer (Eds.), Drug Discov. Eval. Saf. Pharmacokinet. Assays, Springer, Berlin,
Heidelberg, 2013, pp. 1265–1271.

[394] S.M. Bradberry, J.M. Wilkinson, R.E. Ferner, Systemic toxicity related to
metal hip prostheses, Clin. Toxicol. 52 (5) (2014) 837–847.

[395] C.H. Lohmann, Metallic debris from metal-on-metal total hip arthroplasty
regulates periprosthetic tissues, World J. Orthop. 5 (5) (2014) 660–666.

[396] A.K. Matthies, J.A. Skinner, H.  Osmani, J. Henckel, A.J. Hart, Pseudotumors are
common in well-positioned low-wearing metal-on-metal hips, Clin. Orthop.
Relat. Res. 470 (7) (2012) 1895–1906.

[397] M.G. Zywiel, J.-M. Brandt, C.B. Overgaard, A.C. Cheung, T.R. Turgeon, K.A.
Syed, Fatal cardiomyopathy after revision total hip replacement for fracture
of  a ceramic liner, Bone Jt. J. 95B (1) (2013) 31–37.

[398] E. Yagil-Kelmer, P. Kazmier, M.N. Rahaman, B.S. Bal, R.K. Tessman, D.M.
Estes, Comparison of the response of primary human blood monocytes and
the U937 human monocytic cell line to two  different sizes of alumina
ceramic particles, J. Orthop. Res. 22 (4) (2004) 832–838.

[399] R. Ma,  T. Tang, Current strategies to improve the bioactivity of PEEK, Int. J.
Mol. Sci. 15 (4) (2014) 5426–5445.

[400] J.R. Jones, E. Gentlemen, J. Polak, Bioactive glass scaffolds for bone
regeneration, Elements 3 (6) (2007) 393–399.

[401] B. Elliott, T. Goswami, Implant material properties and their role in
micromotion and failure in total hip arthroplasty, Int. J. Mech. Mater. Des. 8
(1) (2011) 1–7.

[402] G. Manivasagam, D. Dhinasekaran, A. Rajamanickam, Biomedical implants:
corrosion and its prevention—a review, Recent Patents Corros. Sci. 2 (2010)
40–54.

[403] H. Warashina, S. Sakano, S. Kitamura, K.-I. Yamauchi, J. Yamaguchi, N.
Ishiguro, Y. Hasegawa, Biological reaction to alumina, zirconia, titanium and
polyethylene particles implanted onto murine calvaria, Biomaterials 24 (21)
(2003) 3655–3661.

[404] R.G. Munro, Evaluated material properties for a sintered �-alumina, J. Am.
Ceram. Soc. 80 (8) (1997) 1919–1928.

[405] J. Melendezmartinez, Creep of silicon nitride, Prog. Mater. Sci. 49 (1) (2004)
19–107.

[406] D.A. Bonnell, T.Y. Tien, M.  Ruhle, Controlled crystallization of the amorphous
phase in silicon nitride ceramics, J. Am. Ceram. Soc. 70 (7) (1987) 460–465.

[407] P.K. Chu, L. Li, Characterization of amorphous and nanocrystalline carbon
films, Mater. Chem. Phys. 96 (2–3) (2006) 253–277.

[408] K.J. Hamelynck, D.J. Woodnutt, R. Rice, G. Bongaerts, Ceramic surface
engineering of the articulating surfaces effectively minimizes wear and
corrosion of metal-on-metal hip prostheses, in: Tribol. Total Hip
Arthroplast, Springer, Berlin, Heidelberg, 2011, pp. 113–119.

[409] G. Wang, H. Zreiqat, Functional coatings or films for hard-tissue
applications, Materials (Basel) 3 (7) (2010) 3994–4050.

[410] D. Galusková, M.  Hnatko, D. Galusek, P. Šajgalík, Corrosion of structural
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[483] J.J. Halma, J. Señaris, D. Delfosse, R. Lerf, T. Oberbach, S.M. van Gaalen, A. de
Gast, Edge loading does not increase wear rates of ceramic-on-ceramic and
metal-on-polyethylene articulations, J. Biomed. Mater. Res. Part B Appl.
Biomater. 102 (8) (2014) 1–12.

[484] M.  Al-Hajjar, L.M. Jennings, S. Begand, T. Oberbach, D. Delfosse, J. Fisher,
Wear of novel ceramic-on-ceramic bearings under adverse and clinically
relevant hip simulator conditions, J. Biomed. Mater. Res. Part B Appl.
Biomater. 101 (8) (2013) 1456–1462.

[485] W.  Zhu, L. Puppulin, A. Leto, Y. Takahashi, N. Sugano, G. Pezzotti, In situ
measurements of local temperature and contact stress magnitude during
wear of ceramic-on-ceramic hip joints, J. Mech. Behav. Biomed. Mater. 31
(2014) 68–76.

[486] M.  Al-Hajjar, I.J. Leslie, J. Tipper, S. Williams, J. Fisher, L.M. Jennings, Effect of
cup inclination angle during microseparation and rim loading on the wear
of  BIOLOX® delta ceramic-on-ceramic total hip replacement, J. Biomed.
Mater. Res. Part B Appl. Biomater. 95 (2) (2010) 263–268.

[487] L. Puppulin, A. Leto, Z. Wenliang, N. Sugano, G. Pezzotti, Innovative
tribometer for in situ spectroscopic analyses of wear mechanisms and phase
transformation in ceramic femoral heads, J. Mech. Behav. Biomed. Mater. 31
(2014) 45–54.

[488] B.-J. Kang, Y.-C. Ha, D.-W. Ham, S.-C. Hwang, Y.-K. Lee, K.-H. Koo,
Third-generation alumina-on-alumina total hip arthroplasty: 14–16 year
follow-up study, J. Arthroplasty 30 (3) (2015) 411–415.

[489] P. Hernigou, S. Zilber, P. Filippini, A. Poignard, Ceramic−ceramic bearing
decreases osteolysis: a 20-year study versus ceramic–polyethylene on the
contralateral hip, Clin. Ortho. Relat. Res. 467 (9) (2009) 2274–2280.

[490] T.J. Heyse, J. Davis, S.B. Haas, D.X. Chen, T.M. Wright, R.S. Laskin, Retrieval
analysis of femoral zirconium components in total knee arthroplasty:
preliminary results, J. Arthroplasty 26 (3) (2011) 445–450.

[491] H. Dong, W.  Shi, T. Bell, Potential of improving tribological performance of
UHMWPE by engineering the Ti6Al4V counterfaces, Wear 225–229 (1999)
146–153.

[492] D. Klaffke, M.  Griepentrog, U. Gross, I. Kranz, C. Knabe, Potential of wear
resistant coatings on Ti–6Al–4V for artificial hip joint bearing surfaces, Wear
264 (7–8) (2008) 505–517.

[493] A.L. Galvin, L.M. Jennings, J.L. Tipper, E. Ingham, J. Fisher, Wear and creep of
highly crosslinked polyethylene against cobalt chrome and ceramic femoral
heads, Proc. Inst. Mech. Eng. Part HJ. Eng. Med. 224 (10) (2010)
1175–1183.

[494] J.A. Urban, K.L. Garvin, C.K. Boese, L. Bryson, D.R. Pedersen, J.J. Callaghan, R.K.
Miller, Ceramic-on-polyethylene bearing surfaces in total hip arthroplasty:
seventeen to twenty-one-year results, J. Bone Jt. Surg. 83Am (11) (2001)
1688–1694.

[495] C. Zietz, D. Kluess, P. Bergschmidt, M.  Haenle, W.  Mittelmeier, R. Bader,
Tribological aspects of ceramics in total hip and knee arthroplasty, Semin.
Arthroplasty 22 (4) (2011) 258–263.

[496] B.M. Wroblewski, P.D. Siney, P.A. Fleming, Low-friction arthroplasty of the
hip using alumina ceramic and cross-linked polyethylene. A 17-year
follow-up report, J. Bone Jt. Surg. 87Br (9) (2005) 1220–1221.

[497] B.M. Spector, M.D. Ries, R.B. Bourne, W.S. Sauer, M.  Long, G. Hunter, Wear
performance of ultra-high molecular weight polyethylene on oxidized
zirconium total knee femoral components, J. Bone Jt. Surg. 83Am (Suppl. 2,
Part 2) (2001) 80–86.

[498] Y.-H. Kim, Comparison of polyethylene wear associated with
cobalt–chromium and zirconia heads after total hip replacement, J. Bone Jt.
Surg. 87Am (8) (2005) 1769–1776.

[499] K.A. Ezzet, J.C. Hermida, N. Steklov, D.D. D’Lima, Comparison of polyethylene
wear associated with cobalt–chromium and zirconia heads after total hip
replacement, J. Bone Jt. Surg. 87Am (8) (2005) 1769–1776.

[500] T.D. Stewart, J.L. Tipper, M.H. Stone, E. Ingham, J. Fisher, Wear of
polyethylene against scratched metallic femoral heads in hip prostheses, in:
J.P.  Garino, G. Willmann (Eds.), Bioceram. Jt. Arthroplast. Proc. 7th Int. Biol.
Symp., Thieme, Stuttgart, New York, 2002, pp. 31–33.

[501] J.G. Bowsher, I.C. Clarke, Thermal conductivity of femoral ball strongly
influenced UHMWPE wear in a hip simulator, in: Trans. 53rd Annu. Meet.
Orthop. Res. Soc. Orthopaedic Research Society, San Diego, CA, 2007, p. 0278.

[502] I. Clarke, G. Pezzotti, A. Lakshminarayanan, M.  Burgett-Moreno, Silicon
nitride bearings: an alternative to oxide ceramics in total hip arthroplasty,

in:  Proc. Annu. Meet. Int. Socieity Technol. Arthroplast., Kyoto, Japan, 2015,
p.  2969.

[503] R. Hauert, C.V. Falub, G. Thorwarth, K. Thorwarth, C. Affolter, M.  Stiefel, L.E.
Podleska, G. Taeger, Retrospective lifetime estimation of failed and
eramic Society 35 (2015) 4327–4369

explanted diamond-like carbon coated hip joint balls, Acta Biomater. 8 (8)
(2012) 3170–3176.

[504] M.K. Harman, S.A. Banks, W.A. Hodge, Case report: wear analysis of a
retrieved hip implant with titanium nitride coating, J. Arthroplasty 12 (8)
(1997) 938–945.

[505] A. Malviya, S. Lobaz, J. Holland, Mechanism of failure eleven years following
a  buechel pappas hip resurfacing, Acta Orthop. Belgium 73 (6) (2007)
791–794.

[506] C. van-der-Straeten, Evolution of metal ions from a titanium–niobium
coated hip resurfacing up till 5 years, in: Proc. Annu. Meet. Int. Soc. Technol.
Arthroplasty, Kyoto, Japan, 2015, p. 2919.

[507] E. Gibon, C. Scemama, B. David, M.  Hamadouche, Oxinium femoral head
damage generated by a metallic foreign body within the polyethylene cup
following recurrent dislocation episodes, Ortho. Traumatol. Surg. Res. 99 (7)
(2013) 865–869.

[508] R.W. McCalden, K.D. Charron, R.D. Davidson, M.G. Teeter, D.W. Holdsworth,
Damage of an oxinium femoral head and polyethylene liner following
‘routine’ total hip replacement, J. Bone Jt. Surg. 93Br (3) (2011) 409–413.

[509] A.M. Kop, C. Whitewood, D.J.L. Johnston, Damage of oxinium femoral heads
subsequent to hip arthroplasty dislocation: three retrieval case studies, J.
Arthroplasty 22 (5) (2007) 775–779.

[510] W.L. Jaffe, E.J. Strauss, M.  Cardinale, L. Herrera, F.J. Kummer, Surface oxidized
zirconium total hip arthroplasty head damage due to closed reduction
effects on polyethylene wear, J. Arthroplasty 24 (6) (2009) 898–902.

[511] W.Y. Matar, S.M. Jafari, C. Restrepo, M.  Austin, J.J. Purtill, J. Parvizi,
Preventing infection in total joint arthroplasty, J. Bone Jt. Surg. 92Am (Suppl.
2)  (2010) 36–46.

[512] S. Senthi, J.T. Munro, R.P. Pitto, Infection in total hip replacement: meta-
analysis, Int. Orthop. 35 (2) (2011) 253–260.

[513] M.M. Dowsey, T.N. Peel, P.F.M. Choong, Infection in Primary Hip and Knee
Arthroplasty, Recent Adv. Arthroplast. in: S. Fokter (Ed.) Intechopen.com,
Published Online (2012).

[514] D. Campoccia, L. Montanaro, C.R. Arciola, A review of the biomaterials
technologies for infection-resistant surfaces, Biomaterials 34 (34) (2013)
8533–8554.

[515] K. Bazaka, M.V. Jacob, R.J. Crawford, E.P. Ivanova, Efficient surface
modification of biomaterial to prevent biofilm formation and the attachment
of  microorganisms, Appl. Microbiol. Biotechnol. 95 (2) (2012) 299–311.

[516] L. Esteban-Tejeda, F. Malpartida, L.A. Díaz, R. Torrecillas, F. Rojo, J.S. Moya,
Glass-(nAg,  nCu) biocide coatings on ceramic oxide substrates, PLoS One 7
(3)  (2012) e33135.

[517] A. Martinez, F. Guitián, R. López-Píriz, J.F. Bartolomé, B. Cabal, L.
Esteban-Tejeda, R. Torrecillas, J.S. Moya, Bone loss at implant with titanium
abutments coated by soda lime glass containing silver nanoparticles: a
histological study in the dog, PLoS One 9 (1) (2014) e86926.

[518] B. Cabal, L. Alou, F. Cafini, R. Couceiro, D. Sevillano, L. Esteban-Tejeda, F.
Guitian, R. Torrecillas, et al., A new biocompatible and antibacterial
phosphate free glass–ceramic for medical applications, Sci. Rep. 4 (2014)
5440.

[519] ISO-22196, Measurement of Antibacterial Activity on Plastics and Other
Non-Porous Surfaces (2011).

[520] ASTME2180, Standard Test Method for Determining the Activity of
Incorporated Antimicrobial Agent(s) In Polymeric or Hydrophobic Materials
(2012).

[521] ASTME2149, Standard Test Method for Determining the Antimicrobial
Activity of Antimicrobial Agents Under Dynamic Contact Conditions (2013).

[522] Plastics-Evaluation of the Action of Microorganisms; in ISO 846. ISO Press,
Geneva, Switzerland, 1997.

[523] M.-P. Ginebra, C. Canal, M.  Espanol, E.B. Montufar, R.A. Perez, Bioceramic
materials show reduced pathological biofilm formation, Key Eng. Mater. 631
(2015) 448–453.

[524] F. Hizal, N. Rungraeng, S. Jun, C.-H. Choi, Nano-engineered alumina surfaces
for  prevention of bacteria adhesions, 9th IEEE Int. Conf. Nano/Micro Eng.
Mol. Syst. IEEE (2014) 17–22.

[525] K. Yamane, Y. Ayukawa, T. Takeshita, A. Furuhashi, Y. Yamashita, K. Koyano,
Bacterial adhesion affinities of various implant abutment materials, Clin.
Oral Implants Res. 24 (12) (2013) 1310–1315.

[526] M.  Yoshinari, Y. Oda, T. Kato, K. Okuda, A. Hirayama, Influence of surface
modifications to titanium on oral bacterial adhesion in vitro, J. Biomed.
Mater. Res. 52 (2) (2000) 388–394.

[527] A.S.D. Al-Radha, D. Dymock, C. Younes, D. o’Sullivan, Surface properties of
titanium and zirconia dental implant materials and their effect on bacterial
adhesion, J. Dent. 40 (2) (2012) 146–153.

[528] L. Karygianni, A. Jähnig, S. Schienle, F. Bernsmann, E. Adolfsson, R. Kohal, J.
Chevalier, E. Hellwig, et al., Initial bacterial adhesion on different
yttria-stabilized tetragonal zirconia implant surfaces in vitro, Materials
(Basel) 6 (12) (2013) 5659–5674.

[529] B. Grössner-Schreiber, J. Teichmann, M.  Hannig, C. Dörfer, D.F. Wenderoth,
S.J.  ott, Modified implant surfaces show different biofilm compositions
under in vivo conditions, Clin. Oral Implants Res. 20 (8) (2009) 817–826.

[530] T. Shida, H. Koseki, I. Yoda, H. Horiuchi, H. Sakoda, M.  Osaki, Adherence

ability of staphylococcus epidermidis on prosthetic biomaterials: an in vitro
study, Int. J. Nanomed. 8 (2013) 3955–3961.

[531] L.D. Renner, D.B. Weibel, Physicochemical regulation of biofilm formation,
MRS  Bull. 36 (5) (2011) 347–355.

http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2390
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2395
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2405
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2410
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2415
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2420
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2425
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2430
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2435
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2440
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2445
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2450
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2455
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2460
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2465
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2470
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2475
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2480
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2485
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2490
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2495
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2500
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2505
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2510
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2515
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2520
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2525
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2530
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2535
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2540
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2545
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2550
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2555
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2560
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2570
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2575
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2580
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2585
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2590
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2615
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2620
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2625
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2630
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2635
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2640
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2645
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2650
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2655


pean C

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

B.J. McEntire et al. / Journal of the Euro

532] M.  Ribeiro, F.J. Monteiro, M.P. Ferraz, Infection of orthopedic Implants with
emphasis on bacterial adhesion process and techniques used in studying
bacterial–material interactions, Biomatter 2 (4) (2012) 176–194.

533] K. Wang, C. Zhou, Y. Hong, X. Zhang, A review of protein adsorption on
bioceramics, Interface Focus 2 (3) (2012) 259–277.

534] C.J. Wilson, R.E. Clegg, Mediation of biomaterial-cell interactions by
adsorbed proteins: a review, Tissue Eng. 11 (1–2) (2005) 1–17.

535] K. Kiewetter, Z. Schwartz, D.D. Dean, B.D. Boyan, The role of implant surface
characteristics in the healing of bone, Crit. Rev. Oral Biol. Med. 7 (4) (1996)
329–345.

536] R.A. Gittens, T. McLachlan, Y. Cai, S. Berner, R. Tannenbaum, Z. Schwartz, K.H.
Sandhage, B.D. Boyan, The effects of combined micro- submicron-scale
roughness and nanoscale features on cell proliferation and differentiation,
Biomaterials 32 (13) (2011) 3395–3403.

537] Y.-T. Sul, B.-S. Kang, C. Johansson, H.-S. Um, C.-J. Park, T. Albrektsson, The
roles of surface chemistry and topography in the strength and rate of
osseointegration of titanium implants in bone, J. Biomed. Mater. Res. 89A (4)
(2009) 942–950.

538] K. Anselme, P. Davidson, A.M. Popa, M.  Giazzon, M.  Liley, L. Ploux, The
interaction of cells and bacteria with surfaces structured at the nanometre
scale, Acta Biomater. 6 (10) (2010) 3824–3846.

539] A.F. Khan, M.  Saleem, A. Afzal, A. Ali, Bioactive behavior of silicon
substituted calcium phosphate based bioceramics for bone regeneration,
Mater. Sci. Eng. C35 (1) (2014) 245–252.

540] V.V. Nagineni, A.R. James, M.  Alimi, C. Hofstetter, B.J. Shin, I. Njoku, A.J.
Tsiouris, R. Härtl, Silicate-substituted calcium phosphate ceramic bone graft
replacement for spinal fusion procedures, Spine (Phila. Pa. 1976) 37 (20)
(2012) E1264–E1272.

541] W.  Waked, J. Grauer, Silicates and bone fusion, Orthopedics 31 (6) (2008)
591–597.

542] M. Andreiotelli, H.J. Wenz, R.-J. Kohal, Are ceramic implants a viable
alternative to titanium implants? A systematic literature review, Clin. Oral
Implants Res. 20 (Suppl. 4) (2009) 32–47.

543] P.N. De Aza, H. De Aza, S. De Aza, Crystalline bioceramic materials, Bol. Soc.
Esp. Ceram. V. 44 (3) (2005) 135–145.

544] P.N. De Aza, A.H. De Aza, P. Pena, S. De Aza, Bioactive glasses and
glass–ceramics, Bol. Soc. Esp. Ceram. V. 46 (2) (2007) 45–55.

545] A.N. Cormack, A. Tilocca, Structure and biological activity of glasses and
ceramics, Philos. Trans. Ser. A Math. Phys. Eng. Sci. 370 (1963) (2012)
1271–1280.

546] J.D. Bobyn, G.J. Stackpool, S.A. Hacking, M.  Tanzer, J.J. Krygier, Characteristics
of  bone ingrowth and interface mechanics of a new porous tantalum
biomaterial, J. Bone Jt. Surg. 81Br (5) (1999) 907–914.

547] D.M. Findlay, K. Welldon, G.J. Atkins, D.W. Howie, A.C.W. Zannettino, D.
Bobyn, The proliferation and phenotypic expression of human osteoblasts
on tantalum metal, Biomaterials 25 (12) (2004) 2215–2227.

548] R.K. Roeder, D. Ph, S.M. Smith, T.L. Conrad, N.J. Yanchak, C.H. Merrill, G.L.
Converse, PEEK implants for interbody spinal fusion (October) (2009) 46–48.

549] L. Meseguer-Olmo, V. Vicente-Ortega, M.  Alcaraz-Baños, J.L. Calvo-Guirado,
M.  Vallet-Regí, D. Arcos, A. Baeza, In-vivo behavior of Si-
hydroxyapatite/polycaprolactone/DMB scaffolds fabricated by 3D printing, J.
Biomed. Mater. Res. 101A (7) (2013) 2038–2048.

550] K.A. Hing, Bioceramic bone graft substitutes: influence of porosity and
chemistry, Int. J. Appl. Ceram. Technol. 2 (3) (2005) 184–199.

551] A. Ignatius, M.  Peraus, S. Schorlemmer, P. Augat, W.  Burger, S. Leyen, L. Claes,
Osseointegration of alumina with a bioactive coating under load-bearing
and unloaded conditions, Biomaterials 26 (15) (2005) 2225–2332.

552] K. Schickle, A. Korsten, M.  Weber, C. Bergmann, S. Neuss, H. Fischer, Towards
osseointegration of bioinert ceramics: can biological agents be immobilized
on alumina substrates using self-assembled monolayer technique? J. Eur.
Ceram. Soc. 33 (13–14) (2013) 2705–2713.

553] R. Burgkart, S. Eichhorn, S. Kerschbaumer, B. Theelke, T. Pandorf, J.
Boxleitner, T. Obst, R. Gradinger, Mechanical and histological results of a
porous ceramic coating based on an alumina composite, in: J.P. Cobb (Ed.),
Mod. Trends THA Bear.—Mater. Clin. Perform., Springer, Berlin, Heidelberg,
2010, pp. 245–250.

554] G. Schierano, F. Mussano, M.G. Faga, G. Menicucci, C. Manzella, C. Sabione, T.
Genova, M.M.  Von Degerfeld, et al., An alumina toughened zirconia
composite for dental implant application: in vivo animal results, Biomed.
Res. Int. (2014) 157360.

555] J.J.P. Jaatinen, R.K. Korhonen, A. Pelttari, H.J. Helminen, H. Korhonen, R.
Lappalainen, H. Kröger, Early bone growth on the surface of titanium
implants in rat femur is enhanced by an amorphous diamond coating, Acta
Ortho. 82 (4) (2011) 499–503.

556] A. Calzado-Martín, L. Saldaña, H. Korhonen, A. Soininen, T.J. Kinnari, E.
Gómez-Barrena, V.-M. Tiainen, R. Lappalainen, et al., Interactions of human
bone cells with diamond-like carbon polymer hybrid coatings, Acta
Biomater. 6 (8) (2010) 3325–3338.

557] G. Sovak, A. Weiss, I. Gotman, Osseointegration of Ti6Al4V alloy implants
coated with titanium nitride by a new method, J. Bone Jt. Surg. 82Br (2)
(2000) 290–296.
558] M. Rizzi, G. Gatti, M.  Migliario, L. Marchese, V. Rocchetti, F. Renò, Effect of
zirconium nitride physical vapor deposition coating on preosteoblast cell
adhesion and proliferation onto titanium screws, J. Prosthet. Dent. 112 (5)
(2014) 1103–1110.
eramic Society 35 (2015) 4327–4369 4367

[559] H.S. Khanuja, J.J. Vakil, M.S. Goddard, M.A. Mont, Cementless femoral
fixation in total hip arthroplasty, J. Bone Jt. Surg. 93Am (5) (2011) 500–509.

[560] N. Sandiford, C. Doctor, S.S. Rajaratnam, S. Ahmed, D.J. East, K. Miles, A.
Butler- Manuel, J.A.N. Shepperd, Primary total hip replacement with a
furlong fully hydroxyapatite-coated titanium alloy femoral component:
results at a minimum follow-up of 20 years, Bone Jt. J. 95B (4) (2013)
467–471.

[561] S. Bose, M.  Roy, A. Bandyopadhyay, Recent advances in bone tissue
engineering scaffolds, Trends Biotechnol. 30 (10) (2012) 546–554.

[562] Q. Fu, E. Saiz, M.N. Rahaman, A.P. Tomsia, Toward strong and tough glass and
ceramic scaffolds for bone repair, Adv. Funct. Mater. 23 (2013) 5461–5476.

[563] M.N. Rahaman, Bioactive ceramics and glasses for tissue engineering, in:
A.R. Boccaccini (Ed.), Tissue Eng. Using Ceram. Polym., Woohead Publishing,
Ltd., New York, NY, 2014, pp. 67–114.

[564] C. Gao, Y. Deng, P. Feng, Z. Mao, P. Li, B. Yang, J. Deng, Y. Cao, et al., Current
progress in bioactive ceramic scaffolds for bone repair and regeneration, Int.
J.  Mol. Sci. 15 (3) (2014) 4714–4732.

[565] M.  Mravic, B. Péault, A.W. James, Current trends in bone tissue engineering,
Biomed Res. Int. 2014 (2014) 865270.

[566] J. Venkatesan, S.K. Kim, Nano-hydroxyapatite composite biomaterials for
bone tissue engineering—a review, J. Biomed. Nanotechnol. 10 (2014)
3124–3140.

[567] H. Cao, X. Liu, Plasma-sprayed ceramic coatings for osseointegration, Int. J.
Appl. Ceram. Technol. 10 (1) (2013) 1–10.

[568] S. Bose, S. Tarafder, Calcium phosphate ceramic systems in growth factor
and drug delivery for bone tissue engineering: a review, Acta Biomater. 8 (4)
(2012) 1401–1421.

[569] Google Scholar with Key Search Terms, Hydroxyapatite, and Bone Tissue
Engineering <www.scholar.google.com> (accessed 22.03.15) (2015).

[570] L.L. Hench, Chronology of bioactive glass development and clinical
applications, New J. Glas. Ceram. 3 (2) (2013) 67–73.

[571] L.L. Hench, J.M. Polak, Third-generation biomedical materials, Science 295
(5557) (2002) 1014–1017.

[572] K. Matsui, H. Yoshida, Y. Ikuhara, Nanocrystalline,
ultra-degradation-resistant zirconia: its grain boundary nanostructure and
nanochemistry, Sci. Rep. 4 (2014) 4758.

[573] P. Palmero, L. Montanaro, H. Reveron, J. Chevalier, Surface coating of oxide
powders: a new synthesis method to process biomedical grade
nano-composites, Materials (Basel) 7 (7) (2014) 5012–5037.

[574] R. Torrecillas, J.S. Moya, L.A. Díaz, J.F. Bartolomé, A. Fernández, S.
Lopez-Esteban, Nanotechnology in joint replacement, Nanomed.
Nanobiotechnol. 1 (5) (2009) 540–552.

[575] C.F. Gutiérrez-González, A. Smirnov, J.F. Bartolomé, Aging effect on the
tribological behavior of a novel 3Y-TZP/Nb biocomposite against ultra high
molecular weight polyethylene, J. Am.  Ceram. Soc. 95 (3) (2012) 851–854.

[576] A. Smirnov, J.F. Bartolomé, Mechanical properties and fatigue life of ZrO2–Ta
composites prepared by hot pressing, J. Eur. Ceram. Soc. 32 (15) (2012)
3899–3940.

[577] E. Fernandez- Garcia, J. Guillem-Marti, C.F. Gutierrez-Gonzalez, A.
Fernandez, M.-P. Ginebra, S. Lopez-Esteban, Osteoblastic cell response to
spark plasma- sintered zirconia/titanium cermets, J. Biomater. Appl. 29
(2014) 813–823.

[578] M.E. Roy, L.A. Whiteside, B.J. Katerberg, J.A. Steiger, Phase transformation,
roughness, and microhardness of artificially aged yttria- and
magnesia-stabilized zirconia femoral heads, J. Biomed. Mater. Res. 83A (4)
(2007) 1096–1102.

[579] E. Alakoski, V.-M. Tiainen, A. Soininen, Y.T. Konttinen, Load-bearing
biomedical applications of diamond- like carbon coatings—current status,
Open Orthop. J. 2 (2008) 43–50.

[580] M.  Azzi, P. Amirault, M.  Paquette, J.E. Klemberg-Sapieha, L. Martinu,
Corrosion performance and mechanical stability of 316L/DLC coating
system: role of interlayers, Surf. Coatings Technol. 204 (24) (2010)
3986–3994.

[581] LifeLongJoints <http://www.lifelongjoints.eu> (2014).
[582] M.  Bahraminasab, B.B. Sahari, K.L. Edwards, F. Farahmand, M.  Arumugam,

Aseptic loosening of femoral components-materials engineering and design
considerations, Mater. Des. 44 (2013) 155–163.

[583] P.J. Rao, M.H. Pelletier, W.R. Walsh, R.J. Mobbs, Spine interbody implants:
material selection and modification, functionalization and bioactivation of
surfaces to improve osseointegration, Ortho. Surg. 6 (2) (2014) 81–89.

[584] M.P. Arts, J.F.C. Wolfs, T.P. Corbin, The CASCADE trial: effectiveness of
ceramic versus PEEK cages for anterior cervical discectomy with interbody
fusion; protocol of a blinded randomized controlled trial, BMC
Musculoskelet. Disord. 14 (1) (2013) 244.

[585] B. Theelke, M.  Kuntz, M.  Zipperle, S. Eichhorn, T. Boxleitner, T. Pandorf, R.
Burgkart, Development of osseointegrative ceramic coatings based on
zpta—mechanical characterization and influence on the substrate, Bioceram.
Dev. Appl., (2011) Artcile ID: 101202.

[586] K.S. Ely, A.C. Khandkar, R. Lakshminarayanan, A.A. Hofmann, Hip prosthesis
with monoblock ceramic acetabular cup, US Patent 7695521 (2010).

[587] K.C. Laurenti, L.C. de, A. Haach, A.R. dos Santos Jr., J.D. de, A. Rollo, R.B. de, M.

Reiff, A.M.M. Gaspar, B. de, M.  Purquerio, C.A. Fortulan, Cartilage
reconstruction using self-anchoring implant with functional gradient,
Mater. Res. 17 (3) (2014) 638–649.

[588] J. Zhao, Z. Shen, W.  Si, X. Wang, Bi-colored zirconia as dental restoration
ceramics, Ceram. Int. 39 (8) (2013) 9277–9283.

http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2660
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2665
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2670
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2675
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2680
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2685
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2690
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2695
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2700
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2705
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2710
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2715
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2720
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2725
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2730
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2735
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2745
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2750
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2755
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2760
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2765
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2770
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2775
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2780
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2785
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2790
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2795
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2800
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2805
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2810
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2815
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2820
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2825
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2830
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2835
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2840
http://www.scholar.google.com
http://www.scholar.google.com
http://www.scholar.google.com
http://www.scholar.google.com
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2850
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2855
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2860
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2865
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2870
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2875
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2880
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2885
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2890
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2895
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2900
http://www.lifelongjoints.eu
http://www.lifelongjoints.eu
http://www.lifelongjoints.eu
http://www.lifelongjoints.eu
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2910
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2915
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2920
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2935
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2940


4 pean C
368 B.J. McEntire et al. / Journal of the Euro

[589] F. Böke, K. Schickle, H. Fischer, Biological activation of inert ceramics: recent
advances using tailored self-assembled monolayers on implant ceramic
surfaces, Materials (Basel) 7 (6) (2014) 4473–4492.

[590] J.C. Love, L.A. Estroff, J.K. Kriebel, R.G. Nuzzo, G.M. Whitesides,
Self-assembled monolayers of thiolates on metals as a form of
nanotechnology, Chem. Rev. 105 (4) (2005) 1103–1169.

[591] B. Bujoli, P. Janvier, M. Petit, Application of metal phosphonates to
biotechnologies, in: A. Clearfiled, K.D. Demadis (Eds.), Met. Phosphonate
Chem.—From Synth. to Appl., The Royal Society of Chemisty, Cambridge, UK,
2012, pp. 420–425.

[592] Orthobond <www.orthobond.com> (2015).
[593] M.  Mrksich, G.M. Whitesides, Using self-assembled monolayers to

understand the interactions of man-made surfaces with proteins and cells,
Ann. Rev. Biophys. Biomol. Struct. 25 (1996) 55–78.

[594] J.E. Raynor, J.R. Capadona, D.M. Collard, T.A. Petrie, A.J. García, Polymer
brushes and self-assembled monolayers: versatile platforms to control cell
adhesion to biomaterials (review), Biointerphases 4 (2) (2009) FA3–A16.

[595] T. Moro, Y. Takatori, M.  Kyomoto, K. Ishihara, M.  Hashimoto, H. Ito, T.
Tanaka, H. Oshima, et al., Long-term hip simulator testing of the artificial hip
joint bearing surface grafted with biocompatible phospholipid polymer, J.
Orthop. Res. 32 (3) (2014) 369–376.

[596] Y. Takatori, T. Moro, K. Ishihara, M.  Kamogawa, H. Oda, T. Umeyama, Y.T.
Kim, H. Ito, et al., Clinical and radiographic outcomes of total hip
replacement with poly(2-methacryloyloxyethyl phosphorylcholine)-grafted
highly cross-linked polyethylene liners: three-year results of a prospective
consecutive series, Mod. Rheumatol. 25 (2015) 286–291.

[597] V. Campana, G. Milano, E. Pagano, M.  Barba, C. Cicione, G. Salonna, W.
Lattanzi, G. Logroscino, Bone substitutes in orthopaedic surgery: from basic
science to clinical practice, J. Mater. Sci. Mater. Med. 25 (10) (2014)
2445–2461.

[598] R.A. Surmenev, M.A. Surmeneva, A.A. Ivanova, Significance of calcium
phosphate coatings for the enhancement of new bone osteogenesis –a
review, Acta Biomater. 10 (2) (2014) 557–579.

[599] B.-D. Hahn, Y.-L. Cho, D.-S. Park, J.-J. Choi, J. Ryu, J.-W. Kim, C.-W. Ahn, C.
Park, et al., Effect of fluorine addition on the biological performance of
hydroxyapatite coatings on Ti by aerosol deposition, J. Biomater. Appl. 27 (5)
(2013) 587–594.

[600] H.-W. Yang, M.-H. Lin, Y.-Z. Xu, G.-W. Shang, R.-R. Wang, K. Chen,
Osteogenesis of bone marrow mesenchymal stem cells on
strontium-substituted nano-hydroxyapatite coated roughened titanium
surfaces, Int. J. Clin. Exp. Med. 8 (1) (2015) 257.

[601] A. Farzadi, F. Bakhshi, M.  Solati- Hashjin, M. Asadi- Eydivand, N.A. abu
Osman, Magnesium incorporated hydroxyapatite: synthesis and structural
properties characterization, Ceram. Int. 40 (4) (2014) 6021–6029.

[602] Y.M.B. Ismail, O. Bretcanu, K.W. Dalgarno, A.J. El Haj, Synthesis and in vitro
biocompatibility of multi- substituted hydroxyapatite for bone tissue
engineering applications, Eur. Cells Mater. 28 (4) (2014) 4.

[603] A.F. Steinert, L. Rackwitz, F. Gilbert, U. Nöth, R.S. Tuan, Concise review: the
clinical application of mesenchymal stem cells for musculoskeletal
regeneration: current status and perspectives, Stem Cells Transl. Med. 1 (3)
(2012) 237–247.

[604] A. Oyane, X. Wang, Y. Sogo, A. Ito, H. Tsurushima, Calcium phosphate
composite layers for surface- mediated gene transfer, Acta Biomater. 8 (6)
(2012) 2034–2046.

[605] A. Rajendran, R.C. Barik, D. Natarajan, M.S. Kiran, Synthesis, phase stability
of  hydroxyapatite–silver composite with antimicrobial activity and
cytocompatability, Ceram. Int. 40 (2014) 10831–10838.

[606] E. Marsich, F. Bellomo, G. Turco, A. Travan, I. Donati, S. Paoletti,
Nano-composite scaffolds for bone tissue engineering containing silver
nanoparticles: preparation, characterization and biological properties, J.
Mater. Sci. Mater. Med. 24 (7) (2013) 1799–1807.

[607] S.B.S. Goodman, Z. Yao, M.  Keeney, F. Yang, M.  Kenney, The future of biologic
coatings for orthopaedic implants, Biomaterials 34 (13) (2013) 1–10.

[608] D. Neut, R.J. Dijkstra, J.I. Thompson, C. Kavanagh, H.C. van der Mei, H.J.
Busscher, A biodegradable gentamicin–hydroxyapatite-coating for infection
prophylaxis in cementless hip prostheses, Eur. Cells Mater. 29 (2015)
42.

[609] G. Wei, P.X. Ma,  Structure and properties of nano-hydroxyapatite/polymer
composite scaffolds for bone tissue engineering, Biomaterials 25 (2004)
(2004) 4749–4757.

[610] J. Venkatesan, I. Bhatnagar, P. Manivasagan, K.-H. Kang, S.-K. Kim, Alginate
composites for bone tissue engineering: a review, Int. J. Biol. Macromol. 72C
(2014) 269–281.

[611] A.M. Ferreira, P. Gentile, V. Chiono, G. Ciardelli, Collagen for bone tissue
regeneration, Acta Biomater. 8 (9) (2012) 3191–3200.

[612] A.R. Costa-Pinto, R.L. Reis, N.M. Neves, Scaffolds based bone tissue
engineering: the role of chitosan, Tissue Eng. Part B 17 (5) (2011) 331–347.

[613] K. Sariibrahimoglu, W.  Yang, S.C.G. Leeuwenburgh, F. Yang, J.G.C. Wolke, Y.
Zuo, Y. Li, J.A. Jansen, Development of porous polyurethane/strontium-
substituted hydroxyapatite composites for bone regeneration, J. Biomed.
Mater. Res. Part A o0A (2014) 1–10.
[614] M.P. Ginebra, T. Traykova, J.A. Planell, Calcium phosphate cements as bone
drug delivery systems: a review, J. Control. Release 113 (2) (2006)
102–110.

[615] S. Panseri, C. Cunha, T. D’Alessandro, M.  Sandri, A. Russo, G. Giavaresi, M.
Marcacci, C.T. Hung, et al., Magnetic hydroxyapatite bone substitutes to
eramic Society 35 (2015) 4327–4369

enhance tissue regeneration: evaluation in vitro using osteoblast-like cells
and  in vivo in a bone defect, PLoS One 7 (6) (2012) e38710.

[616] D. Mata, F.J. Oliveira, M.A. Neto, M.  Belmonte, A.C. Bastos, M.A. Lopes, P.S.
Gomes, M.H. Fernandes, et al., Smart electroconductive bioactive ceramics
to  promote in situ electrostimulation of bone, J. Mater. Chem. B 3 (9) (2015)
1831–1845.

[617] D. Mata, F.J. Oliveira, N.M. Ferreira, R.F. Araújo, A.J.S. Fernandes, M.A. Lopes,
P.S. Gomes, M.H. Fernandes, et al., Processing strategies for smart
electroconductive carbon nanotube-based bioceramic bone grafts,
Nanotechnology 25 (14) (2014) 145602.

[618] W.  Jiang, J. Cheng, D.K. Agrawal, A.P. Malshe, H. Liu, Improved mechanical
properties of nanocrystalline hydroxyapatite coating for dental and
orthopedic implants, Mater. Res. Soc. Proc. 1140 (2009) HH03.

[619] V. Badami, B. Ahuja, Biosmart materials: breaking new ground in dentistry,
Sci. World J. 986 (2014) 986912.

[620] K. Hashimoto, H. Irie, A. Fujishima, TiO2 photocatalysis: a historical
overview and future prospects, Jpn. J. Appl. Phys. 44 (12) (2005) 8269–8285.

[621] C. Yue, R. Kuijer, H.J. Kaper, H.C. van der Mei, H.J. Busscher, Simultaneous
interaction of bacteria and tissue cells with photocatalytically activated,
anodized titanium surfaces, Biomaterials 35 (9) (2014) 2580–2587.

[622] J. Parvizi, V. Antoci, N.J. Hickok, I.M. Shapiro, Selfprotective smart orthopedic
implants, Expert Rev. Med. Devices 4 (1) (2007) 55–64.

[623] K. Vasilev, J. Cook, H.J. Griesser, Antibacterial surfaces for biomedical
devices, Expert Rev. Med. Devices 6 (5) (2009) 553–567.

[624] K. Bruellhoff, J. Fiedler, M.  Möller, Surface coating strategies to prevent
biofilm formation on implant surfaces, Int. J. Artifical Organs 33 (9) (2010)
646–653.

[625] F. Barrère, T.A. Mahmood, K. de Groot, C.A. van Blitterswijk, Advanced
biomaterials for skeletal tissue regeneration: instructive and smart
functions, Mater. Sci. Eng. R. 59 (1–6) (2008) 38–71.

[626] U.G.K. Wegst, H. Bai, E. Saiz, A.P. Tomsia, R.O. Ritchie, Bioinspired structural
materials, Nat. Mater. 14 (Januray) (2015) 23–36.

[627] R.A. Pérez, J.-E. Won, J.C. Knowles, H.-W. Kim, Naturally and synthetic smart
composite biomaterials for tissue regeneration, Adv. Drug Deliv. Rev. 65 (4)
(2013) 471–496.

[628] M.M. Porter Dr, J. McKittrick, It’s tough to be strong: advances in bioinspired
structural ceramic based materials, Am.  Ceram. Soc. Bull. 93 (5) (2014)
18–24.

[629] B.M. Holzapfel, J.C. Reichert, J.-T. Schantz, U. Gbureck, L. Rackwitz, U. Nöth, F.
Jakob, M.  Rudert, et al., How smart do biomaterials need to be? A
translational science and clinical point of view, Adv. Drug Deliv. Rev. 65 (4)
(2013) 581–603.

[630] G. Daculsi, Smart scaffolds: the future of bioceramic, J. Mater. Sci. Mater.
Med. 26 (4) (2015) 1–4.

[631] B. Su, S. Dhara, L. Wang, Green ceramic machining: a top–down approach for
the rapid fabrication of complex−shaped ceramics, J. Eur. Ceram. Soc. 28
(11) (2008) 2109–2115.

[632] S. Mohanty, A.P. Rameshbabu, S. Mandal, B. Su, S. Dhara, Critical issues in
near net shape forming via green machining of ceramics: a case study of
alumina dental crown, J. Asian Cerem. Soc. 1 (3) (2013) 274–281.

[633] F. Gervaso, F. Scalera, S. Kunjalukkal Padmanabhan, A. Sannino, A. Licciulli,
High-performance hydroxyapatite scaffolds for bone tissue engineering
applications, Int. J. Appl. Ceram. Technol. 9 (3) (2012) 507–516.

[634] L. Yin, H.X. Peng, L. Yang, B. Su, Fabrication of three-dimensional
inter-connective porous ceramics via ceramic green machining and
bonding, J. Eur. Ceram. Soc. 28 (3) (2008) 531–537.

[635] N. Travitzky, A. Bonet, B. Dermeik, T. Fey, I. Filbert-Demut, L. Schlier, T.
Schlordt, P. Greil, Additive manufacturing of ceramic-based materials, Adv.
Eng. Mater. 16 (6) (2014) 729–754.

[636] E.M. Sach, J.S. Haggerty, M.J. Cima, P.A. Williams, Three-dimensional
printing techniques, US Patent 5204055 (1993).

[637] E. Özkol, Rheological characterization of aqueous 3Y-TZP inks optimized for
direct thermal ink-jet printing of ceramic components, J. Am. Ceram. Soc. 96
(4)  (2013) 1124–1130.

[638] C. Mota, D. Puppi, F. Chiellini, E. Chiellini, Additive manufacturing
techniques for the production of tissue engineering constructs, J. Tissue Eng.
Regen. Med. 9 (174–190) (2015).

[639] P. Feng, Y. Deng, S. Duan, C. Gao, C. Shuai, S. Peng, Liquid phase sintered
ceramic bone scaffolds by combined laser and furnace, Int. J. Mol. Sci. 150
(8)  (2014) 14574–14590.

[640] W.  Bian, D. Li, Q. Lian, X. Li, W.  Zhang, K. Wang, Z. Jin, Fabrication of a
bio-inspired beta-tricalcium phosphate/collagen scaffold based on ceramic
stereolithography and gel casting for osteochondral tissue engineering,
Rapid Prototyp. J. 18 (1) (2012) 68–80.

[641] F. Melchels, J. Feijen, D. Grijpma, A review on stereolithography and its
applications in biomedical engineering, Biomaterials 31 (24) (2010)
6121–6130.

[642] B. Thavornyutikarn, N. Chantarapanich, K. Sitthiseripratip, G.A. Thouas, Q.
Chen, Bone Tissue Engineering Scaffolding: Computer-Aided Scaffolding
Techniques (2014).

[643] M.  Vaezi, H. Seitz, S. Yang, A review on 3D micro-additive manufacturing

technologies, Int. J. Adv. Manuf. Technol. 67 (5–8) (2013)
1721–1754.

[644] M.  Cronskär, L.E. Rännar, M.  Bäckström, Implementation of digital design
and solid free-form fabrication for customization of implants in trauma
orthopaedics, J. Med. Biol. Eng. 32 (2) (2012) 91–96.

http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2945
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2950
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2955
http://www.orthobond.com
http://www.orthobond.com
http://www.orthobond.com
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2965
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2970
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2975
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2980
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2985
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2990
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref2995
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3000
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3005
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3010
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3015
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3020
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3025
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3030
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3035
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3040
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3045
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3050
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3055
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3060
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3065
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3070
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3075
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3080
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3085
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3090
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3095
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3100
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3105
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3110
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3115
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3120
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3125
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3130
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3135
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3140
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3145
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3150
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3155
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3160
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3165
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3170
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3175
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3185
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3190
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3195
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3200
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3205
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3215
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3220


pean C

[

[

[

[

[

[

[

[

[

[

[

[

(
C
t
w
t
1
S
a

j
r
S

His book entitled “Advanced Materials for Joint Implants” (published in 2013) has
B.J. McEntire et al. / Journal of the Euro

645] R. van Noort, The future of dental devices is digital, Dent. Mater. 28 (1)
(2012) 3–12.

646] R. Olszewski, Three-dimensional rapid prototyping models in
cranio-maxillofacial surgery: systematic review and new clinical
applications, Proc. Belgian R. Acad. Med. 2 (2013) 43–77.

647] H. Kang, S.J. Hollister, F. La Marca, P. Park, C.-Y. Lin, Porous biodegradable
lumbar interbody fusion cage design and fabrication using integrated
global–local topology optimization with laser sintering, J. Biomech. Eng. 135
(10) (2013) 101013:1–101013:8.

648] Y. Chen, K. Zhang, Y. Hao, Y. Hu, Research status and application prospects of
digital technology in orthopaedics, Orthop. Surg. 4 (3) (2012) 131–138.

649] Guidance Document For The Preparation of Premarket Notification For
Ceramic Ball Hip Systems, FDA Website <http//www.fda.gov/
RegulatoryInformation/Guidances/ucm080770.htm> (1995).

650] L. Gremillard, L. Martin, L. Zych, E. Crosnier, J. Chevalier, A. Charbouillot, P.
Sainsot, J. Espinouse, et al., Combining ageing and wear to assess the
durability of zirconia-based ceramic heads for total hip arthroplasty, Acta
Biomater. 9 (7) (2013) 7545–7555.

651] D.E. Keyes, L.C. McInnes, C. Woodward, W.  Gropp, E. Myra, M.  Pernice, J. Bell,
J.  Brown, et al., Multiphysics simulations: challenges and opportunities, Int.
J.  High Perform. Comput. Appl. 27 (1) (2012) 4–83.

652] A. Filippone, Theoretical framework for the simulation of transport aircraft
flight, J. Aircr. 47 (5) (2010) 1679–1696.

653] M.U. Khan, M.  Moatamedi, M.  Souli, T. Zeguer, Multiphysics out of position
airbag simulation, Int. J. Crashworthiness 13 (2) (2008) 159–166.

654] L. Geris, Regenerative orthopaedics: in vitro, in vivo. . . in silico, Int. Orthop.
38 (9) (2014) 1771–1778.

655] A. Rajpura, D. Kendoff, T.N. Board, The current state of bearing surfaces in
total hip replacement, Bone Jt. J. 96B (2) (2014) 147–156.

656] V. Uskokovic, “The role of hydroxyl channel in defining selected
physicochemical peculiarities exhibited by ydroxyapatite,”, RSC Adv. 5 (46)
(2015) 36614–36633.

Bryan J. McEntire is currently Chief Technology Officer
for Amedica Corporation, a position which he has held
since 2012. He previously served as Vice President of Man-
ufacturing from 2004 and Vice President of Research from
2006. He received BS (cum laude) and MBA degrees in
Materials Science and Engineering and Operations Man-
agement from the University of Utah in 1978 and 1982,
respectively, and his Ph.D. from the Kyoto Institute of
Technology in 2015. Dr. McEntire has more than 35
years of industrial experience in research, development
and production of advanced ceramics, including promi-
nent management positions at Ceramatec (Salt Lake City,
UT, USA), Saint-Gobain Industrial Ceramics Corporation

Northboro, MA  and E. Granby, CT, USA), Applied Materials Corporation (Santa Clara,
A,  USA), and now at Amedica Corporation (Salt Lake City, UT, USA). Dr. McEntire is
he  author or coauthor of 37 peer reviewed publications and holds two patents. He
as  an invited short-course lecturer to the National Institute of Ceramic Engineers of

he American Ceramic Society on the forming of ceramics for a 10-year period from
986 to 1995. He was nominated and elevated to Fellow of the American Ceramic
ociety in 2012. His current research interests are in silicon nitride for biomedical
pplications.

B. Sonny Bal is an orthopaedic surgeon who graduated
from Cornell University Medical College in New York City.
He is Professor of Orthopaedic Surgery at the University of
Missouri, Columbia, Missouri. His research interests relate
to  investigating silicon nitride ceramics in orthopaedic
bearings. Dr. Bal serves as executive for Amedica Cor-
poration in Salt Lake City, a company dedicated to
commercializing silicon nitride ceramics for biomedical
applications. He has a graduate business degree from
the Kellogg School of Management at Northwestern Uni-
versity in Evanston, Illinois; and a law degree from the

University of Missouri, Columbia School of Law. He has
authored or co-authored more than 110 peer-reviewed

ournal articles and is a co-applicant in 13 U.S. patents for biomaterials-related
esearch submissions. He became an honorary lifetime member of the International
ociety for Technology in Arthroplasty in 2013.
eramic Society 35 (2015) 4327–4369 4369

Mohamed N. Rahaman is a Professor in the Department
of Materials Science and Engineering, Missouri Univer-
sity of Science and Technology (formerly the University
of Missouri-Rolla). He received his B.A. and M.A. degrees
from the University of Cambridge (UK), and his Ph.D. from
University of Sheffield (UK). After holding appointments
at  the University of Leeds (UK), and the Lawrence Berkeley
National Laboratory, Dr. Rahaman joined the University of
Missouri in 1986, where he has taught courses in ceramic
processing, sintering, and biomaterials. Dr. Rahaman is
a  Fellow of the American Ceramic Society, author of 4
textbooks on processing and sintering of ceramics, and
the author/coauthor of over 250 articles. Dr. Rahaman’s

research interests include processing and sintering of advanced ceramics, bioce-
ramics and bioactive glasses for bone repair, and engineered regeneration of bone
and  soft tissues.

Jérôme Chevalier is currently full Professor at the
National Institute of Applied Sciences in France. After
receiving his PhD in 1996 on the “Mechanical properties
of biomedical grade zirconia,” Dr. Chevalier was  employed
by the Saint-Gobain Group as a Ceramic Research Engi-
neer. In 1997, he joined the National Institute of Applied
Sciences (INSA) in Lyon. Professor Chevalier is currently
Director of the Materials Science Laboratory MATEIS at
INSA and oversees the work of 180 persons. He is a mem-
ber of the Institut Universitaire de France, and Editor of the
Journal of the European Ceramic Society. His career high-
lights include extensive work on the fatigue behavior of
ceramics and the ageing process in zirconia based ceram-

ics  and composites. He has also developed a range of innovative ceramic materials
and  composites for healthcare applications, such as bi-phasic calcium phosphate
porous scaffolds with a hierarchical porosity to allow bone ingrowth and drug
release, porous glass-ceramic scaffolds, organic-inorganic composites, and zirconia-
based nano-composites for dental and orthopedic applications. Professor Chevalier
is  currently leading the European LONGLIFE project for advanced multifunctional
zirconia ceramics for long-lasting dental and orthopedic (spine) applications. He
has authored or coauthored more than 160 papers and holds 10 patents. Professor
Chevalier was also recently honored as a recipient of the prestigious “Innovation
Medal” by the French Centre National de la Recherche Scientifique (CNRS).

Giuseppe Pezzotti is a full tenured professor and leader
of the Ceramic Physics Laboratory at the Kyoto Institute
of  Technology, Japan, a position he has held since the
year 2000. He graduated summa cum laude in mechani-
cal engineering from Rome University “La Sapienza”, Italy,
in 1984 and holds three doctoral degrees in materials
engineering (Osaka University), solid state physics (Kyoto
University), and medical sciences (Tokyo Medical Univer-
sity), all obtained in Japan, the country where he has lived
for  the past 28 years. Fluent in Japanese, he was one of
the first foreign nationals to obtain a tenured full profes-
sor position in a Japanese Government University. From
2002 to 2012, Professor Pezzotti served as the director of

the  Research Institute for Nanoscience at the Kyoto Institute of Technology. Since
2005, he has been an adjunct professor at the Department of Orthopaedic Research
at Loma Linda University, Loma Linda, CA. In 2009, he was  honored with an invited
professorship from the Department of Medical Engineering at Osaka University, and
since 2010 has been a visiting professor in the Department of Molecular Cell Physiol-
ogy at the Kyoto Prefectural University of Medicine. Professor Pezzotti has published
about 570 scientific papers, 1 book as a single author, 13 book chapters, and holds 8
patents, including a world patent regarding nanoscale stress microscopy for scan-
ning electron microscopes. He has licensed his intellectual properties to more than
20  major industrial firms around the world and has served as their consultant.
quickly become a landmark for scientists and medical doctors working in the field
of  joint arthroplasty. In 2013, Professor Pezzotti became a Fellow of the Academy
of  Science of the Bologna Institute in appreciation of his advanced studies linking
quantum mechanics to medical sciences.

http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3225
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3230
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3235
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3240
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://http//www.fda.gov/RegulatoryInformation/Guidances/ucm080770.htm
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3250
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3255
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3260
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3265
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3270
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3275
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280
http://refhub.elsevier.com/S0955-2219(15)30079-0/sbref3280


Ceramics for Prosthetic Hip and Knee Joint Replacement

Mohamed N. Rahaman*,w and Aihua Yao

Department of Materials Science and Engineering, University of Missouri-Rolla, Rolla, Missouri 65409

B. Sonny Bal

Department of Orthopaedic Surgery, School of Medicine, University of Missouri-Columbia, Columbia, Missouri 65212

Jonathan P. Garino

Department of Orthopaedics, University of Pennsylvania Medical Center, Philadelphia, Pennsylvania 19104

Michael D. Ries

Department of Orthopaedic Surgery, University of California, San Francisco, California 94143

The most commonly used bearing couple in prosthetic hip or
knee joint replacements consists of a cobalt–chrome (CoCr)
metal alloy articulating against ultrahigh-molecular-weight
polyethylene. Ceramics have been used as an alternative to met-
al-on-polyethylene in joint replacement surgery of arthritic hips
and knees since the 1970s. In prosthetic hip and knee bearings,
ceramic surfaces offer a major benefit of drastically reduced
wear rates and excellent long-term biocompatibility, which can
increase the longevity of prosthetic hip and knee joints. This
benefit is important clinically because hip and knee replacement
has become a very common surgical procedure, particularly in
the United States, and because these procedures are being in-
creasingly performed in younger patients who place greater de-
mands on the prosthetic bearings. However, ceramics are brittle
and the risk of catastrophic bearing failure in vivo, while rare, is
a major concern. Improvements in material quality, manufac-
turing methods, and implant design have resulted in a drastic
reduction of the incidence of such failures, so that modern ce-
ramic bearings are safe and reliable if used with components of
proven design and durability. Future material improvements are
actively being investigated to reduce the risk of ceramic-bearing
failures even further. The purpose of this article is to review the
structure, properties, applications, and limitations of the ceram-
ics that have been used in orthopedic bearings, and to describe
the new ceramic composite materials and surface treatments
that will be available for joint replacement surgery in the near
future.

I. Introduction

THE hip prosthesis has been the most active area of joint re-
placement research and development for decades. Ar-

throplasty devices for the hip joint have been under
development since the early 1900s. A major advance in the ef-
ficacy of the hip implant was made around 1960 by Sir John
Charnley,1 who introduced a total hip arthroplasty (THA) de-
vice consisting of a metal femoral prosthesis bonded to bone
with poly(methyl methacrylate), PMMA, and an acetabular
component made of ultra-high-molecular-weight polyethylene,
UHMWPE, also cemented to bone with PMMA. This system
has seen a number of variations over the years, but the basic
design still applies to all modern prostheses for THA. With the
success of the hip prosthesis, similar material configurations
have been used with the appropriate geometrical design for total
knee arthroplasty (TKA).

The standard bearing coupling in THA and TKA today con-
sists of a metal, typically a cobalt–chromium (CoCr) alloy, ar-
ticulating against UHMWPE (Figs. 1 and 2). Approximately
500 000 total hip and knee joint replacements are being per-
formed annually in the United States and Europe,2 and this
number is expected to increase rapidly as the population ages
and as these procedures are increasingly demanded by younger
patients who wish to remain active despite arthritic degeneration
of their joints. The average lifetime of prosthetic devices with
CoCr–UHMWPE bearings is 10–15 years. Approximately 25%
of the total hip and knee joint replacements are actually repeat
surgeries due to premature failure of the prosthetic joints by
aseptic loosening.3 The product of bearing wear, microscopic
particulate debris in the joint space, leads to periprosthetic in-
flammation and implant loosening.

Ceramics have been used as an alternative to the CoCr–
UHMWPE-bearing couple in both THA4–6 and TKA7–9 for
several decades (Figs. 1 and 2). Alumina (Al2O3) was introduced
as a candidate material for orthopedic bearings in the 1970s, and
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stabilized zirconia (ZrO2) in the mid-1980s. Al2O3 is by far the
most widely used ceramic in THA. It is estimated that over 5
million femoral heads and more than 500 000 acetabular com-
ponents of Al2O3 have been implanted in total hips worldwide
as of the year 2005. A list of ceramics currently used or under
development for bearings in total joint replacement is given in
Table I. The advantage of ceramic surfaces in prosthetic hip and
knee joints is the drastic reduction in wear rates of the bear-
ings.10 Low wear rates are desirable and clinically relevant be-
cause wear particles in otherwise well-functioning TKA and
THA produce tissue inflammation adjacent to the bearing,
which, in turn, leads to bone loss and premature failure of the
prosthetic joint by aseptic loosening.11,12 Repeat surgery to sal-
vage failed THA and TKA is a major undertaking that is asso-
ciated with significant morbidity and risks.13–15

As the number of prosthetic hip and knee joints implanted in
the United States and overseas has increased, particularly
among active and young individuals suffering from arthritis,
the increased health care burden of repeat surgery related to the
UHMWPE wear particles is a relevant concern.14,15 The wear
advantages of ceramic surfaces in reducing the volume of mi-
croscopic particles generated by the articulating surfaces of
THA and TKA have been documented extensively.4,5,16–29

The limitation of ceramic surfaces in orthopedic applications
is related to their characteristic property of brittleness, which
can lead to catastrophic failure in vivo. Improvements in
material quality, manufacturing methods, and implant design
have resulted in a drastic reduction of the incidence of such
failures. Modern ceramic bearings are safe and reliable if used
with THA and TKA components with proven design and

Synovial fluid Articular cartilage 

Femoral head

Ligament and joint 
capsule

Synovial membrane

Femur
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Ball

Stem

Smooth weight- 
bearing surface

Fig. 1. (a) Schematic of human hip joint. (b) Schematic of a prosthetic device in total hip arthroplasty (THA). (c) Prosthetic hip implants with ceramic-
on-ceramic (Al2O3-on-Al2O3) bearing couple (left), and metal-on-UHMWPE (CoCr-on-UHMWPE) bearing couple (right). The implant stem is a ti-
tanium alloy, typically Ti-6Al-4V. UHMWPE, ultrahigh molecular weight polyethylene.
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durability.4,18,30,31 However, the low fracture toughness of ce-
ramics, coupled with their susceptibility to failure by slow crack
growth under stresses well below their fracture strength, remains
a concern for the reliability of ceramic bearings. Future material

improvements are being investigated to reduce the risk of ce-
ramic-bearing failures even further. The purpose of this article is
to review the structure, properties, applications, and limitations
of the ceramics that have been used in orthopedic bearings, and
to describe the new ceramic composite materials and surface
treatments that will be used in future joint replacement surgery.

II. Classes of Materials Used for Total Joint Replacement

The desirable characteristics for materials used as the articulat-
ing surfaces in total joint replacement are:

(1) High strength, high elastic modulus, high fracture
toughness, and high fatigue resistance for mechanical reliabili-
ty (low risk of failure) and to resist deformation when subjected
to the loads in the body. The loads vary from three times the
body weight (B3 kN) for normal walking to eight times the
body weight (B8 kN) for jogging or stumbling.32

(2) High corrosion resistance for bioinertness and biocom-
patibility in vivo.

(3) High hardness and good surface finish for long-term
wear resistance (low wear) and low friction.

(4) Good wetting (low contact angle) between the bearing
surface and the synovial fluids for good lubrication in the body.

These material properties are necessary as orthopedic bear-
ings must remain stable in vivo for 410 years, while enduring
two million or more gait-related cycles of loading each year.10,33

The materials that have been used, or are being researched, for
bearing surfaces in THA and TKA belong to the following
classes:

(1) Refractory metals or metal alloys, such as CoCr, stain-
less steel, and Ti–6Al–4V, which form a thin passivating oxide
layer (on the order of a few nanometers thick) on the surface, for
femoral heads or acetabular cups in THA, or femoral compo-
nents in TKA.

(2) Refractory monolithic ceramic oxides, such as Al2O3

and ZrO2, or nonoxide ceramics, such as Si3N4, for femoral
heads or acetabular liners in THA, or femoral components in
TKA. The surfaces of the nonoxide ceramics consist of a thin
oxide layer, such as an SiO2-rich layer, with a thickness of a few
nanometers.

(3) Ceramic composites, such as ZrO2-toughened Al2O3

(ZTA), in which a reinforcing phase is added to the ceramic
matrix to improve its resistance to brittle failure.

(4) Surface-modified refractory metals, developed by oxida-
tion, such as the conversion of the surface of a Zr alloy to ZrO2,

Fig. 2. (a) Components of a prosthetic knee implant. (b) Schematic of a
prosthetic device in total knee arthroplasty (TKA). (c) Prosthetic knee
implants with ceramic (stabilized ZrO2)-on-UHMWPE bearing couple
(left) and metal (CoCr alloy)-on-UHMWPE bearing couple (right). The
metal support is typically Ti-6Al-4V. UHMWPE, ultrahigh molecular
weight polyethylene.

Table I. Ceramic Materials Currently Used or under Development for Bearings of Total Hip and Knee Replacements

Material Type Representative manufacturers

Available for clinical

applications?

Clinical

applications Articulation

Trade

nameUnited States Overseas

Oxide ceramics
Alumina Al2O3 CeramTec, Metoxit, Kyocera,

Ceraver, Morgan Matroc
Yes Yes THA,

TKA
Ceramic–Ceramic,
Ceramic–Poly

Biolox,
Biolox
forte

Zirconia Y-ZTP Desmarquest, Kyocera,
Metoxit, Morgan Matroc

Withdrawn Withdrawn THA,
TKA

Ceramic–Poly —

Mg-PSZ Xylon, Signal, Biopro Yes Yes THA,
TKAw

Ceramic–Poly Ziralloy

Ceramic
composites

ZTA CeramTec Yes Yes THA,
THA

Ceramic–Ceramic,
Ceramic–Poly

Biolox
delta

Surface
modification

Oxidized
zirconium

Smith & Nephew Yes Yes THA,
TKA

Ceramic–Poly Oxinium

Surface
coating

Diamond-
like carbon

Diamicron Now Now THA Ceramic–Ceramic —

Non-oxide
ceramics

Silicon
nitride

Amedica Now Now THA,
TKA

Ceramic–Ceramic, Ceramic–
Poly, Ceramic–Metal

MC2

wIn development or in process of approval for clinical applications. THA, total hip arthroplasty; TKA, total knee arthroplasty; Y-TZP, yttria-stabilized tetragonal zirconia

polycrystals; Mg-PSZ, MgO partially stabilized ZrO2; ZTA, ZrO2-toughened Al2O3.
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or by deposition of hard coatings, such as TiN or diamond-like
carbon (DLC) coatings.

The most widely used polymeric material in orthopedic bear-
ings has been UHMWPE, for the acetabular liner in THA and
the tibial insert in TKA. When inserted into a stiff metal cup,
UHMWPE provides a useful articulating surface for the metal
or ceramic femoral head, but progressive wear and possible
wear-through of the UHMWPE have been serious concerns.
Previous attempts to modify UHMWPE, including carbon fiber
reinforcement, hot isostatic pressing, and heat pressing, have not
resulted in improved clinical performance. More recently, highly
crosslinked polyethylenes have been developed that show mark-
edly improved wear behavior in hip simulators and early pro-
spective randomized clinical studies, when compared with
conventional UHMWPE.34–38 However, crosslinking also re-
duces the mechanical properties of UHMWPE, including strain
to failure and fatigue crack propagation resistance.39,40 Clini-
cally retrieved highly crosslinked polyethylene acetabular com-
ponents have demonstrated cracking at the bearing surface and

impingement-related failures.41–43 Although early clinical results
with highly crosslinked polyethylene are favorable, longer fol-
low-up studies will be necessary to determine whether the results
of in vitro testing accurately reflect long-term in vivo perfor-
mance. Another trend is the elimination of UHMWPE from
orthopedic components, by using bearing couples consisting of
metal-on-metal (e.g., CoCr–CoCr) or ceramic-on-ceramic (e.g.,
Al2O3–Al2O3). However, the limited availability of ceramic ace-
tabular liners, coupled with the aforementioned brittleness of
ceramics, has so far served to diminish the enthusiasm of or-
thopedic surgeons for ceramic-on-ceramic bearings, particularly
for bearing couples with large femoral heads. Figure 3 shows the
modular design of bearing couples currently used for THA.

Alumina (Al2O3) and zirconia (ZrO2) are the two ceramics
with an extensive history of use in hip and knee joint replace-
ments,22,44 of which Al2O3 is the more widely used. These ce-
ramics have crystalline structures in which the atoms are held
together by a combination of strong ionic and covalent bonds.
Strong atomic bonding between the crystals gives rise to the

Taper of

metal stem

Femoral
head

Acetabular
liner

MetalUHMWPECeramic

MetalCeramic

Metal
cup

Fig. 3. Modular design of bearings currently used in total hip arthroplasty.
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desirable mechanical properties of ceramics (high compressive
strength, elastic modulus, and hardness) and their chemical in-
ertness in vivo. The biocompatibility of Al2O3 and ZrO2 ceram-
ics is related to the high chemical stability of these materials,
which confers resistance to corrosion and reliable in vivo behav-
ior over time.45–51 The surfaces of these oxides have polar hyd-
roxyl (�OH) groups that promote interaction with the aqueous
body fluids to provide a lubricating layer.

Table II compares the properties of Al2O3 and ZrO2 ceramics
with those for CoCr alloys and for bone. Modern Al2O3 bear-
ings are fabricated withMgO added as a dopant to control grain
growth, and hot isostatic pressing atB12501C, giving an almost
fully dense material with a grain size smaller than B2 mm. This
microstructure gives a flexural strength4550 MPa. Al2O3 has a
Vickers hardness number of more than 1800–2000 HV, com-
pared with a value of less than 500 HV for common orthopedic
metals such as CoCr and Ti alloys. On the other hand the low
fracture toughness of Al2O3 (B4 MPa �m1/2) is a limitation.
ZrO2 stabilized in the tetragonal phase with Y2O3, referred to as
yttria-stabilized tetragonal zirconia polycrystals, Y-TZP, has
flexural strength and fracture toughness values that are almost
twice those for Al2O3. However, its use in THA and TKA has
severe limitations, and the material has been withdrawn from
clinical use after an unusually high rate of clinical failures.
Y-TZP undergoes low-temperature degradation in a moist
atmosphere, particularly at temperatures of 2001–3001C, but
also under hydrothermal conditions often used for steam
sterilization, due to slow transformation to the monoclinic
phase, which continues in the aqueous environment of the
body, leading to microcracking and loss of strength.56–70

ZrO2 partially stabilized with MgO (Mg-PSZ) has a fracture
toughness that is approximately two times the value for
Al2O3, but based on disastrous wear results for Y-PSZ femoral
heads against Y-PSZ acetabular cups, Mg-PSZ femoral heads
are approved for use only with UHMWPE acetabular com-
ponents. The wear of Mg-PSZ–UHMWPE articulations is
approximately the same as that for Al2O3-UHMWPE, but
considerably higher than that for Al2O3–Al2O3 articulations.

The strong bonding in ceramics also results in the less desir-
able mechanical property of brittleness, which limits their ap-
plication in orthopedic surgery. Experimentally, the ability of a
material to resist the propagation of cracks is often described in
terms of a fracture toughness value determined from standard
mechanical testing procedures. Because of their brittle nature,
ceramics generally have low fracture toughness values, which are

much lower than the values for the CoCr and Ti alloys used in
orthopedic surgery (Table II).

Faced with the low fracture toughness of ceramics, the ap-
proach to improving the long-term reliability of ceramic bear-
ings in total joints has relied on minimizing the presence of
strength-limiting flaws in the fabricated material, improving the
fracture toughness, and on optimizing the implant designs in
which the bearing will be used. Modern ceramic bearings have
far superior properties and reliability when compared with pre-
vious generations of the same material. Control of the starting
materials (e.g., particle size, purity, and composition) and im-
proved manufacturing processes over the last three decades have
contributed to an improvement in the properties and reliability
of modern ceramic bearings in orthopedic surgery.10,71

Figure 4 shows schematically the manufacturing process used
by one manufacturer (Ceram Tec, Plochingen, Germany) to
produce ceramic femoral heads. Variations in the processing
steps are possible, and used by other manufacturers. For exam-
ple, a spherical ball can be pressed, and after densification by
sintering and hot isostatic pressing, the bore can be machined.
Laser etching for identification can be performed before or after
sintering. Current procedures include tightly controlled ceramic
processing methods for homogeneous mixing and consolidation
of the powders, and processing environments such as clean-
room facilities to minimize inclusions and impurities. The first
generation of Al2O3 bearings was produced by sintering. Today,
hot isostatic pressing is commonly used to guarantee the pro-
duction of an almost fully dense material with a fine grain size.
Because of product liability, each implant needs to have an
identification number to trace its origin in case of failure. The
use of laser etching for identification has reduced surface irreg-
ularities that can serve as stress intensifiers. Proof testing of in-
dividual components after manufacture has further contributed
to improved reliability.10,72,73 Accordingly, ceramic bearings to-
day have improved mechanical and physical properties, wear
characteristics, biocompatibility, and reliability when compared
with earlier bearings of the same material, as outlined in Table
III for Al2O3 bearings.

In addition to material and manufacturing variables, the safe-
ty of ceramic bearings in THA depends on the quality and de-
sign of the metal implants and tapers. Morse tapers must be
properly designed for optimum load transfer and to avoid large
stress intensification at the ceramic–metal interface, to minimize
the risk of failure.10 Suboptimal tapers are known to contribute
to the risk of Al2O3 femoral head failure, both in primary and

Table II. Material Properties (at Room Temperature) of Dense Al2O3 and ZrO2-Based Ceramics, Compared with Those for CoCr
Alloy and Bone

Property Al2O3 Mg-PSZ Y-TZP ZTA CoCr

Bone

(cortical)

Composition 99.9%
Al2O3

ZrO2–8 mol%
MgO

ZrO2–3 mol%
Y2O3

Al2O3–20 vol%
ZrO2

Density (g/cm3) 43.97 5.75 6.05 4.40 B8.5 1.7–2.0
Grain size (mm) 1–5 50 0.1–1.0 1–2
Strength (MPa)
Tensile 250–300 300–400 — — 600–1800 —
Compressive 2000–3000 2000–3000 3000–4000 — 130–180
Flexural 300–500 600–700 1000–1500 700–1000 60–160

Fracture toughness, KIC (MPa.m1/2) 4–5 6–10 6–12 6–10 50–100 2–12
Fracture threshold, KI0 (MPa.m1/2) 2.0–2.5 3.0–3.5 4w

Elastic modulus (GPa) 400–450 200–250 200–250 300–350 210–250 3–30
Hardness (Vickers) (GPa) 14–16 10–12 12–14 12–15 3–4
Hardness (Vickers) (HV) 1800–2000 1200 1200 1600–1800 300–400
Thermal expansion coefficient (10�6

K�1)
8 7–10 11 8.5 B14.0

Thermal conductivity (Wm�1K�1) 30 2 2 17 B100
w10 vol% ZrO2 Source: References.52–55 10 vol% ZrO2 �Mg-PSZ, MgO partially stabilized ZrO2; Y-TZP, yttria-stabilized tetragonal zirconia polycrystals; ZTA,

ZrO2-toughened Al2O3.

July 2007 Ceramics for Prosthetic Joint Replacement 1969



revision THA.75–78 Thus, taper damage, corrosion, and material
caught between the ceramic bearing and the metal taper, from
either the stem or shell of the implant, can result in uneven
loading and ultimate failure of the ceramic bearing.75,76

Implant tapers optimized for ceramic femoral heads work in
combination with the taper bores in order to place the load
transfer area near the strongest portion of the ceramic bearing.
The metal tapers also often have a microscopic pattern of peaks
and valleys on the surface that flatten when the ceramic ball is
impacted on the taper in order to distribute the loads evenly.79

Thus, proper trunion material, contact area, taper angle, tru-
nion-bore distance, and the chamfer design at the base of the
ceramic head are important engineering variables that contrib-
ute to the safety of ceramic femoral heads.77,80

III. Failure of Ceramic Bearings

Failure of ceramic bearings in vivo, while rare, is a serious con-
cern. Such failures have profound consequences for patients,
surgeons, and the orthopedic implant industry.81 Figure 5(a)
shows the major fragments of a Y2O3-stabilized ZrO2 femoral
head retrieved from a patient after catastrophic in vivo failure,
and the reconstructed bearing.82 Failure in this case occurred
almost diametrically into two large fragments containing the
articulating dome of the bearing, and three smaller fragments
that constituted the lower part of the bearing containing the
bore. Scanning electron microscopy (SEM) observations of the
fractured surfaces indicated that despite metallic staining and
scratching of the surface of the femoral head resulting from re-
current hip instability, failure originated at the surface of the
bore, and not at the bearing surface.82

(1) Risk of Ceramic Bearing Failure

Of all the alternative bearing surfaces designed to reduce wear in
THA, Al2O3 bearings are the most widely used and have re-
ceived the most intense scrutiny. As such, possibly the most ac-
curate and complete data are available for the failure of Al2O3

bearings in THA. In ceramic–ceramic and ceramic–UHMWPE
articulations, in vivo failure can result from fracture of the ce-
ramic femoral head, fracture of the ceramic acetabular liner, or
wear through and fracture of the UHMWPE acetabular liner
(Fig. 5(b)). As an Al2O3 acetabular liner is seated into a metal
cup during THA, chipping of the insert edge can occur. If this
occurs, the chipped liner must be replaced with a new one. Ear-
lier reports determined the incidence of acetabular liner failures
during THA in the range of 2%–3%, but better surgeon knowl-
edge of ceramic components, coupled with design improve-
ments, has resulted in a drastic reduction in Al2O3 acetabular
damage. The rate of Al2O3 liner damage during surgery, as re-
ported to the manufacturer (Ceram Tec), was 0.022% in 2000,
and by 2004, this figure had declined to 0.008%.

The incidence of in vivo failure of Al2O3 femoral heads in
THA has declined markedly over the past three decades.30,83 In
a series of 35 clinical studies of Al2O3 from the 1970s to the early
1990s, the incidence of Al2O3 femoral head failure varied be-
tween 0% and 0.8%, and the failures were associated with spe-
cific manufacturers and implant designs.73 By the early 1980s,
the two manufacturers with the highest incidence of Al2O3 fail-
ure had withdrawn from the orthopedic market. More recently,
in over 3500 Al2O3 articulations reported by a single surgeon,
the risk of Al2O3 femoral head failure declined from 2% in the
1970s to 0.1% in the 1980s, and to 0.05% in the 1990s.84 Other
clinical series have reported the outcomes of THAs performed
with Al2O3 femoral heads in combination with modern implants
and reliable skeletal fixation technology. In over 1200 THAs
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Shaping femoral head 

Pre-sintering

Laser marking
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Machine bore
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Fig. 4. Schematic diagram showing the steps in manufacturing ceramic
femoral heads for total hip arthroplasty. The process outlined is typical
for third-generation Al2O3 femoral heads (Biolox

s

forte) manufactured
by Ceram Tec. Variations in the processing steps are possible, and used
by other manufacturers.

Table III. Improvement in Manufacturing and Properties of Medical Grade Al2O3 over Time

Property Alumina: 1970s Alumina: 1980s Alumina: 1990s

Bending strength (MPa) 400 500 580
Compressive strength (MPa) 44000 44000 44000
Fracture toughness (MPa.m1/2) 4 4 4
Vickers hardness (HV) 1800 1900 2000
Wetting angle (deg) o50 o50 o50
Grain size (mm) 4.5 3.2 1.8
Density (g/cm3) 3.94 3.96 3.98
Young’s modulus (GPa) 380 380 380
Laser making No Yes Yes
Hot isostatic pressed No No Yes
Proof tested No No Yes
100% inspection Yes Yes Yes
Biocompatible Yes Yes Yes
Hydrothermal stability Yes Yes Yes
Suitable for ceramic-on-ceramic Yes Yes Yes

Source: Willmann.74
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from such series with a follow-up duration between 3 and 20
years, no Al2O3 femoral head failures occurred. Clinical trials in
the United States that began in the 1990s have reported no in
vivo failure of Al2O3 femoral heads so far.4,20,30

While product failure data reported to a manufacturer do not
accurately capture all failures, such data can provide a useful
insight into the underlying trends. Based on a total of 1.5 million
Al2O3 femoral heads manufactured by Ceram Tec, the failure
rates reported to the manufacturer were 0.026% for first-gener-
ation Biolox

s

femoral heads produced in the 1970s, 0.014% for
second-generation Biolox

s

produced in the 1980s, and 0.004%
for third-generation Biolox

s

forte produced between 1994 and
2000.74

In a more recent analysis, out of a total of 2 590 653 Biolox
s

forte femoral heads manufactured by Ceram Tec from 2000 to
2004, the incidence of failure reported to the manufacturer was
0.02%. The discrepancy between the failure rates for 1994–2000
(0.004%) and for 2000–2004 (0.02%) is not clear, but it may
indicate a more rigorous reporting of bearing failure to the
manufacturer in 2000–2004. It is found that most in vivo failures
of Al2O3 femoral heads occur early after implantation. For the
Biolox

s

forte femoral heads manufactured from 2000 to 2004,
60% of the total failures after surgery was reported within 12
months of surgery, 80% of the total failures reported within 24
months, and 88% within 36 months. These data suggest that
after 3 years, the risk of an Al2O3 femoral head failure in vivo
was only 12% of the overall 0.019% reported incidence of fail-
ure (i.e., 0.002%).

Compared with other complications in THA, the risk of in
vivo failure of ceramic femoral heads is small. Of 5023 ceramic
femoral heads in a 1995 survey of the American Association of
Hip and Knee Surgeons, 11 had fractured (0.22%). Three of
these 11 failures occurred with femoral stems made in a subop-
timal manufacturing environment. Excluding these three fail-
ures, the number of ceramic femoral head failures was 8 out
5023 (or 0.16%). In the same survey, the incidence of wear-
through and fracture of cemented UHMWPE cups was 2.4%,
and metal femoral stems failed at the rate of 0.27%.85 In a 1997
report describing 1717 adverse medical device incidences sub-
mitted to the Food and Drug Administration (FDA), 18% of
the failures were related to the femoral implant (stem breakage,
stem-head dissociation, neck fractures, head wear), and 38%
were related to the acetabular cup.86 Ceramic femoral head fail-
ures were only 1% of all reported adverse events.86

(2) Origins of Ceramic Femoral Head Failure

While the aforementioned data suggest that modern Al2O3 bear-
ings are safe and reliable if used with THA components with
proven design and durability, the risk of failure is still unac-
ceptably high, and so understanding the origins and mechanisms
of failure, as well as the prevention of failure is important. Fail-
ure of ceramic bearings in vivo commonly results from slow
crack growth under the static or repetitive loading experienced
in the body, until fracture occurs.73 This can be understood as a
corrosion-assisted crack propagation process that leads to a loss
of strength as the time of loading increases.70,87

(A) Fast Failure and Slow (Subcritical) Crack
Growth: Under an applied tensile stress s, the stress at the
tip of a crack can be described by the stress intensity KI given
by87,88

KI ¼ s
ffiffiffiffiffiffi

pa
p

(1)

where 2a is the length of the crack. It is generally assumed that
fast failure occurs in brittle solids if the stress intensity at the
crack tip, represented by KI in Eq. (1), becomes equal to, or
greater than, the critical stress intensity factor, KIC, more com-
monly called the fracture toughness. The fracture strength sf of
a brittle material can be written as

sf ¼ KIC
ffiffiffiffiffiffi

pa
p (2)

According to Eq. (2), the fracture strength of a brittle material is
determined by its fracture toughness and flaw size.

Equation (2) represents a critical value for fast crack growth.
While it forms the basis for the first theories of fracture, it is now
well recognized that brittle materials are susceptible to slow
crack growth at values below sf (or KIC).

87,88 The phenomenon
is often referred to as subcritical crack growth (SCG), and it is
notable for its sensitivity to applied stress, as well as to envi-
ronmental factors such as water, water vapor, and temperature.
The crack keeps growing, and when it has grown to the critical
length for failure at that stress level (Eq. (2)), the material fails

Fig. 5. (a) Example of in vivo failure of a ceramic (Y2O3-stabilized
ZrO2) femoral head, showing the parts retrieved from the patient and
their reassembly. (b) Examples of in vivo wear-through and fracture of
ultrahigh molecular weight polyethylene liners in hip and knee implants,
showing the parts retrieved from the patient.
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suddenly by fast fracture, without warning, often after a long
time.

Slow crack growth in bioceramics is attributed to stress-as-
sisted corrosion at the crack tip or at any pre-existing flaw in the
material. It results from the combined effect of high stresses at
the crack tip and reaction of water (or body fluid) molecules
with the molecules at the crack tip (reducing the surface energy
at the crack tip), inducing crack propagation in a subcritical
manner.89 The theoretical basis for a threshold (KI0) in the stress
intensity factor, below which no crack propagation occurs, has
been the subject of recent investigations.88,90 The KI0 corre-
sponds to crack equilibrium with zero crack velocity, and so
crack propagation does not occur. It determines the safe range
for using ceramics in total joint replacement. The higher the KI0

value, the higher the reliability and, hence, the lifetime of the
material. TheKI0 value represents a more intrinsic property for a
material when compared with the fracture toughness KIC, which
applies to fast crack growth.

Crack velocity curves have been determined recently for three
medical-grade ceramics: Al2O3, Y-TZP (3 mol% Y2O3), and
ZTA (Al2O3 containing 10 vol% unstabilized ZrO2).

52 The
crack velocity diagram, showing the crack velocity V as a func-
tion of KI, is shown in Fig. 6(a). The KI0 values, determined
from the V versusKI data below which there is an abrupt decline
in the crack velocity (Vo10�12 m/s), are given in Table II. On
the other hand, the KIC values were determined by extrapolation
of V versus KI curve for high crack velocities (V410�2 m/s).
Improved processing, such as the use of colloidal methods for
producing more homogeneous green microstructures, leads to
an increase in KI0 and KIC (Fig. 6(b)).

(B) Sources of Failure: Failure in ceramic bearings can
originate from two main sources: (1) flaws introduced into the
bearing during fabrication or during surface finishing and (2)
flaws produced as a result of in vivo corrosion or degradation.
SEM of bearings retrieved from patients often shows a variety of
flaws on the articulating surface resulting from corrosion or de-
gradation, due to a dislocated bearing rubbing against the ace-
tabular component.91 These flaws include enhanced porosity,
metal staining from a metallic acetabular component, scratches,
pits, or grooves (Fig. 7). Flaws due to inadequate fabrication or
surface finishing include porosity, large grains, and microcracks.
Clinically, while ceramic head fractures are rare, they have been
found to occur in the absence of any identifiable risk factor or
explanation,81,92 which is symptomatic of failure caused by slow
crack growth. Patient obesity and strenuous activity may not
contribute significantly to the catastrophic failure (fast fracture)
of ceramic bearings because the loads applied are well below the
fracture strength of the material.81 On the other hand, they may
contribute to failure by slow crack growth.

Experimental loading of ceramic femoral heads in compres-
sion does not accurately predict their in vivo behavior. The me-
chanical resistance of a human femur bone to static loading is
about 10–20 kN, compared with anB100 kN burst strength of a
32-mm-diameter Al2O3 femoral head.81 Tensile loading, such as
that created when a ceramic femoral head is impacted on the
metal taper of a femoral implant, is relevant to the risk of ma-
terial failure. Tensile stresses are also generated during impaction
of an eccentrically seated ceramic acetabular insert in a metal
shell, and the result can be abrupt breakage of the insert edge.81

Tensile (hoop) stresses can develop in a ceramic femoral head
in response to applied loads, resulting in delayed failure. De-
layed failures of ceramic femoral heads by this mechanism have
been described experimentally93 and clinically.94 In one report, 3
years after implantation of a ceramic femoral head, spontaneous
rupture occurred one month after the patient fell.94 The fall
probably resulted in damage to the ball, which led to complete
failure later when the applied stress exceeded the fracture
strength of the weakened ball. Experimentally, a ceramic fem-
oral head can survive multiple impactions onto a metal taper
without apparent damage, only to fragment overnight.95 These
occurrences are symptomatic of failure caused by slow crack
growth.

Until the mid-1970s, ceramic femoral heads were attached to
femoral stems with suboptimal methods such as gluing, screw-
ing, and brazing.96,97 Introduction and optimization of the
Morse taper design for ceramic bearings led to a decline in the
incidence of ceramic femoral head failures.81 The hoop stresses
that develop in ceramic femoral heads are a function of the
trunion material, contact area of the ceramic head, trunion–bore
distance, and the chamfer design at the base of the ceramic
head79,98 (Fig. 8). Tensile stresses concentrate at the upper cor-
ner of the bore, and can be reduced by increasing the surface
contact area, increasing the trunion–bore distance, and center-
ing the contact area on the bore to avoid high hoop stresses.79

On the other hand, the presence of surface flaws at the upper
corner of the bore can provide a key source of failure by slow
crack growth. The micrographs of the fractured surface in
Fig. 5(a) showed features indicating a failure origin in the up-
per corner of the bore. Ring-like patterns emanating from the
failure origin indicated that failure was caused by slow crack
growth.82

Morse taper shapes, dimensions, and tolerances are specifi-
cally designed for ceramic bearings, and modern implant tapers
can have a microscopic pattern of peaks and valleys on the metal
taper surface. These peaks and valleys flatten as the ceramic
ball is impacted on the taper, evenly distributing the load and

Fig. 6. (a) Crack velocity (V) versus stress intensity factor (KI) for a
biomedical-grade Al2O3, ZrO2 (3Y-TZP), and an Al2O3–10 vol% ZrO2

nanocomposite. Arrows indicate tests where no crack propagation could
be observed, and so the crack rate must be lower than the value plotted.
(b) Data showing that the V versus KI curve for a conventionally pro-
cessed Al2O3–10 vol% ZrO2 is displaced to the right, to higher KI values,
by improved processing, such as the use of colloidal processing tech-
niques (from De Aza et al.52). Y-TZP, yttria-stabilized tetragonal zir-
conia polycrystals.
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improving the stability of the head on the taper.4,10 Scratching
and corrosion of the taper surface, and material interposed be-
tween the ceramic head and the taper can result in uneven load-
ing and eventual fracture of the femoral head.78,99,100 A practical
limitation of these observations is that ceramic femoral heads
are recommended for use on fresh, unused tapers during THA,
thereby limiting the flexibility and options available to the sur-
geon.

(3) Reduction of Failure Risk

The aforementioned improvements in materials processing,
quality control, and implant design offer the opportunity to im-
prove the reliability and lifetime of ceramic bearings. According
to Eq. (2), two ways of improving the strength of ceramics are:
(1) decreasing the presence of flaws, as well as the size a of the
flaws, by careful processing and quality control, and (2) increas-
ing KIC, by alloying or by transforming the ceramic into a com-
posite. The use of colloidal processing and consolidation
techniques,101 coupled with optimum sintering and hot isostat-
ic pressing procedures, is necessary for the production of mono-
lithic ceramics with homogeneous, dense, fine-grained
microstructures, having enhanced fracture strength and reliabil-
ity. Careful machining is required to produce the smooth sur-
faces containing no strength-limiting flaws or residual tensile
stresses. Coupled with these processing and quality control pro-
cedures, the use of ceramic composites, such as ZTA (Table II),
can lead to an increase in both KI0 and KIC

52 Therefore, for the
same pre-existing defect size, these composites can be stressed to
higher loads than the corresponding monolithic ceramic without
delayed failure (Fig. 6(b)). From a general point of view, as
failure of ceramic bearings commonly occurs by slow crack
growth, the engineering design criteria should incorporate the
concept of a threshold stress intensity (KI0) below which crack
propagation does not occur. This KI0 value provides a more re-

alistic material property than the commonly used KIC value,
which applies to fast crack growth.

Additional factors can also influence the failure risk of ce-
ramic bearings. For example, failures of Biolox

s

forte femoral
heads reported to the manufacturer (Ceram Tec) suggest that
the risk of in vivo failure declined with increasing femoral head
diameter. Large diameter femoral heads were associated with a
reduced risk of failure. The expected and reported femoral head
failure rate as a function of diameter is shown in Fig. 9. For
28-mm diameter Biolox

s

forte femoral heads, the failure rate
was dependent on the neck length of the taper bore. The lowest
risk of fracture was associated with a medium neck size, whereas
short and long necks were associated with higher failure rates.

Fig. 7. Scanning electron microscopic images showing examples of in vivo surface degradation of an Al2O3 femoral head retrieved from a patient: (a)
metallic staining due to contact with the Ti-6Al-4V acetabular component; (b) higher magnification of (a) showing the particulate nature of metal stain;
(c) embedded particles, cracks, and metal contamination; (d) pitted region.
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Fig. 8. Modular junction between femoral head and stem taper in total
hip arthroplasty, showing the design variables that affect clinical out-
comes.
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The data suggest that the risk of fracture for 28-mm Al2O3 fem-
oral heads depends on the taper bore, which in turn influences
the contact area available for load transfer, length of stem taper
engagement, and other variables.79

IV. Wear of Ceramic Bearings

Wear is the removal of material, with the generation of wear
particles that occurs as a result of the relative motion of two
opposing surfaces under load. Although the mechanical conse-
quences of wear, such as the progressive thinning of the
UHMWPE acetabular or tibial liner, can limit the functional
life of a prosthetic joint replacement, the clinical problems are
more often due to implant loosening caused by the release of an
excessive number of wear particles into the biological environ-
ment. One or more of the fundamental mechanisms of wear
(adhesion, abrasion, and fatigue) may be operating on a pros-
thetic joint in a particular wear mode, and a prosthesis can
function in several wear modes over its lifetime in vivo.103 The
predominant type of wear of one prosthetic joint can differ from
that of another, and for a specific joint, there may be different
types of wear occurring at different times over the lifetime of the
implant. The damage to an implant is a result of all the mech-
anisms of wear that have acted on it over its lifetime, with the
most recent events having the greatest influence.

Table IV shows data for the wear rate in sliding wear of
bearing couples used in THA and TKA. While femoral heads of
Al2O3 or Y-TZP articulating against UHMWPE reduce the
wear by at least a factor of 2 when compared with the standard
CoCr femoral head, Al2O3–Al2O3 bearing couples provide the
least wear rate, with a value that is often 450 times lower than
that of the standard CoCr–UHMWPE couple. Since the 1970s,
the standard bearing couple has consisted of a CoCr femoral
head articulating against a UHMWPE liner. In some countries,
the femoral head consists of stainless steel. The CoCr–
UHMWPE couple has the advantage of low cost. However,
the wear rate is relatively high and depends on the activity of the
patient and on the diameter of the femoral head. The lifetime is
typically not 410 years, so this implant is often recommended
for elderly or inactive patients. Titanium and Ti alloys (e.g., Ti-
6Al-4V) are unsuitable for application as femoral heads because
of their inadequate stiffness and high friction. As the bearing
surfaces control the wear behavior, it is not necessary to use a
monolithic bearing composed of the same material. Hard coat-
ings (TiN or DLC) deposited on metal femoral heads have been
investigated for wear reduction. A problem is damage to the
coating from wear debris interposed between the articulating
surfaces, or generated by contact with the rim of the metal ace-
tabular component during surgery or during dislocation of the
femoral head in vivo, leading to catastrophic third body wear.

(1) Wear Testing of Bearing Materials

Screening tests for wear and corrosion are performed using sim-
plified geometries and methods (Figs. 10(a) and (b)). The two

most widely used tests for these simplified geometries are the
pin-on-flat test (ASTM F 603) and the annulus-on-flat (ISO
6474).105 They are carried out in the presence of lubricating flu-
ids, such as simulated body fluids (Ringer’s solution or Hank’s
balanced salt solution) or protein-containing solutions, such as
fetal bovine serum solution, using physiological conditions. The
tests are carried out for up to 2 million cycles, which corre-
sponds to a time of approximately 2 years considering the av-
erage number of gait-related loading cycles of the human body
each year. Changes in the weight or dimensions (linear or vol-
umetric) are commonly used to provide a quantitative measure
of wear.

The results of wear-screening tests using the simplified
configurations have frequently been controversial, partly be-
cause of the many experimental variations, such as specimen
configuration, lubricant, contact stresses, and type of motion.
Furthermore, it is difficult to establish appropriate values for
these parameters to obtain wear that is related to that of im-
plants in vivo. Hip simulators and knee simulators have been
developed and used intensively over the last 25–30 years to rep-
licate wear rates, patterns, and mechanisms observed clinical-
ly.106 The in vivo conditions that have been emphasized are
essentially the choice of motions and the loads transmitted
(Fig. 10(c)). Usually in hip simulator tests, considerations of a
physiological walking cycle are chosen to provide angular posi-
tions of the femoral head and the joint force components over
the cycle.107 The bearings are positioned ‘‘anatomically,’’ with
the acetabular liner ‘‘on top,’’ inclined at the required angle to
the femoral head, or in the ‘‘inverse anatomical’’ configuration,
and enclosed in specimen chambers that contain the lubricating
fluids. Figure 11(a) shows four stations of an eight-station hip
joint simulator, in which the bearings are in the anatomical po-
sition (but with the specimen chamber removed for clearer view-
ing of the arrangement). The positioning of Al2O3 matrix
composite bearings (Biolox

s

Delta; Ceram Tec) in a hip simu-
lator, and CoCr–UHMWPE bearings in a knee simulator are
shown in Figs. 11(b) and (c), respectively.

(2) Stripe Wear of Ceramic–Ceramic Bearings

Observations of unbroken Al2O3-bearing couples retrieved from
patients have shown that, in addition to the normal low rate of
wear associated with the intended motion of one bearing surface
against the other, some bearing couples have an unusual wear
pattern, described commonly as stripe wear.108–113 This stripe
wear pattern consists of a long narrow area of damage on the
femoral head and a matching area of wear near the rim of
the acetabular liner (Fig. 12), resulting from contact between the
femoral head and the rim of the acetabular liner. Stripe wear
was first reported in first- and second-generation Al2O3 bearings
(Table III), and has been associated with steep acetabular cup
angles, young patients, and revision surgery.110 Large contact
stresses between the femoral head and the rim of the liner,
coupled with the poor quality of first- and second-generation
bearings, was proposed as an explanation. However, recent
observations112,113 of stripe wear for third-generation Al2O3

bearings (hot isostatically pressed) with well-fixed and

Table IV. Data for the Linear Wear Rate in Sliding Wear of
Bearing Couples Used in Hip and Knee Joint Replacement

Materials combination Linear wear (mm/year)

CoCr/UHMWPE 200
Alumina/UHMWPE o100
Alumina/CFRP o4
Y-TZP/UHMWPE o100
Alumina/Alumina o5
Y-TZP/Y-TZP Disastrous

CFRP, carbon fiber reinforced polyethylene; UHMWPE, ultrahigh molecular

weight polyethylene; Y-TZP, yttria-stabilized tetragonal zirconia polycrystals.

Source: Willmann et al.104
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Fig. 9. Expected and reported femoral head failures as a function of
diameter for third-generation Al2O3 (Biolox

s

forte) femoral heads (from
Garino et al.102).
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well-positioned acetabular components indicated that another
phenomenon was occurring.

In vivo studies have now shown that after THA, the femoral
head and acetabular liner can separate during the swing phase of
walking,114 attributed to laxity of soft tissues surrounding the
joint. It was hypothesized that after this microseparation during
the swing phase, the femoral head would contact the rim before
relocating in the acetabular liner. The rim contact would occur
under high stresses, and could initiate surface damage in the
form of a wear stripe on the femoral head. This hypothesis has
been supported by experiments with Al2O3 bearing couples, in
which joint microseparation was introduced into the swing
phase of the hip joint simulator cycle, producing clinically rel-
evant wear patterns, wear debris, and wear rates.115

Hip simulator studies have shown that stripe wear leads to
higher wear rates, depending on the severity of the microsepara-
tion. For third-generation Al2O3 femoral heads and liners (hot
isostatically pressed), the wear rates increased from o0.1 mm3/
million cycles under normal simulation conditions to 0.2 and 1.84
mm3/million cycles under mild and severe microseparation con-
ditions, respectively.116 Under severe microseparation conditions,
in addition to higher wear, loud squeaking occurred in bearing
couples of Y-TZP femoral heads and Al2O3 acetabular liners.

117

It should be remembered that stripe wear has been observed in
only some Al2O3 bearing couples retrieved from patients. Even
for bearings with stripe wear, the wear rate and volume of wear
debris are so small that the incidence of osteolysis (implant loos-

ening) for Al2O3–Al2O3 bearings should be far lower than for
bearing couples with UHMWPE acetabular liners. However, fur-
ther studies are necessary to understand and reduce the occur-
rence of stripe wear, particularly under conditions corresponding
to the severe microseparation conditions found in hip simulator
experiments. While bearing couples with UHMWPE liners and
metal–metal bearings do not show the stripe wear pattern ob-
served in the hard ceramic–ceramic bearings, it is likely that con-
tact between the femoral head and the rim of the acetabular liner
also occurs in these bearing couples. Edge damage has been ob-
served in retrieved UHMWPE liners,112 but no characteristic
stripe is observed on the femoral head presumably because
UHMWPE is too soft to damage the hard femoral head. The
higher wear rate of metal-on-metal bearings, when compared with
ceramic-on-ceramic, may lead to wearing down of the surround-
ing region, limiting the development of a distinctive stripe pattern.

V. Materials for Total Joint Replacement

(1) Aluminum Oxide (Alumina) Ceramics

Pure Al2O3 (499.5% purity) has been used since the 1970s as an
implant material for artificial joint prostheses.96,53 The type used
is a polycrystalline a-Al2O3, often referred to simply as Al2O3.
The material consists of a single crystalline phase (the a–phase),
made up of a large number of small grains, typically with a size
less than a few micrometers (Fig. 13(a)). A small amount of
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Fig. 10. Schematic of screening tests for wear and corrosion: (a) pin-on-flat; (b) annulus-on-flat; (c) hip joint simulator.
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MgO (B0.25 wt%) is commonly added to the Al2O3 as a sinte-
ring aid to control the grain size and promote the achievement
of nearly theoretical density.

Dense, fine-grained Al2O3 has an exceptionally low coefficient
of friction, making it suitable as a bearing surface. Alumina bear-
ings in THA can decrease the UHMWPE wear rates significant-
ly24,27 (Table IV) or eliminate polyethylene from THA
articulations entirely.22,119 Al2O3 has excellent biocompatibility
with tissues,53 and aging neither alters the material nor increases
the risk of fracture.120 Autoclaving alumina ceramic femoral heads
results in a 20–25% reduction in burst strength, but in vivo aging in
an animal model does not affect this property.121 While the reason
for strength reduction caused by autoclaving is not clear, a pos-
sible factor might be slow crack growth due to the reaction be-
tween the H2O molecules and Al2O3 molecules at surface flaws.

The low stress intensity threshold KI0 and low fracture tough-
ness KIC of alumina, particularly in applications with high or
repeated tensile stress, is a concern98 (Table II). Improved ma-
terial properties (Table III), implantation techniques, and im-
plant design have reduced the risk of catastrophic failure of
alumina femoral heads and acetabular liners.10 Out of a total of
2 590 653 Biolox

s

forte femoral heads manufactured by Ceram
Tec from 2000 to 2004, the failure rate reported to the manu-
facturer was 0.02%,102 which compares favorably with the other
routine surgical risks associated with total joint replace-
ments.85,122 Further reduction in the risk of failure of Al2O3 or-
thopedic bearings can be realized through better component
design (for example, by limiting the development of large tensile
stresses in the bore) or by the introduction of a second phase to
enhance the KI0 and KIC (see Section V(3)).

(2) Zirconium Oxide (Zirconia) Ceramics

Zirconia-based femoral heads were introduced in the 1980s in
response to concerns about Al2O3 femoral head fractures in
THA.123,54 The flexural strength and fracture toughness of Y-
TZP are two to three times the values for Al2O3 (Table II), mak-
ing it one of the most fracture-resistant ceramics. It was antic-
ipated that ZrO2 would reduce the risk of femoral head fracture
while retaining the excellent wear performance of smaller diam-
eter heads against UHMWPE.19,21,124 The clinical outcomes with
ZrO2 heads were unpredictable, however,

125,126 and in vivo frac-
tures of ZrO2 femoral heads have been reported.79,127,128

Pure ZrO2 exists in three polymorphic (crystalline) forms: cu-
bic (c), tetragonal (t), and monoclinic (m) phases.129 Transfor-
mation of ZrO2 from one phase to the next is dependent on
temperature, and is depicted by the following equilibrium:

CubicðcÞ  !2365�C
tetragonalðtÞ

 !1165�CðAsÞ=950�CðMsÞ
monoclinicðmÞ

Fig. 11. (a) View of 4 stations of an 8-station hip joint simulator with
the hip joint bearings in the ‘‘anatomical’’ (upright) configuration. (b)
Close-up views of Al2O3 matrix composite (Biolox

s

delta) bearing cou-
ple in hip simulator. (c) CoCr–UHMWPE bearing couple in a knee
simulator. The specimen chambers, which normally contain the lubri-
cating fluid, were removed for clearer viewing (courtesy of I. C. Clarke).
UHMWPE, ultrahigh molecular weight polyethylene.

Fig. 12. Typical stripe wear formation in a hip simulator over the initial
105 cycles and for the duration of the study (50� 106 cycles) for an
Al2O3–Al2O3-bearing couple (top: a–d) and an AMC–AMC-bearing
couple (bottom: a–d). AMC, an Al2O3 matrix composite. (courtesy of I.
C. Clarke).
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The t to m transformation is martensitic in nature. It occurs at
B9501C (Ms) on cooling and is accompanied by a shear strain
of B16% and a volume expansion of B5%. The transforma-
tion is reversible, and occurs at B11651C (As) on heating. In
pure (unstabilized) ZrO2, the shape change and volumetric ex-
pansion associated with the t to m transformation invariably
results in cracking and loss of structural integrity if the material
is cycled through the transformation temperature, or if simply
cooled from the fabrication temperature, typically B14001–
16001C. As a result, unstabilized ZrO2 is not useful as an engi-
neering material.

Oxides such as MgO, CaO, or Y2O3 are used as additives to
control the phase stability of ZrO2, and accordingly, several
types of tough ZrO2-containing ceramics have been devel-
oped,130,118 referred to as partially stabilized ZrO2 (abbreviated
PSZ), tetragonal zirconia polycrystals (TZP), and ZrO2 par-
ticle-toughened ceramics, such as ZTA. The different micro-
structures of PSZ, TZP, and ZTA (Figs. 13(b)–(d)) result in very
different material properties and performance in biomedical ap-
plications.

The t to m transformation is used to improve the mechanical
properties of ZrO2 ceramics (such as PSZ and TZP) and ZrO2

particle-reinforced composites (such as ZTA) by the mechanism
of transformation toughening.130,118,131,132 Transformation
toughening occurs because the volume expansion that accom-
panies the t-m transformation produces a reduction in the
stress intensity at the crack tip, leading to a dissipation of the
energy of the propagating crack. Cracks become self-limiting
because an advancing crack must overcome both the energy re-
quired for the material transformation and that associated with
the volume expansion of the transformed material (Fig. 14).

(A) TZP: Y-TZP were introduced in the 1980s for use in
femoral heads because of their higher fracture toughness com-

pared with Al2O3, and low wear rates.54 In general, Y-TZP re-
fers to ZrO2 compositions containing 1.5–3.5 mol% Y2O3 in
solid solution, but Y-TZP for biomedical applications typically
contains 3 mol% Y2O3 (sometimes referred to as 3Y-TZP). As
fabricated, Y-TZP commonly consists predominantly of a single
phase (the metastable t phase), fine-grained (0.1–1 mm), fully
dense microstructure (Fig. 13(c)). With this microstructure, and
in the absence of strength-limiting flaws, Y-TZP is the strongest
and toughest of the ZrO2-based ceramics (Table II). The me-
chanical properties of the dense material can be optimized by
controlling the Y2O3 stabilizer content and keeping the grain
size below a critical size to avoid the t to m transformation dur-
ing processing. By doing this, it is possible to activate the trans-
formation-toughening mechanism. Y-TZP with optimum
fracture toughness is obtained with 2 mol% Y2O3 and a grain
size ofB0.3 mm. With 3 mol% Y2O3, a higher fracture strength
is obtained, but the fracture toughness is lower.118 However,
processing becomes less demanding, because the critical grain
size for the t to m transformation increases to B1 mm.

As catastrophic wear can occur with ZrO2-on-ZrO2 and
ZrO2-on-Al2O3 articulations,117,134,135 ZrO2 femoral heads are
used against UHMWPE acetabular bearings in THA. Early Y-
ZTP femoral heads were often black in color, from being sin-
tered in a reducing atmosphere. This material was associated
with high THA revision rates.136 ZrO2 femoral heads used in
THA in the 1980s and until the withdrawal of Y-ZTP by the
FDA in 2001, prepared by sintering, followed by hot isostatic
pressing, were white in color.72 After the isostatic pressing, the
material was black, due to reduction in an inert or reducing at-
mosphere, but was subsequently ‘‘whitened’’ by a heat treatment
at 10001–12001C in an oxidizing atmosphere.

A serious limitation of Y-ZTP is the tendency to degrade in a
moist atmosphere at temperatures between 1501 and 4001C.

Fig. 13. Scanning electron micrographs showing typical microstructures of ceramic implant materials. (a) Single-phase a-Al2O3 with an average grain
size of 1.2 mm. (b) Magnesia partially stabilized zirconia (8 mol% MgO) with a two-phase microstructure consisting of 50–100 mm cubic ZrO2 grains
containing finely dispersed precipitates of sub-micron tetragonal and monoclinic ZrO2 (from Heuer118). (c) Single-phase yttria-stabilized tetragonal
zirconia polycrystals (3 mol%Y2O3) with an average grain size of 0.5 mm (fromHeuer 118) (d) ZrO2 toughened Al2O3 (ZTA) (20 mol% ZrO2) with a two-
phase microstructure of tetragonal or monoclinic ZrO2 particles (B0.4 mm) dispersed in a fine-grained a-Al2O3 matrix (average grain size B0.6 mm).
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Under these conditions, Y-TZP may suffer a slow t to m trans-
formation that starts at the sample surface, resulting in
microcracking and loss of strength. First reported by Kobayashi
et al.56 in 1981, this so-called low-temperature degradation
(LTD) or aging has been the subject of considerable investiga-
tion.57–66 The key findings of these studies are: (1) the
t to m transformation proceeds most rapidly at 2001–3001C
and is time dependent; (2) the transformation is enhanced in a
humid atmosphere; (3) a higher Y2O3 stabilizer content and a
finer grain size improve the resistance to transformation; and (4)
the transformation starts at the surface and proceeds into the
bulk.

More recent studies have clearly shown that low-temperature
degradation in Y-TZP also occurs far below 1501C,67 including
the temperature used for steam sterilization (B1401C) and down
to the human body temperature (371C). Recent reports also
suggest that significant aging even occurs in vivo at the surface of
Y-TZP implants.137 Considering the large number of Y-TZP
femoral heads that have been implanted during the last decade
(4500 000), the consequences of in vivo failure resulting from
low-temperature degradation are expected to be severe.

Although low-temperature degradation has been studied for
420 years, the exact mechanism is still not clear. In a recent
review, Chevalier et al.70 have discussed in detail the present
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Fig. 14. Schematic illustration of the transformation-toughening process in yttria-stabilized tetragonal zirconia polycrystals. Cracks are self-limiting if
the transformation from the tetragonal to monoclinic phase is limited. An advancing crack has to overcome the energy required for the tetragonal-to-
monoclinic transformation, and also the compressive stress related to the increased volume of the monoclinic grains. Atomic force microscopy deflection
images of grains around the transformation zone of the propagating crack are inserted (from Deville and Chevallier133).
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understanding of the aging mechanism and its consequences for
biomedical implants. An increase in internal stress, produced by
the diffusion of water radicals into the ZrO2 lattice, has been
demonstrated to trigger the initiation of the t to m transforma-
tion.63,69 The penetration of water radicals leads to lattice con-
traction, which results in the development of tensile stresses in
the surface grains, destabilizing the t phase.69 Martensitic trans-
formation of grains or parts of grains to the m phase can then
proceed. The transformation begins mostly at the grain corner,
where the tensile stress is the highest,62 and progresses through
the grain as the stresses due to water attack and earlier trans-
formation increases. It has been shown that tensile stresses gen-
erated by the transformation can induce microcracking at the
grain boundaries, making it easier for water to diffuse inside the
bulk of the material.138 Extension of the transformation pro-
ceeds by a nucleation and growth mechanism to surrounding
grains on the surface,67,70 and into the bulk of the material for
more severe treatment conditions.64

Techniques such as X-ray diffraction (XRD) and Raman
spectroscopy have been used to characterize aging in Y-TZP, by
measuring the monoclinic phase content as a function of time,
whereas SEM of cross sections has been used to observe the ex-
tension of the aging process into the bulk of the material. On the
other hand, surface imaging techniques such as atomic force
microscopy (AFM)139,133 and optical interferometry (OI)67 are
more sensitive to the early stages of aging and provide infor-
mation on the topological changes accompanying the t to m
transformation. Examples of the topological changes observed
by AFM are shown in Fig. 14.

Low-temperature aging can have two important consequenc-
es for the use of Y-TZP in THA and TKA. First, aging leads to
roughening and microcracking of the Y-TZP-bearing surface.
This will lead to an increase in the wear rate of the acetabular or
tibial insert (commonly UHMWPE), as well as of the Y-TZP
bearing by pullout of grains due to a combination of enhanced
wear and microcracking, leading to osteolysis and loosening of
the implant. Second, aging generates flaws due to microcracking
and transformation. Because Y-TZP is susceptible to slow crack
growth by stress corrosion, the growth of these flaws with aging
can lead to a critical flaw size for slow crack growth to proceed,
eventually leading to failure of the bearing.

Low-temperature degradation of Y-TZP can be reduced, but
it cannot be completely suppressed. For a given Y-TZP com-
position, the density and grain size, as well as the homogeneity
of the phase distribution and the residual stress state of the sur-
face of the material, are of primary importance for reducing
aging. It has been claimed that a critical grain size exists below
which no low aging occurs,57 but this has not been substantiated
by recent work.70 While the beneficial effect of reducing grain
size on aging is widely recognized, a problem is that decreases in
the grain size can also lead to a decrease in fracture toughness
and the threshold for slow crack growth, due to less efficient
transformation toughening. Recent work has indicated that a
combination of a small grain size and a high density can ensure a
safe window for improving aging resistance.68 Sintering under
non-optimum conditions, such as long times or high tempera-
tures, can lead to a biomodal microstructure of larger c and
smaller t grains. Partitioning of the Y2O3 occurs, such that the c
grains have a higher Y2O3 content, and their neighboring t
grains have a lower Y2O3 content than the average composition.
These t grains depleted in Y2O3 can act as nucleation sites for
aging.140 Microscopic tensile stresses in a grain promote the t to
m transformation,69 and macroscopic stresses can play the same
role,141,142 and so machining must be carefully controlled to
limit the development of tensile stresses on the surfaces of bear-
ings. The addition of small quantities of Al2O3 (0.15–3 wt%) to
TZP has been found to reduce low-temperature degrada-
tion143,144 and to increase the temperature at which the trans-
formation to the m phase is the fastest.145

In practice, prosthetic hip and knee joints are tribological
systems, and it may be expected that tribological mechanisms
will also play a role in the t to m transformation in vivo. Recent

studies146 of the wear mechanisms of ZrO2 ceramics in an aque-
ous solution indicate that the transformation can occur under
tribological contact conditions, requiring conditions (such as
temperature) that are not as severe as those for non-tribological
conditions. Because of the additional variables, such as stress
and creation of fresh surfaces, different tribological phenomena
may occur that would not otherwise occur in the absence of
tribological contact, promoting the t to m transformation.

The behavior of Y-TZP femoral heads in vivo has been found
to be complex and unpredictable.128,137 If extensive monoclinic
transformation of the material occurs, the crack-resisting ad-
vantage is lost, and the material becomes susceptible to in-
creased surface roughness and damage.23,125,126 In the in vivo
environment, variables such as frictional heating phenomena
between the bearing surfaces,147–151 and localized high loads on
the bearing surface128,137 can lead to unpredictable behavior of
Y-ZTP ceramic bearings. With increasing conversion of the sur-
face layers to the monoclinic phase, TZP femoral heads can un-
dergo surface degradation, leading to an increased risk of
catastrophic failure.23,117,126,152 Following an unusually high
rate of clinical failures resulting from an alteration in manufac-
turing variables,79 Y-ZTP femoral heads were withdrawn from
orthopedic applications in 2001.

Because of the limitations of Y-TZP, the use of other stabi-
lizers to produce TZP has been investigated, but perhaps the
most promising application of ZrO2 as a bearing material in
total joint replacement appears to be its use as a particulate re-
inforcing phase in Al2O3 to form ZTA (see Sections V(3) and
V(7)). Stabilization with CeO2 (12 mol%) to form ceria-stabi-
lized TZP, Ce-TZP, has been widely studied. Ce-TZP is bio-
compatible, and is actually used for dental implants. Although
Ce-TZP commonly has lower mechanical properties than
Y-TZP,153 its aging resistance is far superior. The higher aging
resistance of Ce-TZP may be due to a decrease in the con-
centration of oxygen vacancies when compared with Y-TZP.
Adding CeO2 to Y-TZP to form Ce-Y-TZP leads to an increase
in grain size, and a lowering of the mechanical properties, but
improves aging resistance.154,155

(B) PSZ: Mg-PSZ, typically ZrO2 containing 8–11
mol% MgO, has insufficient solute to provide the full stability
of cubic ZrO2 (c-ZrO2). It consists of a two-phase mixture of fine
tetragonal ZrO2 (t-ZrO2) particles that are coherently precipi-
tated within a matrix of larger c-ZrO2 grains (typically >20 mm)
(Fig. 13(b)). The fabrication conditions must be carefully
controlled to precipitate fine t-ZrO2 particles within the c-
ZrO2 grains and to prevent the t-m transformation on
cooling.118, 129,130

Mg-PSZ was among the first zirconia ceramics introduced
into the U.S. market because of its superior smoothness and
toughness, compared with Al2O3 ceramics.156 However, clinical
outcomes with this material are unknown, and the strength and
fracture toughness values of Mg-PSZ are typically inferior to
those of well-fabricated Y-TZP before any deterioration in the
physiologic environment (Table II). It is claimed that Mg-PSZ
does not suffer from the strength degradation of Y-TZP during
aging in a moist atmosphere at autoclaving temperatures,157 but
a mechanism to account for the better aging resistance of
Mg-PSZ is lacking. Femoral heads made of Mg-PSZ are pres-
ently available for use in ceramic-UHMWPE articulations in
THA.

(3) Composites of Alumina and Zirconia

(A) ZTA: ZTA is a two-phase material (or composite),
consisting of fine ZrO2 particles dispersed in a dense, fine-
grained Al2O3 matrix (Fig. 13(d)). Typically, the ZrO2 particles
(often stabilized with small amounts of Y2O3) have sizes of 0.5–
1.0 mm or smaller, and make up B20 vol% of the solid. The
ZrO2 particles can have an m-phase or t-phase structure (or a
mixture of both), but the largest improvements in strength and
fracture toughness have been observed when the particles have a
t-phase structure.158–161 A critical factor is the t-ZrO2 particle
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size, determined by the composition and fabrication conditions,
to optimize the transformation toughening in ZTA.158 In the
fabricated composite, the ZrO2 particles, constrained by the
Al2O3 matrix, should have sizes below the critical value to avoid
any significant transformation from the t to m phase.

When compared with single-phase a-Al2O3, ZTA offers the
high hardness of the Al2O3 matrix, coupled with improvements
in strength and fracture toughness (Table II). Because the t-
ZrO2 particles are present within the Al2O3 matrix, the potential
for strength degradation by aging in moist environments is not
as severe as that described earlier for Y-TZP. However, for ap-
plications in total joint replacement, the concentration of Y-
TZP particles should be below the percolation limit (B16
vol%).162 This is because aging of Y-TZP occurs by a nucle-
ation and growth mechanism, starting at the surface, and so to
avoid aging, the Y-TZP particles should not form a contiguous
network. Consistent with this argument, Pecharromán et al.163

experimentally showed that aging, as measured by the amount
of t to m conversion, was almost absent in ZTA for Y-TZP
particle contents lower than B16 vol% but, above this value,
increased with increasing Y-TZP content. While data in the lit-
erature are somewhat limited, hip simulator tests indicate that
the wear rate of ZTA-on-ZTA is lower than that for Al2O3-on-
Al2O3.

164 However, aging of ZTA containing 20 wt% (14 vol%)
Y2O3-stabilized ZrO2 particles for long periods (19 months) in
Ringer’s solution was found to promote the formation of a sur-
face layer of monoclinic ZrO2, leading to anB10% reduction in
flexural strength.165 Because of this strength reduction on aging,
this ZTA material would be considered unsuitable for applica-
tions in total joint replacement.

(B) Alumina Matrix Composite (AMC): Recent re-
ports164,166,167 have described an AMC, based on the ZTA com-
position, but also including small amounts of additives such as
SrO and Cr2O3. During high-temperature fabrication, these ad-
ditives react with the Al2O3 matrix, leading to the in situ for-
mation of a small fraction of plate-like Al2O3 grains.
Toughening in this AMC results from two main mechanisms:
(1) transformation toughening due to a homogeneous distribu-
tion of fine metastable t-ZrO2 particles in the Al2O3 matrix and
(2) crack deflection at the boundaries of the plate-like Al2O3

grains. Optimization of the microstructure, by controlling the
amount of ZrO2, SrO, and Cr2O3 and the sintering conditions,
leads to the production of a material with a flexural strength
greater than 1200 MPa, a fracture toughness of 6.5 MPa �m1/2,
and a Vickers hardness number of 1975 HV. Hip joint simula-
tion testing indicates that the wear rate of AMC-on-AMC is
even lower than the values for ZTA-on-ZTA and Al2O3-on-
Al2O3.

164,168,169 Biocompatibility testing performed according to
the European standard EN 30993 further indicates that AMC is
bioinert.170 This AMC material is manufactured by Ceram Tec,
and available under the trade name Biolox

s

delta.

(4) Non-oxide Ceramics

(A) Silicon Nitride: Silicon nitride (Si3N4) ceramics have
been the subject of research and development for decades, for
high-temperature structural applications such as engines.171 Im-
provements in material characteristics and processing have re-
sulted in the production of Si3N4 ceramics with high mechanical
reliability. Dense Si3N4 fabricated by hot pressing or hot iso-
static pressing has a higher strength and hardness than Al2O3.
The production of elongated grain characteristics coupled with
control of the grain boundary chemistry can produce a combi-
nation of high fracture strength, high fracture toughness, and
steeply rising R-curve behavior.172,173 These materials are re-
ferred to as in situ toughened, because the desirable microstruc-
tural characteristics responsible for the enhanced toughness are
developed in situ by controlling the sintering conditions, instead
of adding a reinforcing phase. In situ toughened Si3N4 with
flexural strengths of B1 GPa and fracture toughness values of
10–12 MPa �m1/2 have been produced. Wear performance tests
of THA bearings fabricated from Si3N4 have been reported to
show ultra-low wear rates.174

The superior material properties of Si3N4 offer new possibil-
ities for eliminating implant failures related to UHMWPE wear
debris. Laboratory testing of Si3N4-on-Si3N4- and Si3N4-on-
CoCr-bearing couples (Fig. 15) showed wear rates that were
comparable to Al2O3-on-Al2O3 bearings.174 Biocompatibility
tests performed according to ISO 10993 indicated that Si3N4

was biocompatible and did not elicit any adverse response
in vivo.175 Previous reports also suggested that there was little
likelihood that long-term in vivo exposure to Si3N4 would result
in adverse biological reactions such as acute toxicity, chronic
toxicity, mutagenicity, allergenicity, carcinogenicity, or localized
tissue toxicity.176–180 Silicon nitride bearings, manufactured by
Amedica Corp., Salt Lake City, UT, under the trade name MC2,
are currently undergoing clinical trials for application in THA.

(B) Silicon Carbide: Dense SiC, produced by hot press-
ing or hot isostatic pressing, has a higher strength and hardness
than Al2O3, but the fracture toughness is comparable to that for
Al2O3.

181 The use of the in situ toughening approach182 has re-
sulted in the production of SiC with flexural strengths of B650
MPa and fracture toughness values of 9–10MPa �m1/2. Whereas
the in situ toughened material has attractive mechanical prop-
erties and hardness for applications as orthopedic bearings, the
corrosion and wear behavior of SiC in the physiologic environ-
ment is not known. As fabricated, the surface of SiC is covered
with an SiO2-rich layer, a few nanometers thick, produced by
oxidation. Chemical corrosion in the physiologic environment
may lead to further growth of the SiO2-rich surface layer. It has
been claimed that the SiO2-rich layer might chip off, leading to
catastrophic third-body wear and to corrosion of the exposed
region.164,183 The basis for this claim is unclear, because a similar
argument can be put forward for Si3N4, which also has an SiO2-
rich surface layer. While the effect of the oxide layer on SiC wear
is controversial, detailed surface characterization studies revealed
that the compositions of the SiO2-rich surface layers in Si3N4 and
SiC are not identical chemically.184,185 The SiO2-rich surface layer
on Si3N4 consists of a graded silicon oxynitride composition,
whereas that on the SiC surface is close to an SiO2 composition.

(5) Hard Coatings on Metals

The wear and corrosion resistance of implant bearings, partic-
ularly metals, can be improved by surface hardening or the ap-
plication of hard coatings.186,187 The methods to increase the
hardness of metallic bearings in total joints include nitrogen ion
implantation, thermal diffusion, and vapor deposition of a nit-
ride coating.188–190 Many of these innovations have not been
proved to be successful in clinical applications. Nitrogen ion
implantation increases the surface hardness and wettability.
However, the ion-implanted surface layer is less than a microm-
eter in thickness, which may wear through.191,192 Thermally
driven diffusion hardening of the metallic surface can produce a
thicker surface layer than ion implantation, but scratching and
oxidative wear are still possible.189 Vapor deposition of a tita-
nium nitride (TiN) coating can also improve the hardness and
wear of metal orthopedic bearings, but its performance under
critical stress conditions is unpredictable.193–195 A key problem
is that the coating material can fracture and chip off when sub-
jected to a stress concentration caused by wear debris between
the articulating surfaces, or by inadvertent contact with hard
components such as the metal rim of the acetabular cup, leading
to catastrophic third-body wear.183

Thin DLC coatings (a few micrometers in thickness) on metal
femoral heads (e.g., CoCr) have been investigated for orthopedic
applications, and may represent a promising avenue for improv-
ing the wear resistance of metallic bearings. Generally, DLC
coatings include a broad range of coatings with widely different
properties depending on several synthesis parameters.196 The
DLC coatings that have been investigated for THA are amor-
phous, with a low H content (o0.1 atomic %) and high purity
(499%).197–199 The degree of sp3 bonding is high (B80%), but
lower than that of diamond, in which all the bonds have the sp3

character. These amorphous diamond coatings have desirable
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properties, such as low friction, high wear and corrosion resis-
tance, and good surface-to-bone bonding, which have been
demonstrated experimentally.197 Diamond coatings also show
excellent resistance to surface abrasion.199 However, the perfor-
mance of diamond-coated bearings in the complex in vivo envi-
ronment remains unknown. Thin-film diamond-coated femoral
heads for use in THA are under development at the present time
(Diamicron, Orem, UT).200

(6) Surface Modifications of Metals

Because of the concerns regarding in vivo fracture of monolithic
ceramic bearings, and the unpredictable behavior of surface
coatings, another approach to provide a ceramic-bearing surface
without risk of catastrophic failure has been to modify the sur-
face of a metal into a ceramic. This approach has been successful
in the manufacture of modern TKA and THA bearings from a
wrought zirconium alloy (Zr–2.5% niobium) that is oxidized by
thermal diffusion to create a 5-mm oxidized zirconium layer201

(Oxinium; Smith & Nephew, Memphis, TN). The oxidized sur-
face is then polished to make the articulation as smooth as that
of a standard CoCr component. The surface oxide is a conver-
sion of the underlying metal surface into ZrO2 ceramic, and it
has excellent cohesion and adhesion compared with other sur-
face modification technologies (Fig. 16). As found for Al2O3 and
ZrO2 ceramics, oxidized zirconium also produces less wear than
metal bearings when articulating against UHMWPE because of
its superior lubrication properties, surface hardness, and relative
immunity to oxidative wear.202,203 Thus, oxidized zirconium re-
tains the advantages of a ceramic surface in terms of low fric-
tion, resistance to abrasive scratching, and immunity to
corrosive roughening, without concerns about the brittleness
of an all-ceramic component.202–205 Although its surface hard-
ness is lower than that of Al2O3,

206 favorable reduction in wear

has been demonstrated under both clean and abrasive condi-
tions with oxidized zirconium compared with CoCr.202,204

(7) Nanoceramics and Ceramic Nanocomposites

Particulate wear generated by ceramic-on-ceramic bearings can
be further reduced by using ceramics with ultrafine or nanoscale
grain sizes, or better still, by using ceramic nanocomposites. In
the present context, nanoscale ceramics are defined as ceramics
with grain sizes smaller than 50–100 nm. Ceramic nanocompos-
ites are defined as ceramic composites with more than one solid
phase, in which at least one of the phases has dimensions in the
nanoscale range (o50–100 nm). The drive toward the use of
nanoscale ceramics and ceramic nanocomposites is the improve-
ment in properties such as strength, hardness, and wear resis-
tance that they can offer. Whereas several studies have shown
that the mechanical properties of conventional ceramics, such as
strength, hardness, and wear resistance can be improved by re-
duction in grain size, particularly to the nanoscale dimen-
sion,207–210 a greater improvement can be achieved by the use
of ceramic nanocomposites.211–214 Some prototype nanocom-
posite materials suitable for prosthetic orthopedic bearings are
described below.

(A) Al2O3 Nanocomposites: Alumina nanocomposites
are being investigated for the bearings in THA and TKA be-
cause these materials have been shown to possess mechanical
properties that are often superior to those of Al2O3, such as
higher strength, hardness, wear resistance, and fracture tough-
ness. The Al2O3 nanocomposites are typically dense two-phase
materials, consisting of nanosize particles of a ceramic or metal
phase dispersed in an Al2O3 matrix. The dispersed nanoscale
phase in the composites intended for total joint surgery consists
typically of particles of a hard ceramic, such as SiC or ZrO2.
Figure 17 shows the microstructure of a dense Al2O3-Al2O3

Fig. 15. Examples of Si3N3–Si3N4- and Si3N4–CoCr-bearing couples under research and development for total hip arthroplasty and total knee
arthroplasty (courtesy of Amedica Corp.).
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nanocomposite containing 1.7 vol% ZrO2.
215 The ZrO2 nano-

particles are present at the grain boundaries as well as within the
grains. [Correction added after publication 26May 2007: Al2O3/
SiC was corrected to Al2O3-Al2O3, 5 was corrected to 1.7, SiC
was corrected to ZrO2].

(B) Al2O3/SiC Nanocomposites: The Al2O3/SiC system
has been the subject of many investigations into ceramic nano-
composites. The Young’s modulus and hardness of Al2O3/SiC
nanocomposites have been found to follow a rule of mixtures as
a function of SiC content up to 30 vol% SiC.211 For an Al2O3/5
vol% SiC nanocomposite, this leads to a hardness of 17.5 GPa
and a Young’s modulus of 405 GPa, compared with a hardness
of 17 GPa and a modulus of 400 GPa for Al2O3. The reported
data for the fracture strength and fracture toughness of Al2O3/
SiC nanocomposites are the subject of some controversy. Nii-
hara and Nakahira216 reported a fracture strength as high as 1
GPa, and a fracture toughness of 4.7 MPa �m1/2 for an Al2O3/5
vol% SiC nanocomposite, compared with values of B400 MPa
and 3 MPa �m1/2 for Al2O3. However, other researchers have
reported increases in the fracture strength of 20–80%, and more
modest increases in the fracture toughness of B20%.217

Probably the most important advantage of incorporating SiC
nanoparticles into Al2O3 is the increase in wear resistance. Mea-
surements have shown that the erosive and abrasive wear rates
of Al2O3 are substantially reduced by the addition of SiC nano-
particles.218–222 In simple wet erosion experiments, using a slurry
of Al2O3 grit in water, the wear rate of Al2O3/SiC nanocom-
posites was lower by a factor of two, when compared with Al2O3

with a similar grain size.218–221 Wear measurements under dry
sliding conditions indicated that the wear rate of Al2O3 and

Al2O3/SiC nanocomposites with an equivalent Al2O3 grain size
(2–3 mm) increased as the contact load increased. However, the
wear rates of the Al2O3/SiC nanocomposites were lower by a
factor of 3–5 at high contact loads.222 The wear rate of an
Al2O3/5 vol% SiC nanocomposite, consisting of an Al2O3 ma-
trix with submicrometer grain size (0.7 mm) and 40 nm SiC par-
ticles, was independent of the contact load and was up to two
orders of magnitude lower than that for the Al2O3 (Fig. 18).
This Al2O3/5 vol% SiC nanocomposite is worthy of further in-
vestigation for applications as bearings in THA and TKA.

(C) Al2O3/ZrO2 Nanocomposites: ZTA nanocompos-
ites, consisting of a fine-grained Al2O3 matrix and a reinforcing
phase of ZrO2 nanoparticles, have been attracting considerable
interest as an alternative ceramic-on-ceramic bearing couple for
THA and TKA. The expected benefit of the ZTA nanocom-
posites is the nanoparticle toughening, compared with Al2O3,
without the low-temperature degradation problems of stabilized
ZrO2. If the volume fraction of the ZrO2 nanoparticles in the
composite is kept below the percolation limit of B16
vol%,162,163 it is expected that the deleterious aging of ZrO2

should not occur.
Recently, ZTA nanocomposites containing up to 10 vol%

ZrO2 nanoparticles were found to suffer no deterioration of the
ZrO2 phase after more than 40 h of aging under hydrothermal
conditions at 1341C,223 indicating the stability of the composites.
The ZrO2 nanoparticles in the composite consisted of a mixture
of the monoclinic and tetragonal phases. After the aging pro-
cess, the fraction of the monoclinic and tetragonal phases re-
mained unchanged. Significant improvements in the mechanical
properties of the Al2O3 were achieved by the incorporation of

Fig. 16. (a) Schematic of the surface modification of Zr alloy to produce an oxinium-bearing surface; (b) microstructure of oxinium bearing; (c) oxinium
bearing for total knee arthroplasty; (d) Oxinium femoral head for total hip arthroplasty (courtesy of Smith and Nephew).
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the ZrO2 nanoparticles. Both the threshold for slow crack
growth and the fracture toughness of the ZTA nanocomposites
were higher than those for Al2O3. ZTA nanocomposites were
found to have a fracture toughness of 10 MPa �m1/2 and a fa-
tigue limit of 7 MPa �m1/2, compared with a fracture toughness
of 4 MPa �m1/2 and a fatigue limit of 2.5 MPa �m1/2 for Al2O3.
The wear behavior of the ZTA nanocomposites was not signif-
icantly different from that for Al2O3.

224

(D) Al2O3/TiO2 Nanocomposites: An Al2O3/TiO2 nano-
composite with high toughness, high hardness, and high wear
resistance was reported recently for potential use as the bearings
in THA and TKA.225 The materials consisted of a fine-grained
Al2O3 matrix containing 0–25 mol% nanosize TiO2 particles (50
nm). The optimum properties were obtained for composites
containing B10 mol% TiO2 nanoparticles. Nanocomposites
with this composition had a fracture toughness of 3.7
MPa �m1/2, which was B25% higher than that for the unrein-
forced Al2O3 matrix, and a Vickers hardness of 13 MPa, which
was lower than the value of B17.5 measured for the Al2O3.
However, wear testing, carried out with a ball-on-disk tribo-
meter, using Si3N4 balls and distilled water at 371C for 100 h,
showed that the wear volume of the Al2O3/TiO2 nanocomposite
was approximately five times lower than that for the Al2O3.

(E) ZrO2/Al2O3 Nanocomposites: ZrO2/Al2O3 nano-
composites with remarkable strength and fracture toughness
were reported by Nawa et al.226 and Tanaka et al.227–229 The
nanocomposites consist of a matrix of ZrO2 stabilized with 10
mol% CeO2, and doped with 0.05 mol% TiO2 referred to as Ce-
TZP, and 30 vol% of Al2O3 as a second phase. The nanocom-
posites have a fracture toughness that is four to five times that of

Al2O3, and a flexural strength that is approximately two times
the value for Al2O3. After hydrothermal treatment for 72 h at
1201C, the nanocomposites showed complete resistance to ag-
ing. The percentage of monoclinic phase in the composite (B6
vol%) was unchanged, whereas Y-TZP showed a phase trans-
formation ofB80 vol%. According to the results of pin-on-disk
wear tests, the wear rate of the Ce-TZP/Al2O3 nanocomposite
was approximately four times lower than that of Al2O3.

(F) Si3N4/SiC Nanocomposites: Based on the strength-
ening and toughening effects produced in other ceramic systems
by the formation of nanocomposites, the reinforcement of Si3N4

with SiC nanoparticles has also been investigated. The results
for this system are controversial. According to Greskovich and
Palm,230 the fracture toughness and microhardness of Si3N4/SiC
nanocomposites appeared to be independent of the volume frac-
tion of the SiC nanoparticles for volume fractions up to 30%.
On the other hand, Niihara and coworkers231–233 have claimed
that the strength and fracture toughness of Si3N4 are improved
remarkably by the addition of SiC nanoparticles.

VI. Summary and Future Directions

The ideal orthopedic bearing material in THA and TKA must
be able to withstand high cyclic loads for several decades, with-

Fig. 17. Microstructure of an Al2O3-Al2O3 nanocomposite contain-
ing 1.7 vol% ZrO2. The ZrO2 nanoparticles are seen to be present at
the grain boundaries as well as within the grains (from Chevalier
et al.215). [Correction added after publication 26 May 2007: Al2O3/SiC
was corrected to Al2O3-Al2O3, 5 was corrected to 1.7, SiC was corrected
to ZrO2].

Fig. 18. Average wear rate versus normal load for (a) unreinforced
Al2O3 (Alumina) and Al2O3 nanocomposites reinforced with 5 vol% and
20 vol% SiC particles 800 nm in size (N5-800 and N20-800, respectively),
and (b) Al2O3 nanocomposites reinforced with 20 vol% SiC nanopar-
ticles 200 nm in size (N20-200) and with 5 vol% SiC nanoparticles 40 nm
in size (from Rodrı́guez et al.222).
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out major corrosion or fretting at modular connections to metal
implants, with reliable biocompatibility and material stability
in vivo, and with low wear rates. In addition to the experimental
validation of these characteristics, clinical studies are necessary
to determine how the bearing performs in the in vivo environ-
ment, where multiple unpredictable variables can affect material
behavior.

Modern bioceramics meet or exceed many of the experimen-
tal requirements of the ideal orthopedic bearing material. The
structural and mechanical properties of bioceramics can be al-
tered drastically by changes in the composition of the raw ma-
terial, manufacturing methods, processing parameters,
implantation techniques, and engineering variables related to
orthopedic implant technology. Promising new technologies
based on non-oxide ceramics, composites of existing ceramics,
bearing surface modifications, and ceramic nanocomposites can
provide improved bioceramics for use in THA and TKA, and
contribute to the longevity of these commonly performed sur-
gical procedures. As the number of prosthetic hip and knee joint
surgery performed in the United States and overseas keeps in-
creasing, the result will be a significant reduction in healthcare
costs, as well as a reduction in pain and suffering to patients, due
to a reduction in the number of revision surgery.

Superior wear properties and bearing durability will also con-
tribute to newer designs of total hip and knee replacement im-
plants that are bone-conserving, allow greater function, and can
be implanted with less invasive surgical techniques. Improved
wear resistance has already allowed the use of large diameter
femoral heads in total hip replacement, leading to increased arc
of movement and less risk of prosthesis dislocation. Whereas
previous versions of hip resurfacing implants were prone to fail-
ures related to high wear rates, the newer versions with low wear
metal-on-metal articulations have already demonstrated im-
proved clinical outcomes. Previous experience shows that each
new material technology should be approached with caution,
and adopted only after carefully controlled clinical series can
validate the basic engineering and material science principles
associated with its manufacture.
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Two short-term (two and nine months) retrieved zirconia-toughened alumina (ZTA) femoral

heads and nine pristine femoral heads from the same manufacturer have been investigated

with respect to their surface stability by means of confocal Raman spectroscopy. Quantitative

estimations of monoclinic volume fraction have been carried out in both non-wear and main

wear zones of the retrieved heads, which invariantly showed high volume fractions of

monoclinic polymorph. In-depth (sub-surface) profiles, non-destructively collected in the main

wear zones with the Raman probe in confocal configuration, indeed confirmed that poly-

morphic transformation was extended down to 100 μm below the bearing surface of the

femoral heads. Acceleration of tetragonal-to-monoclinic transformation rate leads to unex-

pectedly high fractions of monoclinic phase within very short-term in-vivo exposures. Phase

transformation in-vivo is much more marked than what one could actually predict according to

simply simulating a hydrothermal environment in-vitro and could not be simply ascribed to the

mechanical stress fields generated during normal service at the bearing surface. Instead, the

chemical consequences of metal contamination on the ZTA femoral head surface are shown to

play the most detrimental role in phase destabilization.

& 2015 Elsevier Ltd. All rights reserved.
rved.

zotti).

http://dx.doi.org/10.1016/j.jmbbm.2015.11.032
http://dx.doi.org/10.1016/j.jmbbm.2015.11.032
http://dx.doi.org/10.1016/j.jmbbm.2015.11.032
http://dx.doi.org/10.1016/j.jmbbm.2015.11.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2015.11.032&domain=pdf
mailto:pezzotti@kit.ac.jp
http://dx.doi.org/10.1016/j.jmbbm.2015.11.032


j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 6 ( 2 0 1 6 ) 1 9 5 – 2 0 4196
1. Introduction

Oxide ceramics, especially monolithic Al2O3, have been success-
fully used in the last four decades as femoral head modular
component in total hip arthroplasty. To overcome alumina
structural problems, most of all the limited tensile strength
and high brittleness, in the year 2000, a ceramic composite made
of partially Yttrium-stabilized zirconia dispersoids embedded in
an alumina matrix (i.e., zirconia-toughened alumina, simply
referred to as ZTA, henceforth), was developed and commercia-
lized (Burger and Richter, 2000). This advanced biomaterial,
sometimes referred to as the fourth generation “alumina”
ceramics, nowadays is the most used bioceramic for hip joints.
It was conceived to combine the positive characteristics of
monolithic Al2O3 in terms of chemical stability and wear
resistance with the superior strength and toughness of partially
stabilized monolithic zirconia (ZrO2). The presence of a fraction
(i.e., �17.5 vol%) of partially Yttrium-stabilized tetragonal ZrO2

phase (Y-TZP) in the ZTAmicrostructure contributes to limit any
abnormal growth of alumina grains during sintering and intro-
duces (thermally induced) compressive stresses in the alumina
matrix that tighten its grain boundaries. In this way, thematerial
strength is enhanced with respect to that of monolithic Al2O3,
while also the fracture toughness significantly increases through
the mechanism of tetragonal-to-monoclinic (t-m) transforma-
tion, peculiar to Y-TZP. According to this toughening mechan-
ism, when a propagating crack crosses the ZTA microstructure,
tetragonal zirconia locally transforms under the highly tensile
crack-tip stress field into the monoclinic polymorph (Evans and
Heuer, 1980). Such polymorphic transformation occurs with a
volume expansion of about 4% (i.e., monoclinic ZrO2 possesses a
lower density as compared to its tetragonal polymorph), and the
locally constrained expansion shields the crack mouth and
obstructs further crack propagation. However, metastability of
the tetragonal phase, which as explained above actually repre-
sents a positive phenomenon in the toughening behavior of
ZTA, could become a problemwhen it spontaneously takes place
in-vivo at the bearing surface of the ZTA femoral head compo-
nents. The possible negative consequences could be multifold:
(i) an increasing fraction of monoclinic phase obviously reduces
the remaining fraction available to phase-transformation tough-
ening, (ii) some increase, although limited, in roughness of the
surface might take place (Chevalier et al., 2009b); (iii) strong
residual stress gradients can be introduced in the bearing surface
and along the sub-surface, which will overlap the stress fields
externally induced during service by both wear and body weight
(Pezzotti et al., 2008; Tochino et al., 2006); and, (iv) the lower
thermal conductivity of the gradually transforming monoclinic
phase at the bearing surface leads to an increasing higher
contact temperature upon frictional wear (Zhu et al., 2014).

Typically, to predict the stability of the tetragonal polymorph
in the ZTA femoral heads, materials scientists use an in-vitro
simulation in hydrothermal environment. As reported in the
published literature, this environment has a detrimental role on
the on the performance of the implants (Chevalier et al., 2009b).
However, the in-vivo destabilization of tetragonal zirconia is a
complex combination of different effects in which the long-term
hydrothermal cannot be considered as the only trigger for phase
transformation and neither can be the mechanical stress fields
generated during normal service at the bearing surface, espe-
cially in short-term retrievals. Moreover, except for the sponta-
neous in-vivo destabilization of the tetragonal zirconia, one
should consider that part of the 17.5 vol% of this polymorph
could already be transformed into the monoclinic phase prior to
femoral head implantation.

The main aim of the present research is to understand the
causes of eventual discrepancies between the amount of mono-
clinic polymorphic transformation expected during in-vitro aging
in a hydrothermal environment and the one occurring during
the in-vivo service. The amount of monoclinic volume fraction is
assessed by Raman microprobe spectroscopy. Pristine femoral
heads aged in-vitro according to the published literature
(Chevalier et al., 2009a; Pezzotti et al., 2008), will be compared
with two cases of short-term retrieval ZTA femoral heads
retrieved from dual mobility hip implants. In order to distinguish
about manufacturing quality, we quantified the “starting”mono-
clinic volume fraction, which is a key aspect for a correct
assessment of the implant performance, for three terms of
ZTA pristine femoral heads belonging to three different produc-
tion years. In the attempt to solve in-vitro/in-vivo discrepancies,
we focused our attention on the metal transfer phenomenon,
which can usually be seen in a number of retrieved femoral
heads. Described as the result of impingement against the
metallic acetabular shell following subluxation/dislocation,
smeared metal stains on ceramic femoral heads have become
a “classic” argument in the discussion of joint malfunctioning
(Kim et al., 2005; Tomek et al., 2012). However, it is still unclear
whether or not metal stain could bring any contribution to the
destabilization of the tetragonal zirconia phase. To discern this
effect from themechanical stresses that can be generated during
in-vivo service on the retrievals bearing surface, we also per-
formed Raman piezospectroscopic analyses, which are capable
to assess residual stresses in ceramic components through the
evaluation of spectral shifts of selected Raman bands (Tochino
et al., 2006; Zhu et al., 2013).
2. Experimental methods

Three series of three commercially available BIOLOXsdelta
(CeramTec GmbH, Plochingen, Germany) ceramic femoral heads
components manufactured in different years (ZTA#1, ZTA#2 and
ZTA#3) and two recently explanted retrievals from ceramic-on-
polyethylene dual mobility implants (Case A and B, respectively)
have been examined. All the details about those samples can be
found in Table 1.

Micrographs of the various surfaces were collected by the
means of a 3D laser scanning microscope (VK-X200K series,
Keyence, Osaka, Japan) using a 150x objective lens, with a
numerical aperture of 0.95. The supplied software allows the
calculation of the surface roughness according to the ISO
4287:1997.

Raman spectra were acquired with using a confocal (optical)
microprobe from different areas of the ZTA samples. All Raman
spectra were collected at room temperature using a sin-
gle monochromator (T-64000, Jobin-Ivon/Horiba Group, Kyoto,
Japan) equipped with a nitrogen-cooled 1024�256 pixels
CCD camera (CCD-3500V, Horiba Ltd., Kyoto, Japan), and ana-
lyzed by using commercially available software (Labspec, Horiba/



Table 1 – Details of studied cases.

Sample State Manufacturing year Diameter
(mm)

Implant type Surface
condition

Implantation time
(Implanted/Revised)

ZTA #1 Pristine 2009 40 / Pristine /
ZTA #2 Pristine 2011 28 / Pristine /
ZTA #3 Pristine 2014 28 / Pristine /
ZTA Case
A

Retrieval 2010 28 Active Articulation™ E1s Dual Mobility Hip
System; Biomets Orthopedics, Warsaw, IN,
USA

Pristine 9 months (08/2011–05/
2012)

ZTA Case
B

Retrieval 2010 28 Metal smear 2 months (12/2011–02/
2012)
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Jobin-Yvon, Kyoto, Japan). The excitation frequency used in the
experiment was the 488 nm blue line of an Ar-ion laser operating
with a power of 280mW. The spectrum integration time was
typically 5 s, averaging the recorded spectra over three succes-
sive measurements. A confocal configuration of the Raman
probe was adopted throughout all the experiments, using of a
100x objective lens in order to exclude photons scattered from
out-of-regions of the probe. The ZTA samples were placed on an
x–y axes motorized stage (lateral resolution of 0.1 μm), which
allowed the collection ofmaps on the surface. Moreover, through
finely tuned z-axis displacements, it was also possible to collect
maps at different depth below the bearing surfaces. Intensity
and spectral positions of selected Raman bands were obtained
upon fitting the raw collected spectra with mixed Gaussian/
Lorentzian curves. Quantitative calculations of the (local) mono-
clinic volume fractions, Vm, have been made from Raman
intensity data by using the following equation, proposed by
Katagiri et al. (1986):

Vm ¼
1
2 ðI178m þ I189m Þ

kI148t þ 1
2 ðI178m þ I189m Þ ð1Þ

where It and Im are the intensities of the tetragonal and
monoclinic bands, respectively, centered at the frequencies
given by the respective superscripts; k¼2.2 is a correcting factor
for the difference in scattering cross-section between the mono-
clinic bands (at 178 and 189 cm�1) and the tetragonal band (at
148 cm�1). In order to quantitatively evaluate the phase compo-
sition in the nine pristine ZTA heads (i.e., 3 for each year of
manufacturing), five Raman maps, each consisting of 25 spectra
(i.e., for a total of 125 spectra taken with a span of 10 μm), were
collected on the surface of each ZTA sample. Note that all
samples were kept under vacuum sealing until the Raman
measurement, so no contamination or spontaneous aging
related to long time air or humidity environment exposure
should be taken into consideration here. For in-vitro accelerated
aging of the ZTA samples, pristine femoral heads were placed
for 200 h in a conventional autoclave operating a 121 1C (under
1 bar water-vapor pressure).
3. Results

3.1. Morphology of the retrieval surfaces by scanning laser
microscopy

Both retrievals were obtained from patients who underwent
primary THA during the year 2011. As previously mentioned,
both retrievals were explanted upon revision surgeries within
1 year from the implantation date (i.e., after 2 and 9 months
for ZTA heads, henceforth referred to as Cases A and B,
respectively).

The first 28 mm head (Table 1, Case A) had a pristine surface
and showed neither macroscopic damage nor metal contam-
ination (cf. Fig. 1(a)), even at high magnification (Fig. 1(b)).
The second 28 mm head (Table 1, Case B) revealed a large black
metal smear across the surface, Fig. 1(d). The respective surface
morphologies at increased magnification and the relative
height profile laser are given in figures (b, e) and (d, f) for Cases
A, and B, respectively. The calculated values of average rough-
ness are 0.01970.003 μm for case A and 0.03470.009 μm for
case B.

3.2. Raman microscopy results

3.2.1. Raman analyses on pristine and in-vitro simulated ZTA
femoral heads
Fig. 2 shows average Raman spectra collected on the surface
of the pristine ZTA heads manufactured in different years.
The spectra are shown in the area of interest, which include
the spectral bands needed for assessing monoclinic phase
fractions according to Eq. (1). Raman bands belonging to the
monoclinic and tetragonal polymorphs are labeled as M and
T, respectively. The band located at 145 cm�1 is assigned to
the Eg vibrational mode of tetragonal ZrO2, while the doublet
located at 178 and 189 cm�1 is assigned to the AgþBg and Ag

modes of the monoclinic polymorph, respectively (Kim and
Hamaguchi, 1997; Kim et al., 1993). The Raman band of Al2O3

at �415 cm�1, as detected in ZTA, was by far less intense
than the bands belonging to the zirconia polymorphs, and is
labeled A in the spectra. The average values of calculated
monoclinic volume fractions for each ZTA head series are
plotted in Fig. 3(a) as percentages of the total ZrO2 fraction in
the material (i.e., �17.5 vol%).

The two individual terms of pristine heads from the years
2009 to 2011 (ZTA#1 and ZTA#2 in Table 1) belonged to the
same production lots. Those samples showed similar values
of monoclinic volume fraction, within the standard deviation
bar. In the case of samples from the year 2014 (ZTA#3 in
Table 1), one of the investigated femoral heads belonged to a
different production lot as compared to the other two. The
three samples show a lower value of monoclinic volume
fraction but, if we consider this single term of femoral heads,
only one sample presents a very low amount of this poly-
morph as compared to the others. This is the one that
showed the lowest monoclinic content among all the inves-
tigated samples. The standard deviations of monoclinic



Fig. 1 – Picture, micrograph and related height profiles for Case A (a,b,c) and for case B (d, e, f).
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Fig. 2 – Average Raman spectra of the pristine ZTA material
manufactured in 2009, 2011 and 2014.
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fractions within each ZTA head invariably indicate relatively
high scatter but, even considering such scatter, the low
monoclinic content of one the 2014 heads (i.e., that belonging
to a different lot) reduced the average value of the entire set
of the most recently commercialized samples. The sample
that showed an average value of the ZTA#3 series was
subjected to hydrothermal treatment. Average histograms
before and after exposure to hydrothermal environment for
200 h at 121 1C (under 1 bar water-vapor pressure), are com-
pared in Fig. 3(b).

3.2.2. Raman analyses on the retrieved femoral heads
Raman spectral mapping were collected on the retrieved
sample surfaces to compare, the monoclinic volume fraction
content of the main wear zone (MWZ) to that of the non-wear
zone (NWZ). The region selected for the NWZ was
symmetrically opposite to the MWZ. In the NWZ, no trace
of metal contamination or wear could be detected by laser
microscopy for both retrieved samples. Regarding the MWZ of
Case B, the area was almost entirely covered by the metal
smear. The Raman signal collected on the thickest part of the
metal reveals the presence of a layer of partially oxidized
titanium in its rutile polymorph (Porto et al., 1967), which
spectrum is showed in Fig. 4.

However, selecting an area only partially covered by a very
thin layer of metal we could clearly observe the Raman
signals from zirconia polymorphs (i.e., despite some hiding
effect involved with the presence of metal contamination
layer). Fig. 5(a) shows histograms of monoclinic fractions for
the MWZ and NWZ of Case A, while maps for these two zones
are shown in Fig. 5(b) and (c), respectively. Similarly, for Case
B, Fig. 5(d) shows histograms of monoclinic volume fractions,
while maps of this parameter in the MWZ and NWZ are given
in (e) and (f), respectively. The mapping experiments revealed
fractions of monoclinic phase fraction in the MWZ of both
samples. The phase transformation patterns detected for
Case B were consistent with surface topologic patterns,
including the metal stripes left on the head surface. Table 2
summarizes the Vm (average) values and relative standard
deviations as obtained from NWZ and MWZ sampling for
Cases A and B retrievals, and those from pristine ZTA heads
as manufactured in different years.

To investigate the bulk state of the retrievals, several
maps were collected on a selected area with translating the
laser focal plane from the free surface of the bearing toward
in-depth positions. Understanding the in-depth profile of
phase transformation is important, because the residual
stress gradients generated by the t-m phase transformation
profile below the sample surface might strongly accelerate
wear damage (Pezzotti et al., 2008). Maps of monoclinic
volume fraction collected at different depths under the



Fig. 4 – Raman spectrum of the metal cover founded in the
Case B retrieved femoral head.

Fig. 3 – Average values of calculated monoclinic volume fractions for each pristine ZTA head series (a) and histograms before
and after exposure to hydrothermal environment for 200 h at 121 1C (under 1 bar water-vapor pressure) of ZTA#3 (b).
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surface are showed in Fig. 6(a) and (b) for the MWZ of Cases A
and B, respectively.

The corresponding average profiles are given in Fig. 7(a). It
should be pointed out that the profiles shown in Fig. 7(a) only
give an apparent monoclinic volume fraction, since they
include a bias associated with in-depth size of the laser probe
and caused by the relatively high transparency of the ceramic
oxide phases. Such averaging effect actually leads to an
underestimation of the measured content of monoclinic
phase. However, this bias can be eliminated through a
suitable deconvolution procedure, already validated and
reported elsewhere in details (Zhu et al., 2013). Based on
experimental data, the character of the in depth function of
Vm(z) can be hypothesized as a monotonically decreasing
function of the following type:

Vm zð Þ ¼
V0

V0exp �V z�Tsð Þ½ �
0rzrTsð Þ
z4Tsð Þ

(
ð2Þ

where V0 represent the monoclinic fraction at the bearing
surface, TS is the thickness of the layer that retains the
constant V0 value, and V is an activation parameter that
depends on mechanical stress and biological environment. By
introducing the probe parameters for the ZTA material and
using an iterative best-fitting routine, one becomes able to
find the parameters that satisfy the experimentally deter-
mined Vm(z0) function, and thus to eliminate the probe bias.
In Fig. 7(b), the deconvoluted profiles are shown, as they
resulted from the above-described best-fitting computational
procedure. It appears clear that the surfaces of both retrievals
were highly transformed and the thickness in which trans-
formation took place was of �5 μm.
4. Discussion

In the last section we presented the comparison, in terms of
monoclinic volume fraction, between a pristine femoral head
before and after the in-vitro aging. The comparison reveals
that, after long-term exposure in autoclave, the content of the
monoclinic phase on the ZTA head surface was doubled.
These values are in good agreement with the already pub-
lished data (Pezzotti et al., 2008). According to previously
published activation energy data for the present ZTA material
(Chevalier et al., 2009a), 1 h in autoclave under the above
conditions approximately corresponds to �1 year in the
human body, provided that hydrothermal loading could be
considered as the only trigger of polymorphic transformation.
In other words, the expected time in-vivo, needed for doubling
the content of monoclinic polymorph at the surface of the
ZTA head by the only hydrothermal effect, should correspond
to several human lifetimes.

Regarding the retrieved case, both femoral heads belongs
to the unconstrained dual mobility hip implants, proposed by
Bousquet in France in 1976 (Guyen et al., 2009; Vielpeau et al.,
2011). This implant configuration is an alternative treatment
for the recurrent cases of hip dislocation: using a large-
inside-diameter outer metal shell and a bipolar component,
these implants were expected to provide additional bearing
support and to greatly improve the range of motion with
conspicuously eliminating impingement and the probability
of dislocation. Even though this type of implants seems
greatly reducing the dislocation rate (Vielpeau et al., 2011),
exceptional cases, like the ones presented in this paper, exist.
The Raman experiments performed on the retrieved heads
revealed quite high values of monoclinic phase fraction in the
main wear zone (MWZ) of both samples.

The retrieved Case A does not show any surface contam-
ination or roughening, after dislocations occurred, and the



Fig. 5 – Histograms of monoclinic fractions for the MWZ and NWZ and maps for these two zones for Case A (a–c) and Case
B (d–f).

Table 2 – Average content of Vm in the studied cases.

Sample Non-wear zone Vm

(%)
Main wear zone
Vm (%)

Vm Increment (%)

ZTA #1 28.772.9
ZTA #2 20.674.1
ZTA #3 17.5710.7
ZTA Case
A

28.774.1 38.375.2 33.4

ZTA Case B 31.474.2 48.173.7 53.0
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femoral head yet showed a pristine-like surface, as one would
expect it to be after only nine months of operating service but
a quite high amount of monoclinic polymorph could be found
in the selected area. The retrieved Case B, which showed a
metal smearing on the surface, has a complicated clinical
history, as already reported by McPherson and Sherif (2012).
This implant was revised after several dislocations, each time
reduced by means of a hip dislocation reduction maneuver.
At the time of the revisions, the surgeon found that the
ceramic head has completely dissociated from the polyethy-
lene liner, articulating against the inner part of the metal cup.

Looking at the clinical history of this sample (McPherson
and Sherif, 2012), we could infer that the huge black metal
smear was formed after dislocation, when the head was
articulating against the metal shell rather than on the
polyethylene acetabular cup. Raman spectroscopic data
clearly shows the formation of rutile TiO2 layer. In this case,
it should be pointed out that the implanted head worked well
even subjected to enhanced stresses, as induced by the
mechanical friction against the metal cup. As a matter of
fact, no micro-crack or grain pull-out was recorded upon
microscopy inspections. At a first glance, the amount of
tetragonal zirconia transformation seems due only to
mechanical stresses and could be viewed as positive aspect,
since the ball preserved its surface integrity.

The NWZ of both Cases experienced similar values of
monoclinic volume fraction. The Vm values obtained from the
NWZ of both retrievals were consistent with that measured
on the 2009 pristine balls (ZTA#1 series). However, owing to
the limited amount of information available here, we cannot
infer whether a substantial transformation process already
occurred even in the NWZ after such short implantation
times or whether the two ZTA heads, manufactured during
the year 2010, already presented such high fraction of mono-
clinic polymorph after the manufacturing process. In com-
parison to the NWZ, the MWZ of both femoral head retrievals
experienced an increment in monoclinic phase of about
33.4% and 53.0% for Cases A and B, respectively. Such values
are unexplainably high when extrapolations from in-vitro
hydrothermal simulations are taken as a basis for compar-
ison for such short-term exposure times.

For both cases the ZTA material experiences a process of
t-m phase transformation that proceeds from the surface
toward the bulk of the component. As seen from both maps
and profiles, a gradual decreasing of monoclinic content
could be found with increasing depth of the focal plane.
From the topological maps we can also notice that on the top
surface the monoclinic transformation patterns are highly
inhomogeneous, and so phase composition. In other words,
the bearing surface is comprehensive of “hot spots” of highly
transformed areas. In contrast, the maps at depths of 100 μm
are quite uniform even though their average Vm value is still
relatively high (cf. also Vm values in Table 1). The inhomoge-
neous distribution of monoclinic phase at the bearing surface
as compared to bulk can be helpful in understanding the
possible trigger for phase transformation, since both com-
pressive and tensile stress states can be generated.



Fig. 6 – In-depth monoclinic distribution maps of the Case A (a) and Case B (b) wear zone.

Fig. 7 – Apparent (a) and deconvoluted (b) monoclinic volume fraction in-depth profiles for case A and B.
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Residual and applied stress states at the surface of the
ZTA femoral heads are important triggers of polymorphic
transformation, having a significant impact on wear resis-
tance and, thus, on the in-vivo lifetime of the component.
Spectral shifts occur toward opposite directions with respect
to a stress-free (reference) state, when the material is sub-
jected to tensile or compressive stress states. The residual
stresses retained in ZTA upon manufacturing procedures
have been the object of deep studies, especially in the context
of the polymorphic transformation of zirconia dispersoids
(Affatato et al., 2012; Clarke et al., 2009; Ma et al., 1994;
Pezzotti, 2013). When the ZTA composite retains the zirconia
phase in its tetragonal polymorph upon cooling from sinter-
ing temperature, the thermal expansion mismatch between
zirconia and alumina phases imposes that the average
residual stress in the tetragonal phase should be tensile,
while the Al2O3 matrix should experience a residual stress of
compressive nature to balance it (Pezzotti et al., 2008). If a
fraction of zirconia transforms into the monoclinic phase
upon cooling, a strong stress state of compressive nature
develops in this phase. This is because the tetragonal poly-
morph transforms into the monoclinic one with a volume
expansion and, constrained by the surrounding alumina
phase in such expansion process, becomes trapped into a
compressive stress state. The linear rates (i.e., piezospectro-
scopic coefficients) at which an uniaxial stress influences
spectral shifts in the Raman bands located at 145 (t-ZrO2), 178
(m-ZrO2), and 415 (Al2O3) cm

�1 have precisely been calibrated
as �0.6, �0.9 and �0.76 cm�1/GPa, respectively (Tochino
et al., 2006; Zhu and Pezzotti, 2011). Note that all the above
piezospectroscopic coefficients are negative, which means
that a tensile stress field involves shifts toward lower fre-
quencies and, vice versa, compressive stresses shift all bands
toward higher frequencies. Fig. 8(a)–(c) show the variations of
the average peaks position relative to the 145 the 180 and the
415 cm�1 Raman bands, respectively, as found in the two



Fig. 8 – Variations of the average peaks position relative to the 145 (a) the 180 (b) and the 415 cm�1 (c) Raman bands,
respectively, as found in Case A and B.

Fig. 9 – Contribution given by residual stresses from tetragonal to monoclinic phase transformation to the observed shifts of
individual Raman bands (a) and comparison between the related shifts Δωhs and the average spectral shifts, Δωobs, observed in
different zones of Case A and Case B retrievals (b).
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investigated retrievals. Average spectra were obtained from
maps collected in both NWZ and MWZ at the surface and at
100 μm (indicated as MWZ and MWZ100 in the plots) in depth
of both Cases A and B retrievals, and compared with average
values collected on the surface of unused ZTA heads. By
considering as a reference for band position these latter
values, one could eliminate from the stress computation
any effect from residual stress fields piled up during manu-
facturing, with the result that only stress contributions piled
up during in-vivo service become visible. Moreover, our pre-
vious in-vitro studies of hydrothermal simulation on the same
ZTA bioceramic have elucidated the relationship between
polymorphic t-m transformation at the femoral head sur-
face and the development of residual stress fields in each
individual phase of ZTA (Pezzotti et al., 2008).

We have re-plotted in Fig. 9(a) the outputs of the above
in-vitro study, which should be considered as the contribu-
tion given by residual stresses arising from hydrothermally
driven phase transformation to the observed shifts of
individual Raman bands. Fig. 9(b) shows a comparison
between the shifts, Δωhs, related to the residual stress
induced by hydrothermal process (i.e., as obtained from
data in Fig. 9(a) through the piezospectroscopic coefficients
pertaining the individual Raman bands as described above)
and the average spectral shifts, Δωobs, observed in different
zones of the two ZTA retrievals (i.e., as obtained upon
subtraction of the standard frequencies of Raman bands
from individual phases collected on unused ZTA heads).
Fig. 9(b) presents its most striking feature in the fact that the
average frequencies retrieved for t-ZrO2 from both MWZ and
NWZ of Cases A and B are positive values. Thus, they all

should apparently represent compressive stresses of quite

high (i.e., several GPa) magnitude. Note that this is against

the established notion that in ZTA subjected to polymorphic

transformation, as observed upon in-vitro simulation, the

residual t-ZrO2 phase should undergo a tensile stress state

(cf. Fig. 9(a)). On the other hand, band shift data referring to

the monoclinic polymorph, agree with in-vitro experiments

for Case A retrieval and for the NWZ of Case B retrieval, but

they fail in predicting the piezospectroscopic behavior of

the monoclinic band in the MWZ at the surface of both

retrievals and in the depth of Case B (i.e., indicating a tensile

rather than a compressive stress field contributed by in-vivo

service). In Fig. 9(b), the behavior of the alumina vibrational

band on the entire surface of Case A and in the NWZ of Case

B points to a compressive stress field apparently in agree-

ment with in-vitro predictions, while spectral shifts collected

at the surface and in-depth zones of Case B MWZ contradict

the in-vitro predictions.
The most striking feature in our study is that the MWZ on

the Case A retrieval, which has an intact surface, present a

relative increment of monoclinic volume fraction above the

NWZ of 33.4%. Although the starting value of monoclinic

volume fraction is quite high, according to the hydrothermal

simulation data collected in-vitro, the amount of in-vivo

polymorphic transformation after only 9 months of implant

should be undetectable to our Raman probes (i.e., within the

measured standard deviation). Moreover, it is not probable

that articulation against the soft polyethylene counterpart
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could induce strong residual stress fields into the ceramic
surface.

The interpretation we give for the above discrepancy between
in-vivo data and in-vitro predictions, which prove here only
predictive for a merely hydrothermally driven surface destabili-
zation, invokes additional factors of chemical or tribological
nature to contribute the observed spectral shifts. Those aspects
obviously are not included in hydrothermal simulations in-vitro,
but might undoubtedly represent the mechanochemical severity
of the environment in which the ZTA bearing surface is
embedded in-vivo. Moreover, another aspect of our findings here
is related to the fact that the bearing counterpart of the studied
ZTA femoral heads was a polyethylene counterpart. Accordingly,
the main trigger for the abnormal amount of polymorphic
transformation, which we found taking place quickly in the
post-operative period, could not be simply ascribed to the
mechanical stress fields generated during normal service at the
bearing surface.

For what concerns the retrieved Case B, metal transfer to
ceramic femoral head surfaces has widely been reported in the
published literature (Bal et al., 2007; Eberhardt et al., 2009; Müller
et al., 2006). So far, the consequences of metal transfer toward a
ceramic femoral head have mainly been discussed in terms of
roughening of the head surface and/or increasing polyethylene
wear in total hip replacements. Müller et al. (2006) have
examined ceramic femoral heads from both alumina-on-
alumina and alumina-on-polymer pairings. All the studied
heads resulted from revision of total-hip-replaced implants with
titanium-containing acetabular components and showed metal-
lic deposit on their surface. Microscopic analyses revealed that
such deposits consisted of titanium, as a result of repeated
contacts between the femoral head and the posterior part of the
metal back. In alumina-on-alumina couples the titanium depos-
its showed a variety of roughness profiles. However, a clear
difference was common to all the hard-on-hard implants as
compared to alumina heads articulating against polyethylene:
the titanium deposited onto femoral heads during dislocation
were gradually abraded within the harder alumina-on-alumina
bearing couple during normal gait (and subsequently released
into the body by synovial fluid), while the increased surface
roughness of the femoral heads belonging to hard-on-soft
bearings damaged the polymeric acetabular inlay and increased
the wear of the bearing surface through a third-body wear
mechanism. A later report by Bal et al. (2007) also described
cases of metallic transfer to alumina, which occurred intraopera-
tively or while reducing a dislocated total hip, as the conse-
quence of femoral head contacts to the rim of the metal
acetabular shell. A relatively large number of 14 cases of
metal-stained alumina femoral heads, all retrieved from
ceramic-on-ceramic articulations, were thoroughly examined
by using electron microscopy and noncontact profilometry. The
surface roughness of metal-stained alumina heads was found
significantly greater than that of unused alumina heads, and the
focus of the discussion was placed on the enhanced surface
damage that metallic debris induced onto the alumina micro-
structure (e.g., grain detachment and surface pitting). A more
recent report by Eberhardt et al. (2009) attempted to clarify the
mechanisms behind metal staining in both CoCr and ZrO2

materials by means of in-vitro experiments. Wear simulation in
dry environment demonstrated an increase in polyethylene
wear with femoral surfaces roughened by metal transfer as
compared with control surfaces, which was consistent with
general conclusions made for lubricated wear couples (Dowson
et al., 1987; Seedhom et al., 1973). Contributions of the transfer
element to wear were equally significant for CoCr and ZrO2

femoral heads, consistent with previously published data by Kim
et al. (2005) on alumina heads. In this paper, we took a step
forward in the description of the effects of metallic debris in
hard-on-soft hip implants. Besides confirming the roughening
effect already reported by previous investigators (Bal et al., 2007;
Eberhardt et al., 2009; Müller et al., 2006), our Raman microprobe
data newly unveiled a chemical destabilization of the tetragonal
zirconia phase in ZTA materials. Note that we obtained this
result by directly monitoring the local variations in vibrational
response of the zirconia lattice.

With these evidences on the chemically driven phase
destabilization of t-ZrO2 in ZTA femoral heads, the question
now shifts on the actual environmental conditions that could
induce lattice diffusion in a ceramic phase. Hardly reached by
synovial (lubricant) fluid, “trapped” in a polymeric envelop
with very low thermal conductivity, and incapable, unlike
metal components, to internally propagate heat because of
its own low thermal conductivity, the ceramic bearing surface
might reach unexpectedly high local temperatures under the
effect of frictional forces.
5. Conclusion

Pristine and short-term retrieved ZTA femoral heads incor-
porating polyethylene acetabular cups with a dual mobility
configuration have been investigated by means of confocal
Raman spectroscopy. An analysis of polymorphic volume
fraction on the nine pristine balls, manufactured in different
years, showed a positive trend in decreasing the content of
monoclinic polymorph toward the new generation material.
However, the data also showed how difficult could be the
obtainment of a full stabilization of the tetragonal poly-
morph. In the NWZ, the retrieved samples show high value
of monoclinic volume fraction, but comparable with the
pristine balls from the same generation. Analysis of MWZ
revealed high values, contradicting any predictive in vitro
estimation for polymorphic transformation when activated
by a merely hydrothermal trigger. Polymorphic transforma-
tion also spread along the subsurface of the femoral heads for
several tens of microns [30–40 mm] below the bearing surface
of the femoral heads. Metal debris trapped in-between the
sliding surfaces involved contamination by metal ions, which
could induce structural alterations to the crystal structures of
the ZTA material, leading to an acceleration of the rate of
tetragonal-to-monoclinic transformation after quite short-
term in-vivo exposures. Piezo-spectroscopic algorithms,
applied in comparison with in-vitro exposed ZTA products,
conspicuously failed in explaining the observed spectral
shifts only in terms of residual stresses and highlighted a
contribution of chemical nature induced probably by metallic
contamination. In conclusion, crystallographic destabiliza-
tion of the ZTA bearing surfaces appeared as a more complex
phenomenon than the simple hydrothermally activates one.
For ZTA implants operating under real rather than simulated
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conditions, additional factors should be taken into account

when judging about material stability. Among those factors,

we have newly located here a chemical effect, which could

play a role even if the kinematics of the hard-on-soft joint

articulation takes place correctly.

r e f e r e n c e s

Affatato, S., Modena, E., Toni, A., Taddei, P., 2012. Retrieval
analysis of three generations of Bioloxs femoral heads:
spectroscopic and SEM characterisation. J. Mech. Behav.
Biomed. Mater. 13, 118–128.

Bal, B.S., Rahaman, M.N., Aleto, T., Miller, F.S., Traina, F., Toni, A.,
2007. The significance of metal staining on alumina femoral
heads in total hip arthroplasty. J. Arthroplast. 22, 14–19.

Burger, W., Richter, H., 2000. High strength and toughness
alumina matrix composites by transformation toughening
and ‘in situ’ platelet reinforcement (ZPTA) – the new genera-
tion of bioceramics. Key Eng. Mater. 192, 545–548.

Chevalier, J., Grandjean, S., Kuntz, M., Pezzotti, G., 2009a. On the
kinetics and impact of tetragonal to monoclinic transforma-
tion in an alumina/zirconia composite for arthroplasty appli-
cations. Biomaterials 30, 5279–5282.

Chevalier, J., Gremillard, L., Virkar, A.V., Clarke, D.R., 2009b. The
tetragonal-monoclinic transformation in zirconia: lessons
learned and future trends. J. Am. Ceram. Soc. 92, 1901–1920.

Clarke, I., Green, D., Williams, P., Kubo, K., Pezzotti, G., Lombardi, A.,
Turnbull, A., Donaldson, T., 2009. Hip-simulator wear studies of
an alumina-matrix composite (AMC) ceramic compared to
retrieval studies of AMC balls with 1–7 years follow-up. Wear
267, 702–709.

Dowson, D., Taheri, S., Wallbridge, N., 1987. The role of counter-
face imperfections in the wear of polyethylene. Wear 119,
277–293.

Eberhardt, A.W., McKee, R.T., Cuckler, J.M., Peterson, D.W., Beck, P.R.,
Lemons, J.E., 2009. Surface roughness of CoCr and ZrO2 femoral
heads with metal transfer: a retrieval and wear simulator study.
Int. J. Biomater. 2009, 185456.

Evans, A., Heuer, A., 1980. REVIEW—Transformation toughening
in ceramics: martensitic transformations in crack-tip stress
fields. J. Am. Ceram. Soc. 63, 241–248.

Guyen, O., Pibarot, V., Vaz, G., Chevillotte, C., Béjui-Hugues, J.,
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Abstract: Ceramic-on-metal (CoM) hip implants were

reported to experience lower wear rates in vitro as compared

to metal-on-metal (MoM) bearings, thus hinting metal-ion

release at lower levels in vivo. In this article, we show a

spectroscopic study of two short-term retrieval cases of

zirconia-toughened alumina (ZTA) femoral heads belonging

to CoM hip prostheses, which instead showed poor wear

performances in vivo. Metal contamination and abnormally

high fractions of tetragonal-to-monoclinic (t!m) polymorphic

transformation of the zirconia phase could be found on both

ZTA heads, which contrasted with the optimistic predictions

of in vitro experiments. At the molecular scale, incorporation

of metal ions into the ceramic lattices could be recognized as

due to frictionally assisted phenomena occurring at the

ceramic surface. Driven by abnormal friction, diffusion of

metal ions induced lattice shrinkage in the zirconia phases,

while residual stress fields became stored at the surface of

the femoral head. Diffusional alterations destabilized the

chemistry of the ceramic surface and resulted in an abnormal

increase in t!m phase transformation in vivo. Frictionally

driven metal transfer to the ceramic lattice thus hinders the

in vivo performance of CoM prostheses. VC 2016 Wiley Periodi-

cals, Inc. J Biomed Mater Res Part B: Appl Biomater 00B: 000–000,

2016.
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INTRODUCTION

In modern hip-joint arthroplasty, three different approaches,
including metal cup liners joined with metal heads (i.e.,
MoM implants),1,2 ceramic-on-ceramic hip implants (CoC),3,4

and advanced polyethylene liners coupled with metallic or
ceramic heads,5,6 have so far been pursued to minimize the
amount of wear debris released from polyethylene liners
during in vivo operation and, resolved in time, cause abnor-
mal immunological responses in portions of bone proximal
to the implanted prostheses.7

Recently, in search for better alternatives in hip bearings,
the use of ceramic-on-metal (CoM) couples was suggested in
total hip arthroplasty (THA), based on in vitro studies of wear
properties and debris morphology, in comparison with MoM
implants. This approach is, in principle, an appealing one since
it enables one to avoid the use of polyethylene and, with
claiming a substantially lower frictional coefficient, hints at

reduced levels of metal-ion release as compared to MoM bear-
ings.8 The rationale for such assertions was proved by hip
simulation tests, which revealed lower wear rates for CoM
couples than those commonly reported for MoM couples,
despite a high variance found among wear rate results pub-
lished by different research groups.8–14 Moreover, in compari-
son with MoM implants, the metal ion levels in blood (i.e., a
good surrogate marker for wear)15 released by CoM implants
were found to be lower in a clinical study.8,16 In the mean-
while, under in vitro wear-simulation test conditions of both
standard and microseparation-included protocols, Brown
et al.17 have also shown that the size of worn particles from
MoM and CoM bearings was almost the same. The concepts
behind CoM implants are thus: (i) to lower the amount of
wear as compared to MoM; (ii) to annihilate the incidence of
liner chipping as compared to CoC; and, (iii) to greatly dimin-
ish the probability of squeaking events upon impingement.
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However, while investigative studies are yet underway
to assess the real extent of these potential benefits, only
few published evidence by clinical reports are yet available
and very little is known about the actual material response
in CoM articulations when introduced in the human
body.18–27 A recent review on 56 CoM hips implanted
between 2008 and 2009 at a single hospital by a single sur-
geon showed a high early failure rate of 10.7% within a
mean of 1.5 years because of femoral stem loosening caused
by high frictional forces.22 In a double-blinded randomized
study, Schouten et al.24 compared chromium and cobalt
release in patients treated with CoM (n541) and MoM
(n5 36) bearings but found no differences, after 6 and 12
months. Such comment was also made by Engh et al. in
addition to a similar number or type of revisions comparing
CoM with MoM THAs.25 In contrast, Hill et al. reported the
presence of radiolucent lines and higher than expected lev-
els of metal ions in the blood from the study of a total of
287 CoM THAs,26 and Zeng et al. claimed that the use of a
CoM THA was clinically effective and metal ion levels were
significantly elevated at midterm follow-up.27 Because of
early failures under in vivo conditions, CoM bearings in total
hip arthroplasty could not enjoy widespread usage, but yet
a number of patients have them implanted.18,28 Therefore,
concerns about the effect of biological environment during
implantation might arise and a thorough investigation of the
failure reason is very important to improve understanding
of the in vivo conditions, thus helping to avoid future fail-
ures, with all the bad consequences for the patients, and
achieving longer and better functionality of implants.

In this article, we shall present some new spectroscopic
evidence obtained from two short-term retrieval cases of
zirconia-toughened alumina (ZTA) ceramic heads, which were
applied in vivo against metal cup liners. Raman microprobe
spectroscopy, revealed exceptionally high rates of polymor-
phic t!m transformation in the zirconia phase of the ZTA
ceramic. Unlike the superior tribological performance shown
by the same CoM implants when subjected to in vitro simula-
tion testing, severe metal contamination could be observed
in vivo for both the retrieved ceramic heads. Such contamina-
tion in turn played a role in severely altering the residual
stress state at the surface of the ceramic components, thus
triggering wear damage. We disclose a consistent degree of
in vivo chemical degradation at the ceramic bearing surface

of CoM implants, as a substantial trigger to phase instability
and surface roughness. A kind of chemical “incompatibility”
thus seems to exist between ceramic and metal bearings
when they operate in the biological environment of the
human body. The present results revealed the incompleteness
and, as far as the chemical aspects of in vitro tribological
simulation are concerned, also the inadequateness of (stand-
ard) in vitro simulation procedures.

EXPERIMENTAL PROCEDURES

Samples
In this article, two CoM implants (28-mm sized BioloxVRdelta
head, Ultamet insert, and Pinnacle Acetabular shell; manu-
factured by DePuy Orthopaedics, Warsaw, IN) were investi-
gated, which are henceforth referred to as case 1 and case
2. Both implants consisted of ZTA femoral heads (Biol-
oxVRdelta, CeramTec, Plochingen, Germany) and CoCr metallic
acetabular cups. In vivo implantation times were relatively
short for both implants (i.e., 3 and 4 years for case 1 and
case 2, respectively). The clinic information about the two
cases is shown in Table I. In case 1, a 62 years old female
underwent total hip arthroplasty with CoM bearings in Jan-
uary 2010 (primary osteoarthritis hip). Despite the fact that
the hip implant performed well during the immediate
follow-up period after surgery, 3 years after surgery the
patient developed thigh pain, start-up pain and progressive
osteolysis around femoral stem. Note that at the time of
incipient degradation, radiological exams revealed that the
metal liner was yet well fixed and stable in the acetabulum.
In the impossibility of removing the isolated metal liner
during revision surgery, the CoM prosthesis had to be
explanted in full and replaced with a conventional metal-on-
polyethylene one. In case 2, a 58-year-old female suffering
primary hip osteoarthritis, has obtained a CoM THA surgery
in January 2011. During several (early) follow-up screenings
within the first 2 years of implantation, the patient showed
a good clinical improvement. Later, however, she complained
for hip pain during the two successive years, and finally
underwent a revision surgery, in which the CoM joint was
explanted and replaced in toto with a new implant made of
a conventional polyethylene liner coupled to a metallic fem-
oral head. An important intra-operative finding was that
adverse local tissue reactions (ALTRs) with complex solid-
cystic mass were detected at greater trochanteric bursa.

TABLE I. Clinic Information of the Two CoM Cases

Sample Age (years) Sex Height (cm) Weight (kg) Implanted time (years)

Case 1 62 F 161 65 3
Case 2 58 F 156 50 4

Activity level Cup position/malposition Reason of revision

Case 1 Community ambulator Well fixed and stable Thigh pain, start-up pain, and
progressive osteolysis

Case 2 Community ambulator Well fixed and stable Hip pain
ALTRs
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Extensive literature has been published on the ZTA head
whose retrievals are the object of this study.29,30 Briefly here,
the as-received ZTA femoral head approximately consists of
80 vol % Al2O3, 17 vol % ZrO2, and 3 vol % strontium alu-
minate. For comparison, an unused ZTA femoral head
(referred to as control 0), fabricated by the same maker of
the two retrieved heads, was also investigated in this study.

Raman spectroscopy
Raman spectra were collected at room temperature by
means of a triple monochromator (T-64000, Jobin-Ivon/
Horiba Group, Kyoto, Japan) equipped with a charge-
coupled device (CCD) detector. The obtained spectra were
analyzed by commercially available software (Labspec,
Horiba/Jobin-Yvon, Kyoto, Japan). The excitation source in
the present experiments used a 532 nm Nd:YVO4 diode-
pumped solid-state laser (SOC JUNO, Showa Optronics,
Tokyo, Japan) operating with a power of 200 mW. A confo-
cal pinhole with an aperture-diameter of 100 lm was
placed in the optical circuit to shallow the probe to the
order of few microns in depth by excluding the photons
scattered from deep out-of-focus regions in the irradiated
volume. The lateral resolution of the Raman microprobe
was in the order of 1 lm. An automated sample stage was
employed, making it possible to record spectral maps at
given depths with focusing above (or below) the sample
surface, and to map spectra with high lateral resolution on
the surface of the samples. Local volume fractions of mono-
clinic zirconia polymorph were computed from the relative

intensity of selected Raman bands, according to the equa-
tion given by Katagiri et al.31

The in-depth phase-transformation profiles, collected by
translating the focal plane along subsurface regions, were
spatially deconvoluted according to a previously shown
mathematical algorithm.32 All the mathematical procedures
shown in this article were operated by means of commer-
cially available software (MATHEMATICA 9.0, Wolfram
Research, Champaign, IL).

Laser microscopy experiments
The optical morphologies of the ZTA femoral heads were
characterized in a back-scattered confocal laser microscope
(Keyence, VK-X210, Osaka, Japan). The excitation source in
the experiments used a 408-nm violet semiconductor laser
operating with an output of 0.95 mW. An objective lens
with a numerical aperture of 0.55 was used both to focus
the laser beam on the sample surface and to collect the
reflected light. Taking advantage of an automated stage,
whose movement can be controlled in xyz directions, a
three-dimensional (3D) colored image of the sample surface
can be acquired by joining the 3D profile with the optical
microscope image.

RESULTS

Optical and laser microscopy observations of ceramic
heads and metal liners
Figure 1(a–c) shows photographs of the investigated ZTA
femoral heads control 0, case 1, and case 2, respectively.

FIGURE 1. Photographs of the investigated ZTA femoral head samples: unused control 0 (a), case 1 (b), and case 2 (c). In (d), an optical image

of the surface of the control 0 sample is shown; while (e) and (f) show the CoCr liner of case 1 and case 2 implants, respectively.
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The unused sample, control 0, exhibited a finely polished
surface over its entire dome [cf. optical micrograph in Fig-
ure 1(d)]. No mechanically induced scratches were detecta-
ble upon visual inspection, except for some light abrasion
on the dome surface. In Figure 1(e,f), the metallic liners are
shown, which belonged to case 1 and case 2, respectively.
Both ZTA femoral heads belonging to cases 1 and 2 showed
severe metal staining, roughly ellipsoidal in shape, at their
surfaces, in correspondence of the respective main-wear
zones [cf. asterisk marks in Figure 1(e,f)]. However, the
metal-contaminated area was larger (i.e., by about a factor
four in surface area) in the latter retrieval. As can be recog-
nized in comparing Figure 1(b,c), both ZTA heads showed
metal contaminations outside the main-wear zone, but they
were distinctly more numerous and distributed over a
wider area in the head belonging to case 1.

According to optical microscopy observation, the non-
wear zones of both ZTA retrievals were found to retain a
microscopic surface morphology similar to the unused ZTA
head [cf. Figure 2(a,e) to be compared with control 0 in Fig-
ure 1(d)]. On the other hand, in the main-wear zones of
both the retrieved ZTA femoral heads, the ceramic surfaces
were covered by a layer of metal stain, showing a rough
surface morphology, especially in case 2 [cf. Figure 2(b,f) for

case 1 and 2, respectively]. The occurrence of a significant
amount of surface damage could also be confirmed by
observing the metallic liner counterparts in correspondence
of their main-wear zones, as shown in Figure 2(d,h) for
cases 1 and 2, respectively. On the other hand, the nonwear
zones of the metallic liners [cf. Figure 2(c, g)] displayed a
microscopic surface morphology in line with the standard
surface finishing of unused CoCr liners. Laser microscopy
was then applied to compare the surface roughness of the
ZTA ceramic samples. Figure 2(i–k) shows the histograms of
the surface roughness of the control sample, and in the
main wear and the nonwear zones of cases 1 and 2, respec-
tively. As can be seen, both retrievals show increased sur-
face roughness in the main wear zones, as respect to the
NW zones and the control one [cf. Figure 2(i–k)].

Abnormal amount of t!m transformation after
short-term in vivo exposure
Figure 3(a–c) shows Raman spectra collected at different
areas of control 0, case 1, and case 2 ZTA samples, respec-
tively. The shown spectra represent the average of maps
30 3 30 lm2, which were collected at the surface of the
investigated samples under exactly the same measurement
conditions. In the main-wear zone of the ZTA head

FIGURE 2. Optical micrographs of case 1 ZTA head NWZ (a), case 1 ZTA head MWZ (b), case 1 CoCr liner NWZ (c), case 1 CoCr liner MWZ (d),

case 2 ZTA head NWZ (e), case 2 ZTA head MWZ (f), case 2 CoCr liner NWZ (g), and case 2 CoCr liner MWZ (h). In (i), a histogram of surface

roughness of the control 0 sample is shown; while (j) and (k) show that of case 1 and case 2 retrieved balls, respectively, with the mean value of

each histogram given in inset.
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belonging to case 2, because the presence of a thicker layer
of metal contamination partially hid the ceramic surface to
laser irradiation, the overall intensity of the emitted Raman
signal was clearly weaker. For better clarity, the spectral
region between 125 and 225 cm21 for this latter Raman
measurement is shown in an enlarged intensity scale in
inset to Figure 3(c).

As a common feature, the Raman spectra always dis-
played spectral contributions from vibrational modes
belonging to both tetragonal (t-ZrO2) and monoclinic (m-
ZrO2) polymorphs of zirconia, in addition to the a-Al2O3

phase [labeled as t, m, and a, respectively, in Figure 3(a)].
The bands located at �146 and 234 cm21 belong to the Eg
and Ag modes of t-ZrO2, respectively, while the relatively
sharp doublet located at �180 and 190 cm21 arise from
the Ag 1Bg and Ag vibrational modes of m-ZrO2, respec-
tively. The relatively sharp band located at �416 cm21 orig-
inates from the A1g mode of the alumina matrix. Details
about the assignments of the observed Raman bands have
been published in previous papers for t-ZrO2, m-ZrO2, and
a-Al2O3 phases.33,34 One additional feature of the Raman
spectra could be found at wavenumbers at around
640 cm21, which represents the Zr-O stretching mode of
the tetragonal polymorph).33,35 This vibrational band should
also contain an almost overlapping contribution from the m-
ZrO2 phase, but the pronounced shoulder at around
625 cm21 belongs to the cubic polymorph of ZrO2 [cf. black
arrow and label “c” for the band spectral location, and inset

to Figure 3(b) for a deconvolution into sub-bands in the
main wear zone of case 1 sample]. According to previously
published calibration data,36 the average amounts of cubic
polymorph were in the order of 12 and 25 vol % of the
residual tetragonal fraction for the unexposed control sam-
ple and the main-wear zone of case 1 retrieval, respectively.
Besides the interesting fact that a fraction of cubic phase
seems to be already present in the as-received sample, it is
also clear that the relative intensity of the shoulder with
respect to the main band is substantially higher in retrievals
as compared to the unexposed sample. This point will be
further discussed in the later section.

From the relative intensity of tetragonal and monoclinic
Raman bands, the extent of t!m phase transformation
could be evaluated in terms of volume fraction of the trans-
formed monoclinic phase, Vm. The approach followed in this
article was the same as that suggested by Katagiri et al.,31

which consists in applying a semiempirical equation deriv-
ing the parameter, Vm, from the intensity ratio between the
monoclinic doublet at 180 and 190 cm21, and the tetrago-
nal singlet at 146 cm21. To give a quantitative character
and statistical validity to our Raman assessment of mono-
clinic fractions in different samples, spectral mapping was
extensively performed on both main-wear and nonwear
areas of the retrieved samples, in comparison with the
unused control. Figure 4 shows typical 30 3 30 lm2 maps
of monoclinic fraction, Vm, as collected with focusing the
laser probe on the sample surface. In Figure 4(a,c,e), typical

FIGURE 3. Average Raman spectra collected in the main-wear and nonwear zones of the ZTA femoral heads, control 0 (a), case 1 (b) and case 2

(c). The labels t, m, c, and a refer to the tetragonal, monoclinic, and cubic polymorphs of ZrO2, and to the corundum structure of a–Al2O3,

respectively. The inset in (b) shows a deconvolution into sub-bands from different polymorphs for the region at around 550�650 cm21 of the

same spectrum given for the main-wear zone of case 1. The inset in (c) shows a portion of the same spectrum given in the main figure for the

main-wear zone of case 2 with an amplified Raman intensity axis.
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Raman maps are shown as collected in the nonwear zone of
case 1 and case 2 ZTA heads, and at the correspondent loca-
tion on the unexposed sample (control 0), respectively. On
the other hand, in Figure 4(b,d), maps are given for the
main-wear zone of cases 1 and 2, respectively.

In correspondence to each map, the corresponding histo-
gram is also shown for the monoclinic volume fractional
data, which refers to a larger area in the same zone (i.e.,
four Raman 30 3 30 lm2 maps). Average values of Vm are
given in inset to the respective figures and summarized in
Table II with the corresponding standard deviations, 6d, for
each investigated area of each sample. As can be seen, a
well-detectable amount of monoclinic polymorph is already
present in the unused ZTA femoral head, as a consequence
of sintering and/or surface machining. The average amount
of monoclinic phase detected in the control sample was
�19.3 vol %, although at the micrometer level of our
Raman microprobe screening, the surface could locally reach
monoclinic fractions as high as 32 vol %. This feature is
clearly seen in the histogram of monoclinic fraction repre-
senting the control 0 sample [cf. Figure 4(e)]. As far as the

retrieval case 1 was concerned, a relatively high degree of
phase transformation could be found throughout the entire
femoral head, which seems to be consistent with the spread
population of surface scratches found over the entire sur-
face of this retrieval [cf. Figure 1(b)]. However, as shown in
Table II, the average content of monoclinic polymorph in
the nonwear zone scored a value �42 vol % against the
higher value �55 vol % measured in the main-wear zone.
Regarding the retrieval case 2, the main-wear zone showed

FIGURE 4. Maps of Vm as obtained on the main-wear and nonwear zones of the ZTA femoral heads belonging to cases 1 and 2. One map

obtained under exactly the same measurement conditions for the control 0 sample is also shown for comparison. The corresponding histo-

grams and cumulative fractions of monoclinic phase are plotted side by side to each map with the mean value of each histogram given in inset.

TABLE II. Average Values of Vm as Obtained from Raman

Mapping on the Nonwear and Main-Wear Zones of the Three

Samples (Geometrically Correspondent Zones Were

Measured for the Unused control 0)

Samples

Vm (%)

Nonwear Zone Main-Wear Zone

Control 0 20.4 6 6.0 18.3 6 5.8
Case 1 42.4 6 6.4 54.9 6 6.3
Case 2 25.9 6 5.3 71.6 6 4.2
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abnormally high values, with an average of Vm�72 vol %
[cf. Figure 4(d) and Table II], while the average Vm value
obtained in the nonwear zone was only slightly higher than
that recorded in the unused head [cf. Figure 4(c,e)].

Besides the fact that the values recorded on both
retrievals are abnormally high for short-term in vivo
exposed ZTA implants, it should be noted that the Vm values
measured on the surface of the studied samples only repre-
sent apparent values. This is because the Raman probe pen-
etrates into the ceramic sample and makes an in-depth
average of the measured parameter, according to the rela-
tively high transparency of oxide ceramics. In other words,
the already high Vm values shown in Figure 4 and Table II
actually underestimate the real monoclinic fractions at the
very surface of the sample. To retrieve the true phase-
transformation profiles in the studied ZTA heads, Raman
maps were collected upon gradually shifting the laser focal
plane from the sample free surface along the in-depth direc-
tion, z0. The profiles of averaged Vm obtained in the main-
wear and nonwear zones of both CoM retrieved samples are
shown in Figure 5, in comparison with that collected on the
unused sample. Despite clear differences in the recorded Vm
values, the profiles observed in all samples showed a com-
mon trend with a maximum at the sample surface and a
gradual decrease with increasing focal depth, z0. The true

(i.e., spatially deconvoluted) transformation profiles, Vm(z),
were then retrieved through a computational procedure on
the Raman experimental profiles.32 Results of the best-
fitting procedure are also drawn in Figure 5 as spatially
deconvoluted “true” profiles. In the retrieval case 1, the sub-
surface transformation profiles experienced mild decays, but
the fraction of monoclinic polymorph tended to disappear
at relatively large depths in the order of 100 lm along the
sample subsurface (i.e., to be compared with the decay in
�30 lm found for the unused sample). In the main-wear
zone of the retrieval case 2, the full fraction of tetragonal
zirconia was completely transformed into the monoclinic
polymorph in the subsurface, the ZTA head-surface being
thus entirely composed of monoclinic zirconia (and alu-
mina). However, the subsurface profile experienced a more
abrupt decay along the in-depth axis as compared to the
trend found in retrieval case 1. We shall attribute here the
origin of these different trends of in-depth phase composi-
tion between cases 1 and 2 to different mechanical interac-
tions exerted by the metallic counterpart: more diffuse and
mainly frictional in nature, but encompassing local enhance-
ments due to the repetitive action of metal asperities in the
former retrieval; caused by highly localized, repetitive, and
instantaneous forces in the latter one.

In comparison to patterns of wear-induced t!m phase
transformation that occurred in ZTA femoral heads sliding
against ceramic or polyethylene liners,32 the present CoM
couples revealed abnormal amounts of polymorphic transfor-
mation and, in some cases, they extended down to relatively
deep subsurface regions. A published in vitro study of poly-
morphic transformation in hydrothermal environment of the
same ZTA material revealed monoclinic volume fractions
�50% could only be reached after exposures of about one
hundred hours in simulated hydrothermal environment.30

Computations using an experimentally determined activation
energy value, which considers the mere action of hydrother-
mal environment on phase transformation, lead to exposure
times in the order of 102 years (i.e., at body temperature) to
reach the monoclinic levels measured in the present short-
term CoM retrievals.37 Obviously, something should be miss-
ing in matching the outputs of spectroscopic analyses for the
present CoM implants with in vitro analyses of ZTA phase
stability, which extrapolate values of surface composition in
vivo merely based upon hydrothermal effects. During in vivo
service, phase transformation for a ZTA composition with
fixed microstructural characteristics might be influenced by
additional factors, including a contact temperature presum-
ably higher than the body temperature (i.e., due to frictional
effects at local surface asperities), a chemically driven
increasingly high oxygen off-stoichiometry (i.e., exacerbated
by the high acidity of the synovial fluid of osteoarthritic
patients), and in vivo reactions with body fluid and contami-
nant ions.38,39 We shall hereafter discuss the possibility that
the abnormal surface instability observed in the ZTA femoral
heads of the present CoM retrievals might be related to the
presence of metal contaminant ions migrating from the CoCr
liner toward the ceramic surface.

FIGURE 5. Variations of monoclinic volume fraction for nonwear and

main-wear zones along the in-depth direction of the studied ZTA sam-

ples: (a) control 0 (only an average profile is shown), (b) case 1, and

(c) case 2. In each figure, the experimental profiles, Vm(z0), were

deconvoluted in space to retrieve the “true” phase-transformation

profiles, Vm(z).
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Chemically driven alterations of Raman spectral
morphology
Besides the main crystallographic evidence of an abnormally
high polymorphic t!m transformation associated with high
frictional (i.e., mechanical) triggers at the ZTA bearing sur-
face, the Raman spectra collected on retrieval samples also
revealed additional morphological features, which should
instead be related to chemical modifications of the surface
due to metal contamination. Figure 6(a,b) shows the varia-
tions of average spectral position and full width at half max-
imum (FWHM), respectively, for selected Raman bands
emitted by the main constituent phases of the investigated
ZTA femoral heads. Spectroscopic results were obtained for
both main-wear and nonwear zones, with the related stand-
ard deviations also shown in the respective plots. Compar-
ing the band-shift behavior of the investigated samples
actually leads to quite inconsistent behaviors. As can be
seen in comparing the retrieval case 1 with the unused
sample control 0, both the 146 cm21 band of t-ZrO2 and the
190 cm21 band of m-ZrO2 clearly shifted toward higher
wavenumbers in both main-wear and nonwear zones,
while the a-Al2O3 416 cm21 band shifted toward lower

wavenumber in both areas. On the other hand, a similar
comparison for the retrieval case 2 instead showed that, in
the nonwear zone, the t-ZrO2 146 cm21 band actually
shifted toward lower (i.e., rather than higher) wavenumbers,
while the spectral positions of the m-ZrO2 190 cm21 shifted
toward higher frequencies, consistent with spectra collected
on the case 1 sample. Inconsistent with what observed in
case 1, was also the spectral frequency of a-Al2O3

416 cm21 band in case 2 sample, which was altered toward
higher wavenumbers as compared to the unused control
sample. In the main-wear zone of case 2, the spectral behav-
ior was similar to the case of retrieval case 1, with the t-
ZrO2 146 cm21 and the m-ZrO2 190 cm21 bands pronoun-
cedly shifted toward higher wavenumbers, and the a-Al2O3

416 cm21 band exhibiting a shift toward lower wavenum-
bers. An additional inconsistency (not explicitly shown here
for brevity’s sake) was that the frequency shifts obtained
from the twin bands at 180 and 190 cm21 belonging to
m-ZrO2 had a different sign in the main-wear zones,
although they matched well in the nonwear zone of case 2.
Despite the above-listed discrepancies, a characteristic com-
mon to all the spectral shift data shown in Figure 6(a) was

FIGURE 6. Average (a) band spectral position and (b) FWHM for the 146 (t-ZrO2), 190 (m-ZrO2), and 416 (a-Al2O3) cm21 Raman bands in the non-

wear and main-wear zones are compared to the respective average values collected on the unused control 0 sample. The shown scattering bars

represent the standard deviations calculated for the total number of measurements in each sample/zone.
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that they were far too large for being only attributed to
residual stress fields of elastic nature. This point will be
better detailed in the following Discussion section.

As far as FWHM data are concerned, the spectroscopi-
cally measured variations of (average) bandwidth values for
the selected Raman modes showed common features both
in main-wear and nonwear zones. As can be seen from Fig-
ure 6(b), significant increases in FWHM could be found for
all bands at any measured location both in case 1 and case
2 samples, except for the nonwear zone of case 2, which
was free of metal contamination. Note that, the presence of
residual stress in a ceramic, unless a sharp stress gradient
exists within the finite probe volume, generally has a negli-
gible influence on the spectral bandidth.

Accordingly, the above body of contrasting evidence
strongly suggests that, besides crystallographic and micro-
mechanical alterations related to the polymorphic transfor-
mation of zirconia, there must be other overlapping factors
of chemical nature, which strongly alter the composition of
the ceramic bearings, and thus the morphology of the
Raman bands, during in vivo exposure.

DISCUSSION

Physical chemistry of CoM bearing surfaces
Long-term frictional sliding of a ceramic femoral head
against a ceramic acetabular counterpart generally leads to
the generation of residual stresses of a compressive (elastic)
nature on the ceramic bearings, which could reach a magni-
tude of several hundreds of MPa in long-term exposed
implants.40,41 In ZTA composites, such residual stresses
overlap those generated upon polymorphic transforma-
tion.38,42 Elastic residual stresses manifests in the Raman
spectrum as frequency shifts of selected spectral bands in
response to stress,43,44 in a similar way as we have detected
band shifts in the present Raman characterizations. How-
ever, the stress dependences of the investigated 146, 190,
and 416 cm21 bands have been quantitatively calibrated
and reported to show negative values of their stress-shift
coupling (piezo-spectroscopic, PS) coefficients (i.e., 20.6,
20.8, and 20.76 cm21/GPa, respectively). If we consider as
a reference frequency the wavenumber values collected in
the unused ball, the shifts detected in our retrieval samples
should represent the cumulative effect of in vivo loading. A
quick look at the spectral shifts plotted in Figure 6 reveals
that, in the nonwear zone of the retrieval case 2, PS calcula-
tions would indicate that the t-ZrO2 phase is subjected to a
residual stress state of a tensile nature, with the m-ZrO2

and a-Al2O3 phases being both under compression. These
trends could indeed be conceivable when compared with
the respective trends observed after hydrothermal loading
in vitro. Therefore, band-shift variations could in principle
be attributed to a residual stress state as actually originated
from t!m phase transformation (cf. Table II: higher value
of Vm with respect to the unused one). However, the same
reasoning cannot be applied to the nonwear zone of case 1,
in which PS calculations would lead to a compressive state
of stress in both the residual untransformed t-ZrO2 and the
transformed m-ZrO2 phases, with the stress field in the

a-Al2O3 phase yet remaining of a tensile nature as expected
from the high fraction of polymorphic transformation
already occurred.

In the main-wear zone of both case 1 and case 2 retriev-
als, PS calculations would result in extremely high magni-
tudes (i.e., in the order of 2 GPa) of compressive stress
stored in t-ZrO2, while tensile stress could be found in the
alumina component. These observations were contradictory
with the fact that much higher values of Vm were found in
these areas. Moreover, such unreasonably high stress magni-
tudes in t-ZrO2, and the presence in alumina of tensile
stress, instead of compressive stress, could not be explained
by the above-mentioned generation of residual compressive
stresses on the ceramic bearings due to long-term frictional
sliding of the ceramic femoral head.

Therefore, in substance, stress computations based on a
PS approach on the present data could be found in contra-
diction with notions established through in vitro experi-
ments. In other words, the variations in surface residual
stresses merely associated with t!m phase transformation
of zirconia and frictional sliding of the ceramic femoral head
cannot exhaustively explain the wavenumber shifts observed
in the retrievals with respect to the unused control.

Besides the occurrence of phase transformation in zirco-
nia during the wear process, contamination by metallic stain
was also found in correspondence of worn areas of the ZTA
head surfaces, as shown in Figure 1(b,c). To explain the
peculiar behavior of Raman band shifts as observed above,
we shall assume here that frictional wear of a ZTA femoral
head against a metal acetabular liner involved not only
phase transformation and mechanically induced (compres-
sive) stresses on the surface, but also a diffusion/transfer of
the metal ions into the ceramic material because of high
temperature in bearing surfaces under wear conditions.
Note that, in the case of CoCr liners, Co might have an ionic
valence of 21 or 31, while Cr is stable at 31. Therefore,
diffusion of Co/Cr metal ions into zirconia polymorphic
structures will result, similar to the case of Y31, in substitu-
tion of contaminant metal ions (M) for Zr41, accompanied
by the formation of negatively charged defect sites (MZr),
and oxygen vacancies (VO) for charge compensation.
Because the ionic radius of Zr41, R(Zr41)50.72 Å, is larger
than those of Cr31, R(Cr31)50.615 Å, Co21, R(Co21)50.65
Å, and Co31, R(Co31)50.545 Å, substitution of these metal
ions for Zr41 will cause distortion of the O-Zr-O angles,
shorten the bond distance, and increase the binding
strength. As a result, the incorporation of such subvalent
metal ions in the zirconia lattice should lead to large spec-
tral shifts of the Raman bands toward higher wavenumbers
for both polymorphs. The occurrence of such chemically
driven lattice distortion has an effect similar to a compres-
sive stress on the ZrO2 lattice cells. Because of the reduced
coordination number of Zr in m-ZrO2 (N5 7) with respect
to the tetragonal phase (N58), the capability for accommo-
dation of oxygen vacancies in the monoclinic zirconia phase
is greatly decreased, with the consequence that local lattice
distortions caused by the incorporation of aliovalent ions
should be even more pronounced. Accordingly, all the
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discrepancies noted above could be solved, and the appa-
rent high compressive stress magnitudes found in the ZrO2

phases belonging to heavily worn zones could find a
rationale.

Moreover, it should be noted at the outset that hetero-
ions substitutions, irrespective of differences in ionic radius
between substituting and substituted ions, always lead to
band broadening, as a consequence of local distortions asso-
ciated with the incorporation of foreign ions in the lattice.
Such broadening of the band widths of the zirconia Raman
modes have been clearly shown in Figure 6(b).

Note also that, with the incorporation of metal ions, the
zirconia phases tend to experience a lattice-cell shrinkage.
However, because of the microstructural constraints
imposed by the alumina matrix in the composite, the zirco-
nia phases can be expected to be under tensile stress.
Therefore, the occurrence of the lattice distortion of chemi-
cal nature certainly further contributes to t!m polymorphic
transformation, and thus can explain the abnormally high
degree of monoclinic polymorph found in the CoM retriev-
als; while in its absence, as in the case of the nonwear zone
of the case 2 retrieval, surface degradation proceeds slowly,
according to a merely hydrothermal trigger.

Although quantitative evaluations of solutes ion fractions
should await precise calibrations of Raman spectra upon
intentional doping of the raw powders (i.e., not yet available
in the literature for Co and Cr ions), we can qualitatively spec-
ulate here that the amount of metallic ions solved in the zirco-
nia lattice should not be of a negligible amount since the
Raman bands were subjected to significant shifts and broad-
ening, and the presence of such ions has been high enough to
allow for the stabilization of a fraction of newly formed cubic
polymorph at room temperature. According to the “chemistry”
argument, one might also solve the inconsistency in the band-
shift values retrieved from the “twins” 180 and 190 cm21

bands of m-ZrO2 as due to the different responses of Ag1Bg
and Ag vibrational modes to lattice distortions caused by
metal ion incorporation in the monoclinic lattice.

Unlike the shrinkage that the incorporation of metal
ions induces on the lattice of both zirconia polymorphs, an
alumina lattice incorporating the same ions is instead
expected to expand. In the case of a-Al2O3, R(Al

31)50.535
Å, which is smaller than R(Cr31), R(Co21), and R(Co31).
Accordingly, a lattice expansion as well as a (red) shift of
the peak position toward lower wavenumber together with
a band broadening should be expected upon incorporation
of metal ions in the alumina lattice, as confirmed by Figure
6. This would have the apparent effect of a tensile stress
state, which explains the fact that a calculation of the (appa-
rent) stress field, as deduced from PS calculations in the a-
Al2O3 phase of the nonwear zone of case 1 and the two
main-wear zones, would lead to an abnormally high magni-
tude for an elastic tensile stress field.

Considerations on the failure of CoM alternative
bearings
When monolithic alumina heads were used in CoM prosthe-
ses, metal staining was associated with surface damage and

increased surface roughness on the ceramic bearing.45 We
stressed the point here that metal contaminations in tribo-
logical environment may also trigger chemically driven
structural changes, besides the already reported generation
of metal debris. In this study, we have found abnormally
high amounts of polymorphic transformation in two short-
term ZTA femoral-head retrievals belonging to CoM
implants, accompanied by a substantial degradation of the
surface in their main-wear regions. Metal contamination
was clearly observed in ZTA femoral heads but, additionally,
also an extensive diffusional transfer of metal ions into the
lattice of ceramic phases could be detected. Unequivocal fin-
gerprints of such chemical events, taking place at the
ceramic bearing surface, were a distinct broadening and
large “chemical” shifts observed in Raman spectral bands of
the constituent phases. Unlike CoC hip prostheses, in which
only mechanically and transformation driven lattice modifi-
cations occur, chemically driven lattice distortions were
induced in CoM for both tetragonal and monoclinic zirconia
phases and alumina of ZTA heads as a consequence of a lat-
tice alteration associated with the substitution of subvalent
Co and Cr metal ions for Zr41/Al31. We believe that the
occurrence of a “wrong” chemistry between ZTA and CoCr
bearings is the main cause of abnormal phase instability at
the ceramic joint surface. From the viewpoint of long-term
life-time of an implant, the volume expansion accompanying
the phase transformation of zirconia induced by the pres-
ence of metal stains may lead to severe degradation and
cracking of the oxide and hence can limit its long term sta-
bility during usage.

However, failures associated with MoM/CoM implants
are not necessarily due to the bearing surface itself only,
but other potential reasons such as implant loosening, taper
junction failures, and infection may also play a critical
role.25,46,47 In this study, no malposition of the cups was
found since the metal liner was yet well fixed and stable in
the acetabulum. The reasons for premature failure of bear-
ing materials as third body wear, a surgeon mistake,
impaired lubrication, inappropriate clearance could be
excluded.

It is worth noting that in the current two cases, after
the THA surgery, both hip implants worked well during the
follow-up period (3 and 2 years for cases 1 and 2, respec-
tively), until pain developed (thigh pain, start-up pain in
case 1 and hip pain in case 2). Pain in patients with MoM
hip replacement may be considered as a characteristic
symptom because of the release of microparticles of metal
debris into the surrounding tissue (metallosis) or adverse
effects related to sensitivity to the metal or due to wear of
the metal surfaces as well as wear debris generated at the
taper-trunnion junction. In fact, progressive osteolysis
around femoral stem and ALTRs with complex solid-cystic
mass were found in cases 1 and 2. It has been reported that
early osteolysis in patients with the second-generation
metal-on-metal hip replacement could be associated with
abnormalities consistent with delayed-type hypersensitivity
to metal, 23 and the presence of metal staining of local tis-
sue associated with profuse synovitis and inflammatory
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bursal tissue might be suspicious for an ALTR, as confirmed
by histopathological analysis.21 Accordingly, the high rough-
ness induced by metal staining and metal incorporated into
the ceramic bearing heads is assumed to accelerate the pro-
duction of wear metal debris, which is related to the osteol-
ysis in case 1 and the ALTR in case 2, and can generate
higher than expected levels of metal ions in the blood.26,27

Despite the clear evidence provided here, the main limi-
tation of this study was a lack of preliminary calibrations of
the effect of metal dopant on Raman band shift and broad-
ening. However, in defense of the Raman approach, this
technique succeeded in characterizing the surface chemistry
of the ceramic phases where X-ray diffractometry and other
conventional characterization techniques conspicuously
failed (i.e., due to the strong signal from the metal stains),
without any sample manipulation and with no need to
remove the metallic contaminations.

CONCLUSION

In this article, Raman spectroscopy was applied to study
two short-term retrieval cases of CoM hip joint prosthesis in
comparison with one unused (control) sample. The two
retrieved implants showed different morphologies of main-
wear zone on their ZTA femoral heads: more diffusely dam-
aged and with wider areas of frictional loading in one case,
undergoing highly localized damage and grain pullout due
to repetitive and concentrated loading in the other case.
Alterations of phase composition and lattice modifications
in the constituent phases of the ZTA femoral heads
appeared both exceptionally high as compared to previously
published studies. Abnormally high rates of t!m polymor-
phic transformation in zirconia were found on worn areas,
while in-depth transformation profiles revealed large frac-
tions of m-ZrO2 phase also along the sample subsurfaces.
Incorporation of metal ions into the ceramic lattices, a
straightforward consequence of the combined effect of
metal contamination and frictional heating, could clearly be
observed, as revealed by spectral shift and broadening of
Raman bands. Diffusion of metal ions induced lattice shrink-
age in the zirconia polymorphs, stabilized a fraction of
newly formed cubic phase, and altered the mechanical equi-
librium of the ceramic phases, which ultimately disrupted
the bearing surfaces and resulted in a clear increase in sur-
face roughness.
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Abstract
Renewed attention is being paid to biomaterials used in total hip arthroplasty (THA) given the continued clinical

problems of osteolysis and aseptic loosening which result from the long-term wear of acetabular polyethylene (PE)
bearing surfaces. One advantage of using ceramic femoral heads is low PE wear presumably because of the ceramics’
bioinert behavior. However, beyond simple mechanical abrasion, marked differences have been found in the degrada-
tion of PE when coupled with different ceramic materials. This study examined the surface characteristics and perfor-
mance of oxide-based (zirconia-toughened alumina, ZTA) and non-oxide (silicon nitride, Si3N4) femoral heads. Under
articulation, ZTA femoral heads were found to release detectable amounts of oxygen from their surfaces into the tribo-
layer, which resulted in enhanced PE oxidation. In contrast, femoral heads made from Si3N4 scavenged oxygen from
the tribolayer, thereby limiting the degradation of PE. This work is the first to challenge the assumption that ceramic
materials are inherently stable in vivo, and suggests that the longevity of THA prostheses may depend on the materi-
al properties of the ceramic used during surgery. Neglecting these important physical chemistry aspects impedes the
scientific development of new materials and favors monopolistic economics in the market, leading to limited choices
for surgeons.
Keywords: ZTA, silicon nitride, polyethylene, spectroscopy, hip arthroplasty

I. Introduction
There are crucial physical chemistry characteristics of

biomaterial surfaces that directly affect their long-term
performance as artificial joints. These features actually
provide important insight to biomaterials designers for
developing better microstructures. They are important in
understanding the actual limits of presently used oxide
ceramics and whether, directly or indirectly, their sur-
face chemistry affects the in vivo lifetimes of artificial hip
joints. In contrast to the multitude of possible reasons
for premature implant failure as reported in the litera-
ture 1, 2, surface chemistry effects have been neglected. At
first glance, the surface chemistry of ceramic biomaterials
may appear to be of marginal importance. However, while
the commonly reported causes of implant failure leading
to revision surgery are usually related to design variables
that can be corrected, failures associated with intrinsic bio-
material properties are generally inescapable. If the ulti-
mate goal is a prosthetic joint (e.g., THA) that lasts for
multiple decades, then an understanding of the chemical
interaction between mating and frictional sliding surfaces

* Corresponding author: bmcentire@amedica.com

are highly relevant. In this study, non-oxide bioceramics
were identified as possessing favorable surface chemistry
that naturally protects the polyethylene-sliding counter-
surface from oxidation. A key concept in establishing this
favorable chemistry is the control of the oxygen activity at
the bioceramic surface during tribochemical loading in the
otherwise anaerobic body environment.

II. Materials and Methods

Hard-on-soft hip-simulator wear experiments were con-
ducted according to standardized procedures – ASTM
F1714 – 96 and ISO 14242:1. Ultra-high molecular weight
polyethylene (UHMWPE) acetabular liners (Apex-Link
PolyTM, OMNI Life Science, East Taunton, MA USA)
were tested in a hip simulator against Ø28 mm Si3N4
femoral heads (AMEDICA Corporation, Salt Lake City,
UT USA) and the structural characteristics of worn
femoral heads were then compared to those of pristine
specimens. The UHMWPE is a first-generation high-
ly cross-linked and annealed polyethylene. Fabricat-
ed from GUR1050 resin, it was gamma-irradiated to
78.5 kGy in inert gas and subsequently annealed in ni-
trogen at 85 – 90 °C for 24 hours. Final sterilization was
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performed in a gaseous ethylene oxide environment. The
acetabular liners were artificially aged prior to wear test-
ing according to ASTM F2003 – 02. Using this standard,
technologists induce the formation of free radicals in
UHMWPE prior to hip simulation testing 3. The hip
simulation study was performed using an AMTI 12-sta-
tion hip simulator (AMTI, Watertown, MA) at a rate of
1 Hz. Tests were carried out to a total of 5 x 106 cycles
of simulated gait. Test kinematics followed a standard
Paul curve as specified by ISO 14242 – 1. For comparison,
an oxide bioceramic hard-on-soft couple was also test-
ed under identical conditions. Hip-simulator wear was
conducted using six ArCom® UHMWPE liners (Zim-
mer/Biomet. Inc. Warsaw, IN USA) which articulated
against Ø28 mm femoral heads made of zirconia-tough-
ened alumina (ZTA; BIOLOX®delta, CeramTec GmbH,
Plochingen, Germany). ArCom® polyethylene is a con-
ventional polyethylene fabricated from GUR1050 resin
and gamma-irradiated to 33 kGy in Ar gas for its final
sterilization.

Crystallinity and oxidation profiles for the pristine lin-
ers were collected by means of Raman and infrared spec-
troscopy, respectively, and compared with data from the
tested liners. Raman spectra were recorded in a backscat-
tering configuration using a triple monochromator (T-
64000, Horiba/Jobin-Yvon, Kyoto, Japan) equipped with
a liquid-nitrogen-cooled charged-coupled device (CCD).
The excitation source was a green laser beam (532 nm)
Nd:YVO4 diode-pumped solid-state laser (SOC JUNO,
Showa Optronics Co. Ltd., Tokyo, Japan). The Raman
probe size was on the order of ∼ 1 μm in plane and ∼ 6 μm
and in depth. Crystallinity assessments were performed
according to the method introduced by Strobl and Hager-
don which utilizes a set of equations that include the
intensities of vibrational bands located at 1296, 1305,
and 1418 cm-1 from the unpolarized Raman spectra 4.
Fourier-transformed infrared spectroscopy (FT-IR) was
conducted using the imaging system Spotlight 200 (Perkin
Elmer, Waltham, Massachusetts, USA). Infrared transmis-
sion spectra of polyethylene were acquired at an aperture
size of 5 × 5 μm2. The oxidation index, OI, was calculated
from FT-IR spectra according to ASTM 2102 as the ratio
of the area under the carbonyl peak at around 1720 cm-1 to
the area under the C-H absorption peak centered around
1370 cm-1 5. Two-dimensional Raman maps 100 x 100 μm
(441 spectral measurements each) were non-destructively
collected at different focal depths in the liner’s subsurface
and average values were extracted for crystallinity frac-
tions. Two-tailed Student’s t-tests (95 % confidence level,
p < 0.05) were used to compare the population means at
different depths for the pristine sample, and for both the
wear and the non-wear zones of the in-vitro tested liners.
Crystallinity results were compared with FTIR average
data obtained at the same depths after slicing and thinning
the samples.

Cathodoluminescence (CL) spectra were acquired using
a field-emission gun scanning electron microscope (FEG-
SEM, SE-4300, Hitachi Co., Tokyo, Japan). Exactly the
same experimental conditions were applied for both the
oxide and non-oxide samples. Accelerating voltage and

beam current were fixed for all experiments at 6 kV and
180 pA, respectively. The nominal spatial resolution of
the electron beam at the sample surface was 1.5 nm. The
microscope was equipped with a CL device consisting
of an ellipsoidal mirror and a bundle of optical fibers.
These were respectively used to collect and focus the elec-
tron-stimulated luminescence emitted by the sample in-
to a high spectrally resolved monochromator (Triax 320,
Jobin-Yvon/Horiba Group, Tokyo, Japan). These spec-
tra were subsequently deconvoluted into Gaussian sub-
bands using commercially available software (Origin 9.1,
OriginLab Co., Northampton, MA USA).

III. Results
As expected, the volumetric material loss in the hip simu-

lator experiments was low for both ceramic-on-polyethy-
lene couples and consistent with previously reported da-
ta 6. However, the average volume loss for ArCom® vs.
BIOLOX®delta couples was twofold larger than that of
Apex-Link PolyTM vs. AMEDICA Si3N4 (i.e. ∼ 220 mm3

vs. ∼ 100 mm3) after 5 million cycles (Mc) principally due
to the difference in irradiation cross-linking (i.e. 33 kGy
vs. 78.5 kGy, respectively). The Raman probe detected an
increase in the average fraction of monoclinic phase in the
ZTA material after 5 Mc in the hip simulator as compared
to the pristine samples (i.e. 22 vol% both in the main-wear
and non-wear zones vs. 12 % in the pristine samples). No
difference in Raman spectra were detected in the Si3N4
femoral heads before and after hip simulation.

Fig. 1: Raman assessments of in-depth profiles of crystallinity frac-
tions for different polyethylene liners coupled with oxide and non-
oxide ceramic heads before and after 5 Mc testing in the hip simu-
lator.

Fig. 1 shows the profiles of average crystallinity non-de-
structively acquired for the in-depth direction, z, of the
liners used for the Apex-Link PolyTM/AMEDICA Si3N4
couples in the main wear zone after 5 Mc of simulator test-
ing in comparison with data collected on the pristine lin-
ers. In both plots, the crystalline phase fraction steeply
increased within the first few microns of the subsurface,
then tended to plateau. This trend is typical for a num-
ber of commercially available UHMWPE liners in which
an amorphous state of the surface is induced by mechani-
cal machining 7. It was significantly discovered that crys-
tallinity in the main wear zone of the liners which ar-
ticulated against Si3N4 femoral heads only increased by
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≤ 3 % along the subsurface as compared to pristine sam-
ples. There were only marginal differences in crystallinity
between worn and unworn regions. A comparison is al-
so given in Fig. 1 of the behavior in hip simulation of the
ArCom®/BIOLOX®delta couples tested for 5 Mc under
the same conditions. Unlike the case of non-oxide femoral
heads, in-depth Raman scanning in the main wear zone of
the ArCom® UHMWPE liners revealed significant crys-
tallization (i.e. up to 21 % higher in the first 30 μm of sub-
surface) when compared to the pristine samples.

Fig. 2: Increases in (a) average degree of crystallinity, Dac, and (b)
maximum oxidation index, DOI, as a function of in-depth abscissa,
z, after 5 Mc testing in the hip simulator. Maximum crystallinity
and average oxidation index increases at z = 5 μm are shown in the
inset.

Crystallization occurring during frictional interaction
between head and liner is ascribed to the formation of oxi-
dized species within the polymer’s microstructure. Resid-
ual free radicals are generated in the amorphous phase;
and they easily react with oxygen to form hydroperox-
ides (i.e. the first product of oxidation). Evolution to ke-
tones, carboxyl acids, and other oxidized species contain-
ing carbonyl groups is then responsible for breakage of
polyethylene chains, increased molecular mobility, and
subsequent crystallization 8, 9. This is the phenomenon
observed in this study. Indeed, this mechanism was con-
firmed after slicing the polyethylene liners and measuring

the oxidation index, OI, as a function of sample depth.
Figs. 2(a) and (b) compare average increases in crystalline
fraction, Dac, and maximum increases in oxidation index,
DOI, respectively, for the different liners as a function of
in-depth z-axis. Maximum crystallinity values and aver-
age oxidation indices in the immediate sub-surface of the
tested liners are given in the insets. These data were col-
lected for both groups of the tested liners and compared
with their corresponding pristine samples. The results sug-
gest that there is an apparent link between crystallization
of UHMWPE and the ceramic counterface. Significantly
higher crystallization and oxidation were observed in the
liners which articulated against the oxide femoral heads,
while the amount of chemical and phase changes detect-
ed due to articulation against the non-oxide ceramics was
negligible.

In gamma-irradiated polyethylene, ageing before wear
testing (i.e. a conservative condition purposely superim-
posed by the ASTM standard) favors oxidation and crys-
tallization during hip simulation 3. This is especially true
in deeper regions since gamma rays are known to induce
a concentration gradient of free-radicals with their maxi-
ma along the in-depth axis 10. This negative effect system-
atically appeared in the oxidation trends for the UHMW-
PE/ZTA couples, but it was absent in UHMWPE/Si3N4
couples. Therefore, for a similar amount of free radicals
formed by preliminary gamma-irradiation, oxygen was
promptly available to the UHMWPE structure during
testing of the oxide couples, while it was unavailable to the
non-oxide pairs.

Confirmation of this tribochemical-induced difference
between Si3N4 and ZTA femoral heads and their respec-
tive UHMWPE liners was determined using cathodolu-
minescence spectroscopy. Figs. 3(a) and (b) show laser mi-
crographs of the bearing surface of a Si3N4 femoral head
before and after hip simulation, respectively. The surface
of the pristine head contained a small fraction of open
porosity from the manufacturing process (Fig. 3(a)). Note
that this porosity was almost completely filled after simu-
lation testing (Fig. 3(b) and inset). Comparative cathodo-
luminescence analyses of the pristine and tested Si3N4
heads indicated that the porosity had been filled with sil-
ica (SiO2) glass (cf. average spectra of the main wear zone
in Fig. 3(c), (d), and (e)). While these spectra display com-
plex features which have been addressed previously 10, the
spectral area at around 630 nm is relevant to this discus-
sion. The pronounced shoulder recorded in this spectral
area for the Si3N4 samples points to the presence of an ox-
idized layer of silica-rich glass. The main emission band
for silica located at around 630 nm in Fig. 3(e) coincides
with the location of the shoulder recorded in Fig. 3(d)
for the tested Si3N4 sample. This band represents oxy-
gen-rich sites (non-bridging oxygen hole centers, NBO-
HC) 11. These spectroscopic data unequivocally demon-
strate the transfer of oxygen molecules onto the surface of
Si3N4 during simulation testing.
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Fig. 3: Laser micrograph of the surface of the Si3N4 femoral head
before (a) and after (b) testing in the hip simulator (see also enlarged
area in the inset). The outputs of cathodoluminescence analyses on
pristine and tested Si3N4 head samples are reported in (c) and (d), re-
spectively, in comparison with the cathodoluminescence spectrum
of pure silica (SiO2) glass (e). Labels are explained in the text.

Cathodoluminescence emissions from the surface of BI-
OLOX®delta femoral heads before and after testing re-
vealed an opposite trend with respect to oxygen interac-
tions at the bearing surface. Fig. 4 shows average spectra
for the cathodoluminescence emission at around 335 nm
before and after simulation testing. This band indicates the
presence of oxygen vacancies in the alumina (Al2O3) lat-
tice. Given that the emissions are proportional to the num-
ber of vacancy sites on the surface of the Al2O3 phase, the
higher intensity of the emission band after testing as com-
pared with the pristine sample verifies the release of oxy-
gen from the ZTA femoral head during tribological load-
ing.

Fig. 4: Increase in cathodoluminescence emission from oxygen va-
cancy sites at the surface of the Al2O3 phase in BIOLOX®delta
heads before and after in vitro testing.

IV. Discussion
By examining retrieved UHMWPE liners, it was demon-

strated that free radicals unavoidably form within the
polymer during in vivo use 12. Even highly cross-linked
and annealed liners (with no detectable free radicals at

the time of their implantation) showed significant oxi-
dation after as little as three years of in vivo service 13.
Remarkably, some of these explants continued to oxidize
even after their removal 14. The in vivo chemical origin
of free-radical formation in fully stabilized polyethylene
resides in the action of lipids (e.g. squalene) absorbed
from the synovial fluid 15. The unsaturated C=C bonds,
a peculiarity of the lipid molecules, quickly oxidize and
subsequently form hydroperoxides at the oxidized sites.
The hydrogen ions needed for this process are extracted
from the polyethylene chains resulting in the formation
of new free radicals. The process of lipid-driven free-radi-
cal formation in biomedical polyethylene is schematically
shown in Fig. 5(a). Note that the attack by lipids preferen-
tially starts in the amorphous phase of the polyethylene.
The high mobility of free radicals in this phase accelerates
oxidation. Enhanced crystallinity and oxidation generally
occur concurrently, (which is exactly what was observed in
Figs. 1 and 2). Oxidation generates chain scission and the
formation of polyethylene domains having lower molecu-
lar weight. These domains undergo recrystallization more
readily than the pristine UHMWPE structure. It is impor-
tant to note that oxidation of lipids will unavoidably start
as soon as oxygen molecules become available. Therefore,
degradation of the host polymer is just a matter of time
once it is exposed to the in vivo environment. As discussed
by Oral et al., this phenomenon is independent of the ef-
forts of polyethylene manufacturers to provide surgeons
with pristine acetabular liners that are absent of free rad-
icals 16. As soon as lipids interact with the polyethylene
structure and oxygen becomes available, the cascade of
events leading to free-radical formation will inescapably
begin.

To counteract the above inexorable process, biomaterials
scientists have successfully introduced the use of antioxi-
dants in biomedical polyethylene 17. Vitamin E, whose an-
ti-oxidant properties arise from the presence of an alco-
holic hydroxyl group attached to the chroman ring of the
vitamin structure, has garnered the most attention. The
alcoholic hydroxyl possesses a “sacrificial” tendency and
gives away its hydrogen to become a stabilized phenoxy
radical. The free hydrogen can therefore quickly annihilate
an in vivo formed free radical in the UHMWPE accord-
ing to a “peroxyl radical trapping” mechanism. The chem-
ical mechanism of vitamin E-activated free-radical annihi-
lation in biomedical polyethylene is schematically shown
in Fig. 5(b).

This in vitro study suggests another powerful method to
delay polyethylene oxidation in vivo – oxygen scavenging
by a Si3N4 femoral head. It is both compatible and syner-
gistic with anti-oxidant doping of polyethylene, and may
provide the same efficacy with potentially longer-term ef-
fectiveness. This mechanism is schematically depicted in
Fig. 5(c). It occurs due to the thermodynamic driving force
behind the conversion of silicon nitride to silica in accor-
dance with the following reaction:

Si3N4 +6H2O
→ 3SiO2 +4 NH3; DG = -439 kJ/mol (1)
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Fig. 5: (a) Mechanism of free-radical formation in saturated polyethylene chains in the presence of lipids; (b) beneficial effect of anti-oxidant
vitamin E on the annihilation of free radicals in polyethylene; and, (c) beneficial effect by oxygen scavenging at the Si3N4 surface in preventing
oxidation at free radical sites in polyethylene.

Amphoteric silicon oxide forms on the surface of silicon
nitride upon to its exposure to atmospheric oxygen 18; the
initial O2 chemisorption rate is rapid and saturation oc-
curs quickly. The amphoteric silica acts as an Arrhenius
acid with the fluid in the tribolayer being the correspond-
ing Arrhenius base. The surface charge depends on the
pH of the synovial fluid which in turn alters the interac-
tive solid/liquid equilibrium. A silicon oxide and oxyni-
tride layered structure ensues at the surface of Si3N4. It is
this chemical structure that traps oxygen and protects the
polyethylene from oxidation. Under frictional sliding, re-
sorbable orthosilicic acid (H4SiO4) and ammonia (NH3)
are released 19. However, the CL experiments from these
in vitro studies confirmed the reformation of silica at the
surface of the Si3N4 during tribological loading. Conse-
quently, silicon nitride acts as a sacrificial scavenger of oxy-
gen analogous to that of vitamin E scavenging free radicals.
Additionally, the formation of silicic acid at the ceramic
polymer interface may potentially lead to a reduction in
friction due to the build-up of a coherent tribochemical
lubricating film as has been demonstrated for other sili-
con nitride/polymer sliding couples 20. Note also that the
peculiar sequence of surface structures involved with oxi-
dation reactions of Si3N4 lead to the unique possibility of
tailoring its surface chemistry in order to minimize friction
and wear. This provides important flexibility in engineer-
ing the material’s microstructure to optimize its tribolog-
ical efficiency in artificial hip joints.

Finally, it could be argued that metallic femoral heads al-
so have a tendency to scavenge oxygen from the tribolay-
er by sacrificially oxidizing their surface. However, unlike
the biocompatible and resorbable release of silica and ni-

trogen from Si3N4, metal femoral heads generate discrete
debris whose solubility is known to be toxic to local tis-
sues 21. From this standpoint, Si3N4 femoral heads offer
the same advantage of metallic heads in terms of oxygen
affinity while minimizing abrasive interactions and asso-
ciated lysis within the joint capsule and surrounding soft
tissues.

V. Conclusions

Because of its unique capability of scavenging oxygen
rather than releasing it into the tribolayer, this study
demonstrated that Si3N4 is an oxygen-cleansing bioma-
terial and therefore, a polyethylene-friendly counterpart.
Conversely, oxide ceramics (e.g. alumina and ZTA) are
oxygen polluters, since they tend to release oxygen from
their surface into the tribolayer. Independent of the qual-
ity of the polyethylene liner, the use of Si3N4 may delay
the in vivo crystallization/oxidation of UHMWPE by the
same microscopic mechanisms demonstrated in these in
vitro hip simulation tests. While no synthetic biomaterial
can be fully bioinert, Si3N4 appears to offer considerable
promise in “down-regulating” some of the deleterious free
oxygen interactions associated with oxide bioceramics in
joint arthroplasty. The surface of this non-oxide material
naturally drifts towards a protective action with respect
to oxidation of UHMWPE. Its peculiar surface chemistry
coupled with advances in anti-oxidative doping might
lead to improved articulation couples which will collec-
tively contribute to achieving the desired second-to-third
decade extension in the lifetime of artificial orthopaedic
joints.
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The effect of hydrogen carbonate (HCO3
�) and cations (Na+, K+) solvated in water were revisited according

to high spectrally resolved Raman measurements. Water solutions with different bicarbonate concentra-
tions or added with increasing amounts of monovalent cations were examined with respect to their
Raman spectra both in the bulk state and at the solid/liquid interface with a silicon nitride (Si3N4) bioce-
ramic. Spectroscopic calibrations confirmed that the Raman emission from OH-stretching in water is sen-
sitive to molarity variations (in the order of tens of mM). The concentration gradient developed at the
solid/liquid interface in cation-added solutions interacting with a Si3N4 surface was measured and found
to be peculiar to individual cations. Local variation in pH was detected in ionic solutions interacting with
Si3N4 samples, which might represent a useful property for Si3N4 in a number of biomedical applications.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the physical chemistry of biological fluids and
developing improved methods for accurately monitoring their
structure and composition in different biological environments is
of crucial importance in a number of scientific fields, spanning
from cell physiology to biomaterials science. Biological water plays
a wide variety of roles in life processes, from molecules and cells to
tissues and organisms [1]. The delicate interplay between chemical
bonding, van der Waals forces, and hydrogen bonding in water
molecules is also long known to give rise to complex events,
including complete H2O dissociation, partial dissociation at defect
sites on solid surfaces, hydroxylation, and related phenomena of
structural degradation [2–4]. It is also known that water can form
complex structures with long-range order on solid surfaces, which
could remain stable up to temperatures close to the boiling point of
water [5]. Such unusually high stability in peculiar (hydroxylated)
superstructures is obviously the result of favorable structural
arrangements in conjunction with the strength of hydrogen
bonding [6]. For example, exposure of dehydroxylated alumina
bioceramics to water vapor involves partial rehydroxylation at
>320 K and partial coordination of water molecules to exposed alu-
minum ions [7], while hydroxyl groups can be stable up to temper-
atures as high as �1000 K [8]. Defect sites, different kinds of crystal
faces, and potential differences in chemical composition between
bulk and surfaces have also been shown to play an important role
in the environmental behavior of bioceramics [9–11]. All these
observations suggest that surface stoichiometry might have a
profound impact on the interaction between biomaterial surfaces
and biological environment [12–14].

As far as the presence of monovalent cations in body fluid is
concerned, an important role is played by sodium bicarbonate in
water, which promptly dissociates to form sodium (Na+) and bicar-
bonate (HCO3

�) ions. Na+ is the preponderant cation in extracellular
fluid, and its concentration might exceed normal limits in the body
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fluid of osteoarthritic patients [15,16]. Moreover, Na+ molarity
should be monitored in therapeutic treatments of fluid and elec-
trolyte disturbances and/or imbalance [17]. On the other hand,
HCO3

� is a normal constituent of body fluids and, upon accumula-
tion of a proper concentration of hydrogen ions, it becomes con-
verted into carbonic acid (H2CO3). Consequently, in the form of
volatile carbon dioxide (CO2), is excreted by the lungs [18,19].
The above examples were given to stress the importance of moni-
toring the interactions of bicarbonate anions and monovalent
cations with the structure of water in biomedical research dealing
with both tissues and synthetic biomaterial surfaces [20–25]. The
picture of such intriguing scenario is yet quite incomplete, espe-
cially at the molecular scale, and new analytical approaches should
be searched for in order to speed up our understanding.

In this paper, we present some detailed result on the morphol-
ogy of the Raman band arising from OH stretching vibrations as a
probe for the evolution of the water structure, both as an isolated
fluid and upon its interactions with the surfaces of a synthetic bio-
material. Raman spectroscopy has long proved useful in describing
the structure of water, and a number of studies have already been
published, which describe the effect of temperature [26–28], added
ions [29,30], and organic [31] solvents on the OH stretching region
of the Raman spectrum of water. However, the spectroscopic
behavior of water in this spectral region is complex and there
has been a long debate on its interpretation. Early publications of
somewhat conflicting models have described the water structure
either as a continuum of molecular geometry or as an ensemble
of definite types of water molecules in equilibrium [32–34]. Over-
coming such initial discrepancies, final evidences on the structural
assembly of water in its pure state and in presence of monovalent
cations have recently been reached [35], although precise calibra-
tions of Raman band shifts and morphology are seldom published.
This statement appears especially true with respect to finely tuned
intervals of molarity variations that occur, for example, in patho-
logical aspects of cell physiology or in detecting the subtle in vivo
chemical alterations that occur at the surface of inorganic biomate-
rials for prosthetic implants. Specifically regarding bicarbonate
ions, direct spectroscopic characterizations of this species in dilute
solutions, as it occurs in natural waters and biological fluids, are
generally difficult, because carbonate species are weak Raman
scatterers. In this study, we examine the Raman emission from
HCO3

� in dilute sodium bicarbonate solutions from slightly acidic
to alkaline pH values. In addition, through monitoring the OH-
stretching region of water, we also record the structure of water
in dilute solutions of K+ and Na+ and establish our quantitative cal-
ibrations of the intensities of selected Raman bands as a function of
concentration. A comparison with published literature data is also
offered. Moreover, applications are shown of quantitative evalua-
tions of local pH and, down to a mM scale, of Na+ and K+ concen-
tration gradients in the neighborhood of the interface between
water and a Si3N4 biomaterial. The results obtained show the use-
fulness of the OH stretching Raman response as a probe of interac-
tion and stability of inorganic biomaterial surfaces embedded in
biological environment.
2. Theoretical background

2.1. Vibrational behavior of isolated water molecules

The vibrational structure of water at the molecular scale is a key
factor to explain peculiar modifications of biological environments,
including the effect of local pH and dissolved anions or cations on
equilibrium processes. The stretching vibrations of the OH bond in
the elementary water molecule represent the basic physical cir-
cumstance, which provides us with a Raman spectroscopic probe.
Being this vibrational mode sensitive to local variation of hydrogen
bonding, it can be used as a viable tool to rationalize the structural
modifications induced by the presence of hydrated species. As bet-
ter explained in the next sub-section, the complexity assumed by
the vibrational behavior of the (otherwise simple) water molecules
when assembled to form a liquid medium (Fig. 1(a)) has been the
object of detailed experimental and theoretical studies. Note that
the normal vibrational modes of the elementary water molecule
are found to be both infrared and Raman active and the vibrational
frequencies at which they manifest are basically the same [35–43].
However, due to the difference in selection rules for the local struc-
ture of water in its liquid state, the morphology, spectral location,
and relative intensity of detected sub-bands might differ
significantly.

According to group theory, an elementary molecule of water
possesses fundamental symmetry elements that can be classified
according to the following symmetry operations: a twofold axis,
C2, associated with the symmetry operation, and two vertical
planes, rv and r0v , associated with two mirror reflections (Fig. 1
(b)). Upon adding to these symmetry operations the identity oper-
ation, E, one obtains a C2v group, whose order is 4 and contains four
species (irreducible representations). The totally symmetric spe-
cies is referred to as the A1, while the B2 species typifies one-
dimensional (non-degenerate) representations. The irreducible
representation for an isolated water molecule can then be repre-
sented, as follows:

Cirr ¼ 2A1 þ B2 ð1Þ
Each normal A1 and B2 modes are both infrared and Raman

active, the 2A1 modes including a symmetric stretching vibration
(i.e., a broad cumulative band peaking, in our study, at around
3425 cm�1) and a bending vibration at �1595 cm�1, while the B2
mode appears as an asymmetric stretching vibration at
�3755 cm�1 [36,37,44,45].

2.2. Local hydrogen-bonded networks and the Raman spectrum of
water

As previously mentioned, a broad cumulative Raman band in
liquid water is located at �3400 cm�1 and, with its distinct shoul-
ders, clearly appears to consist of several distinct and partly over-
lapping sub-bands. The shoulders to the overall Raman emission
are clearly representative of differentiated vibrational events, but
their quantitative interpretation represents a quite complex mat-
ter. This clearly contrasts with the qualitative assignments of
vibrational modes of isolated water molecules, which can
promptly be made as symmetric, asymmetric, and bending stretch-
ing vibrations, as described in the previous sub-section. From a
vibrational point of view, the origin of distinct stretching events
could spectroscopically be differentiated by invoking different
local arrangements of hydrogen bonds within the structure of liq-
uid water. The most intriguing aspect of the vibrational emission in
the OH-stretching region is indeed the possibility proved by a
number of researchers to fit the overall broad emission at
�3400 cm�1 using five Voigtian sub-bands, which characterize
the population of hydrogen bonds participating the vibration as
single, bifurcated, or trifurcated geometries.

The elucidation of the physics behind the OH-stretching behav-
ior of liquid water is following a complicated path. Starting from
the phenomenological observation of the asymmetric shape of
the Raman spectrum in the O–H stretching region, early observa-
tions by Ratcliffe and Irish [46] and by Walrafen [29] assigned a
band found at 3230–3260 cm�1 to Fermi resonance between OH
stretching and an overtone of the bending mode, the band at
3450 cm�1 to symmetric stretching, and a band located at
3630 cm�1 to asymmetric stretching of H2O as a whole. A later
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paper by Walrafen and Chu [47] assigned the band at �3250 cm�1

to the in-phase OH-stretching motions of a hydrogen-bonded
aggregate consisting of a central H2O molecule and its nearest
neighbors. These latter researchers also suggested that the sub-
band located at �3400 cm�1 should arise from OH stretching
motions, but merely from those of H2O molecules that lost their
phase relationship. Studies by Khoshtariya et al. [48–50] proposed
a deconvolution procedure that separates the O–H stretching
regions of the infrared spectra into five sub-bands. Subsequently,
by proposing a different assignment for individual species, Sun
[35] has deduced that the OH-stretching vibration is closely related
to the local hydrogen-bonded network for a water molecule, while
different OH vibrations could be assigned to OH� groups engaged
in differently structured hydrogen bonds. This latter interpretation
is the one that we have followed in this study.

As a consequence of the asymmetric charge distribution in the
water molecule, adjacent water molecules could be held together
by attractive electrostatic interactions between the partially nega-
tively charged oxygen atom of a given molecule and the partially
positively charged hydrogen atoms of adjacent molecules. In
Fig. 1(a), a structural draft of adjacent water molecules is given
with representing electrostatic interactions as broken lines. Obvi-
ously, electrostatic interactions between adjacent water molecules
are continually breaking and reforming. Therefore, liquid water
cannot possess a unique and stable structure and the Raman probe
can only detect the statistical evolution of structural features (i.e.,
considered here as merely characterized by the water chemistry).
As well as electrostatic attractions result strong enough to keep
water as a liquid (i.e., inhibiting evaporation at a much lower tem-
perature), they can also leave a clear ‘fingerprint’ in the Raman
response of liquid water. In a water dimer, which consists of two
non-equivalent water molecules, the hydrogen bonding can be
differentiated into a proton donor and a proton acceptor. With
their four major absorption bands located at 3745, 3735, 3660
and 3601 cm�1, respectively [38–43], assignments have been made
to the excitation of the symmetric and antisymmetric stretching
vibrations in the non-equivalent dimer constituents (i.e., the
Fig. 1. (a) A schematic draft of adjacent water molecules in the liquid state with their ele
water molecule with its fundamental symmetry elements (i.e., twofold axis,C2, and tw
hydrogen bonding in liquid water categorized into different clusters.
proton acceptor and proton donor molecules). Regarding trimer,
tetramer and pentamer, theoretical calculations have suggested
that they should be quasi-planar structures. In such structures
each H2O can interact with neighboring molecules by donor accep-
tor interaction [51–55]. In previous experimental Raman measure-
ments, the bonded O–H vibrations were found located at 3533,
3416 and 3360 cm�1, while free O–H vibrations were reported at
�3724 cm�1 [39,40]. It should be noted that water hexamer actu-
ally represents a transition from a cyclic to a three-dimensional
geometry [55–66]. With increasing cluster size (i.e., for a number
of clustering molecules >6), clusters should have three-
dimensional conformers [67–69]. The local hydrogen-bonded
networks for a water molecule and the hydrogen bonding are
re-drawn in Fig. 1(c) and labeled after Sun [35], as they are expected
to occur in liquid water. In a water molecule, the local hydrogen-
bonded network can be differentiated by screening the participation
of the molecule with its neighboring molecules to form hydrogen
bonds either as proton donor (D), proton acceptor (A), or their com-
binations. Accordingly, local hydrogen bonding for a water mole-
cule can be categorized into DDAA, DDA, DAA, DA, DD, AA, D and
A types (cf. Fig. 1(c)) [56–58]. The structures labeled DDAA, DDA,
DAA, and DA can be expected to be the main patterns of hydrogen
bonds in liquid water at ambient condition. On the other hand, the
structures DD and AA are not expected to form at room tempera-
ture. Fig. 1(c) helps visualize how the OH vibrations are closely
related to local hydrogen bonding for a water molecule, namely
to the interactions between a water molecule with its neighboring
molecules or to the hydrogen-bonded network in the first coordi-
nation shell of the molecule. The above structural considerations
teach us that the O–H stretching vibrations in the local hydro-
gen-bonding network can be investigated upon correctly estimat-
ing cooperative effects on hydrogen bonding. Because DD and AA
structures have slightly repulsive two-body components between
end fragments [70], they should be disfavored. Moreover, D and
A can only exist in dimers formed by two non-equivalent water
molecules, which might only be present in supercritical water.
Therefore, in the present study, it could be reasonable to ignore
ctrostatic interactions (hydrogen bonds shown as broken lines); (b) the elementary
o vertical planes, rv and r0v ) and its vibrational modes (cf. Eq. (1); and, (c) local
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D and A at ambient temperature. Accordingly, the main local
hydrogen bonds at ambient temperature can be expected to be
DDAA, DDA, DAA and DA. The important implication for the pre-
sent study is that, with adding the stretching mode of free O–H
bonds, one should find five distinct sub-bands related to the consti-
tutional clusters DDAA, DDA, DAA, DA, and free OH. Differences in
normalized Raman intensities at room temperature, as arising
upon interaction with biomaterial surfaces or alteration of physio-
logical environments should thus represent variations in the pop-
ulation of OH bonds in the local structure of the liquid. Such
differences could thus be utilized to systematically spot structural
variations of physical or chemical nature. In the remainder of this
paper, we embrace the 5-band deconvolution algorithm and
neglect any bending mode (i.e., by invoking its quite weak Raman
intensity) and, thus, the overlapping contribution of its (presum-
ably weaker) overtone in the OH-stretching region. Moreover, we
shall also neglect the contribution of anti-symmetric stretching
vibrations at around 3756 cm�1, since it has been shown that it
can be excited only under extremely strong laser powers
(i.e., >5 W) [47].

2.3. Effect of anion/cation additions on the Raman spectrum of water

In aqueous solutions, as the ions dissolve in water, water mole-
cules form hydration shells around the dissolved ions. Accordingly,
the hydrogen bond network is perturbed and also the Raman spec-
trum becomes subject to morphological alterations. When a hydro-
gen bond forms between two water molecules, electron
redistribution occurs, which increases the OH bond length, while
causing a 20-fold greater reduction in the H–O and O–O distances
[64]. Therefore, the OH-stretching vibrations are strongly influ-
enced by the hydrogen bond strength, which are in turn dictated
by both local bond structures and molecular assembly. Considering
now that the OH-stretching vibrations mainly depend on the local
formation of hydrogen-bonded networks in water molecules, and
that different OH vibrations could be assigned to various local
hydrogen-bonding structures, Raman spectra should show mor-
phological variations that resolve the structural effects of saline
solutions on the structure of water. As already mentioned, the local
hydrogen bonding refers to the interactions between a water mole-
cule with neighboring molecules or with the hydrogen-bonded
network in the first coordination shell of the molecule. Various
experimental data, as well as basic vibrational studies, consistently
suggested that high salinity should markedly lower the intensity of
lower wavenumber (<3345 cm�1) sub-bands, while raising the
intensity in the 3345–3625 cm�1 region and slightly lowering
the intensity of higher wavenumber (>3625 cm�1) sub-bands
[64–66]. At the lower frequencies, DDAA and DDA hydrogen bond-
ing clusters are the primary species that should experience alter-
ations. In comparison with bands at the lower wavenumbers
(<3345 cm�1) (i.e., DAA, DDAA), the sub-bands in the region
3345–3625 cm�1 (i.e., DDA, DA) are more closely related to donor
hydrogen bonding, while the upper-frequency (>3625 cm�1) band
simply reflects less affected free-OH vibrations. Therefore, varia-
tions in the Raman spectra of ionic solutions as compared to pure
water should reveal a breakage of tetrahedral hydrogen bonding
and the formation of donor hydrogen bonding in water, while
slightly lowering the amount of free OH bonds. There should also
be clear differences between cations and anions, for example, Na+

is supposed to weaken the hydrogen bonds of water molecules in
its vicinity, while Cl� should cause direct electronic perturbations
in the surrounding water molecules [71,72]. Sun [73] has shown
that the effects of dissolved NaCl on the structure liquid water
may be principally determined by the interaction between Na+

and water molecules. When water binds to cations, there can occur
some polarization, which actually enhances the attitude to donate
H-bonds from the coordinated water molecules. In this paper, we
shall apply these advanced structural notions and the improved
understanding of the medium-range structure of water to build
up quantitative algorithms by means of highly spectrally resolved
Raman measurements.

2.4. Vibrational behavior of isolated and clustered HCO3
�

Fig. 2(a) represents drafts of the isolated hydrogen carbonate

(HCO3
�) structure, of the structure of the ðHCO3Þ2�2 dimer, and of

the hydrated hydrogen carbonate (HCO3�3H2O). The isolated HCO3
�

ion possesses CsðrhÞ symmetry, the dimer structure the C2h, while
the hydrated hydrogen carbonate structure the C1. Note that the
isolated HCO3

� molecule cannot possess C2v symmetry because
the C–O–H bond is not linear but bent out of plane (cf. Fig. 2(a)),
unless the crude approximation of OH� group being a point mass
is made. A recent study by Rudolph et al. [74,75] has confirmed
that the C1 symmetry, which simply means no symmetry, is indeed
appropriate for HCO3

� (aq) species. Additional to the vibrational
behavior of water molecules, the Raman (and infrared) spectra of
aqueous KHCO3 solutions can experience eight distinct vibrational
modes (cf. Fig. 2(b)). Experimental Raman studies have located two
broad (and weak) modes at �634 and 673 cm�1 [75,76], which
were in turn resolved into three sub-bands (i.e., with the third
component at �630 cm�1). These modes, although close to the
CO2 bending mode, were identified as various water librational
modes by Garand et al. [77] In this high-resolution Raman study,
we could not clearly resolve the above-mentioned Raman bands
or, at least, we could not fit them with sufficient resolution. In lit-
erature, vibrational modes at �843 cm�1 and at �1015 cm�1 have
been assigned to CO3 out-of-plane rocking and C-OH stretching,
respectively [35]. The latter band which is the most intense Raman
band available in the HCO3

� spectrum, could clearly be detected in
this study, with sufficient intensity for applying to it a reliable fit-
ting procedure. For completeness, we mention also other bands
previously reported. A Raman band at �1364 cm�1 has been
related to C–O2 symmetric stretching, while its shoulder at around
1312 cm�1 has been assigned to the C-OH bending. A band located
at around 1634 cm�1 arises from C–O2 asymmetric stretching of
the anion core as well as various water bending modes. Unfortu-
nately, this latter band was completely embedded into the much
stronger OH-bending mode of bulk water, and could not be
resolved in our study. According to Ref. [75] the intensity of this
band is 1/1000 less intense than the band located at 1015 cm�1;
namely at the low concentration under investigation in the present
study its contribute can be neglected. For completeness, we also
mention a rather weak mode at 1682 cm�1, which has previously
been reported as an overtone of CO3 out-of-plane rocking [75].
Note that, besides Raman intensity, also the spectral position of
the vibrational modes at �1015, �1312, and �1364 cm�1 should
be expected to appreciably vary with ionic concentration, even
when measurements are made in dilute solutions.
3. Experimental procedures

The correlation between the Raman band intensity located at
1016 cm�1 and the concentration of HCO3

�was obtained by collect-
ing spectra from solutions of pure water containing 0, 24, 48, 72
and 96 mM of sodium bicarbonate (NaHCO3). In each solution, dif-
ferent concentrations of NaCl were added to balance the desired
concentration of Na+ (150 mM). The spectroscopic analysis was
performed immediately after the preparation of the solutions.
The effectiveness of the linear correlation between Raman
intensity and HCO3

� concentration was validated by the analysis
of the same aqueous solutions with and without 10 mM of Hepes



Fig. 2. (a) Drafts of the isolated hydrogen carbonate (HCO3
�), the structure of ðHCO3Þ2�2 dimer, and the hydrated hydrogen carbonate (HCO3�3H2O); and, (b) the eight distinct

vibrational modes of HCO3
� (aq) molecules, both Raman and infrared active.

Fig. 3. (a) Schematic draft of the CO2 bubbling experiments in situ under the laser
Raman probe; and, (b) a schematic draft of the Raman experiments at the solid/
liquid interface of Si3N4 samples.
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(buffering agent) and at different concentrations of CO2. Differ-
ences in CO2 concentration were also obtained by bubbling air at
different CO2 partial pressure (5%, 10% and 20%). The variation of
the CO2 partial pressure, and the addition of a buffer as well,
induced variation of pH and consequently of HCO3

�. With the
knowledge of pH and CO2 partial pressure, the Henderson–Hassel-
balch equation could be used to calculate HCO3

� concentrations,
which were compared with the respective values, as retrieved
using the Raman spectroscopic method. In our experiments, partial
pressure was controlled using a gas mixing system (GM 4000,
Tokai Hit Co., Shizuoka Prefecture, Japan) connected to a 100%
CO2 bomb, and the pH of each solution was continuously moni-
tored using a pH meter (Mettler Toledo SevenEasy S20-K, Sigma-
Aldrich� Co.) coupled with an electrode with built-in temperature
probe. Before each experimental session, 3-point calibrations were
performed using buffer solutions at pH of 6.86, 4.01 and 9.18. Dur-
ing CO2 bubbling in plastic test tubes and after pH stabilization, the
solutions were transferred to the laser Raman probe for spectra
acquisition using a peristaltic pump (Minipuls Evolution, Gilson.
Inc., WI, USA). A schematic of the experimental procedure is shown
in Fig. 3(a). Such an experimental protocol enabled us to assure
that the CO2 concentration in the liquid probed by the laser was
stable and equaled that contained in the test tubes, where the
pH was monitored.

All the Raman spectroscopic experiments described in this
paper were carried out in backscattering optical probe configura-
tion with using a triple monochromator (T-64000, Horiba/Jobin-
Yvon, Kyoto – Japan) equipped with liquid nitrogen-cooled charge
coupled device (CCD). The excitation source in the present experi-
ments used a 532 nm Nd:YVO4 diode-pumped solid-state laser
(SOC JUNO, Showa Optronics Co. Ltd., Tokyo, Japan) operating with
a power of 15 mW. Through all our experiments, we used a full
aperture of the confocal pinhole and employed an objective lens
with a magnification of 50�. Individual spectra were typically col-
lected within 50 s in a non-polarized configuration. The recorded
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spectra were then averaged over four successive measurements.
For each solution and each bubbling condition, the intensity of
the HCO3

� Raman band was calculated as the average of 12 mea-
surements. Spectral Raman lines were analyzed and deconvoluted
using a commercially available software package (Origin 9.1, Origi-
nLab Co., Northampton, MA, USA). Fitting was performed according
to Gaussian–Lorentzian (simply referred to as Voigtian, hence-
forth) functions after subtracting a linear baseline. Raman applica-
tive experiments at the interface of biomaterial surface immersed
in aqueous solutions were conducted using a finely polished sur-
face of a commercially available silicon nitride (Si3N4) biomaterial
(AMEDICA Corporation, Salt Lake City, UT, USA). For comparison,
one sample of this Si3N4 biomaterial was oxidized in air at
1800 �C for 6 h, in order to obtain a polished surface completely
oxidized. A schematic draft of the Raman experiments on Si3N4

samples is shown in Fig. 3(b). Also in this case Raman spectra were
typically collected in 50 s and in non-polarized configuration. The
recorded spectra were averaged over a map of 25 successive
measurements.

4. Results and discussion

4.1. Raman assessments of hydrogen carbonate concentrations

Dissociation of carbon dioxide in water and the related equilib-
rium processes involved with carbonate and bicarbonate ions are
governed by well-characterized kinetic and thermodynamic con-
stants [78–80]. Aqueous solutions of CO2 generally show a weakly
acidic pH value due to a reaction of this species with water to form
carbonic acid, as follows:

CO2ðaqÞ þH2O¢H2CO3ðaqÞ þH2O¢HCO�3 þH3O ð2Þ
The dissociation constant of this medium strong acid has been

reported as [74,75]:

KðtrueÞ1 ¼ CHþ � CHCO�3
CH2CO3

� 1:3� 10�4 ðpK ðtrueÞ1 ¼ 3:88Þ ð3Þ

where pK1 ¼ �log10K1, according to the usual formalism.
However, only �0.2% of the dissolved carbon dioxide reacts to form
H2CO3, while the remaining (preponderant) part of it dissolves as
CO2 (aq). Accordingly, CO2 solutions are generally only slightly
acidic and an apparent dissociation constant can be found,

which is about three orders of magnitude smaller than KðtrueÞ1 (i.e.,

KðappÞ1 ¼ K1 ¼ 4:45� 10�7 ðpKðappÞ1 ¼ pK1 ¼ 6:35Þ). Unlike the dissoci-
ation reaction given by Eq. (2), the successive dissociation step of
carbonic acid proceeds quite fast, as follows:

HCO�3 þH2O¢CO2�
3 þH3O

þ ð4Þ
with the dissociation constant being [74,75]:

K2 ¼
CHþ � CCO2�

3

CHCO�3
� 4:84� 10�11 ðpK2 ¼ 10:33Þ ð5Þ

Thus, the possibility of spectroscopically determining the contents
of H2CO3 (aq) and HCO3

� + H3O+ in aqueous solutions relies on the
addition of a strong base, which almost instantly neutralizes
H2CO3 (aq), while further neutralization can only take place accord-
ing to the rather slow process, CO2 þ OH�¢HCO�3 [79]. A link
between the dissociation constant and pH is provided by the so-
called Henderson–Hasselbalch equation which in the case of Eq.
(2) can be written as follows:

pH ¼ pKðappÞ1 þ log10
½HCO�3 �
½CO2�

� �
ð6Þ

where ½CO2� is the molar concentration of the dissolved ½CO2� and
½HCO�3 � is the molar concentration of the hydrogen carbonate.
The amount of the CO2 that dissolves in the water (½CO2�) for a
given pressure of carbon dioxide in solution (pCO2

) can be
calculated using the Henry’s law:

pCO2
¼ kH½CO2� ð7Þ

where kH is the Henry’s law parameter for CO2 in water, expressed
in L atm

mol . This parameter depends on the temperature of the solution
which was monitored during the CO2 bubbling experiments using
the pH meter.

We calculated the temperature-dependent kH using the Van’t
Hoff equation, as follows:

kHðTÞ ¼ kHðRTÞe �2400 1
T� 1

RTð Þ½ � ð8Þ
where kH(RT) is the Henry’s law parameter of CO2 at room temper-
ature (298.15 K), equal to 29.4 L atm

mol . In our solutions, temperatures
ranged from 290.15 to 292.15 K. Unlike speciation studies of aque-
ous solutions, which are less common in the published literature
[74,81], Raman studies of carbonates have been more frequent.
However, in several cases, they have dealt with highly concentrated
HCO3

� solutions [82] or with specific cases of hydrate carbonate
melts and anhydrous carbonate melts [82,83]. In the following part
of this sub-section, we present our own Raman spectroscopic cali-
brations of diluted HCO3

� solutions for pH intervals, which are of
specific interest in practical biological and biomedical applications.

In a study previously published by Rudolph et al. [74],
quantitative Raman spectroscopic assessments of concentrations
for equilibrium species (and then pH) in a series of KHCO3 aqueous
solutions were based on the detection of both the C-OH stretching
band located at �1016 cm�1 and the CO3

2� stretching band located
at �1066 cm�1. A series of control solutions were prepared, in
which known amounts of NH4ClO4 had purposely been dissolved.
As an internal standard, the Raman band representing ClO4

�

stretching (at �935 cm�1) was selected and, from retrieving the
relative integrated band intensity of those two probes, the relative
molar scattering coefficients (i.e., the coefficients relating the
respective Raman integrated intensities to molar concentrations)
was determined for both 1016 cm�1 and 1066 cm�1 bands. From
the knowledge of molar concentrations, pH values could then be
easily calculated, according to Eq. (6). In this study, we followed
a procedure conceptually similar to that previously given by
Rudolph et al. [74], but based on a different spectroscopic algo-
rithm. We used CO2 bubbling experiments, in order to obtain
NaHCO3 solutions containing a known amount of CO2, and we
monitored the strong C-OH stretching band at �1016 cm�1. The
relative (integrated) intensity of this band was calculated with
respect to the OH-bending band of water, which peaked at
�1627 cm�l (A1 mode), as discussed in Section 2.1. Note that the
different choice of the spectroscopic algorithm was also dictated
by the fact that, in our high spectrally resolved experiments, we
could hardly resolve the CO3

2� stretching band located at
�1066 cm�1 and, even when it could be resolved, it showed a very
weak intensity. This circumstance was in turn a consequence of
our choice of employing a triple monochromator for the Raman
experiments, which certainly provided us with high spectral reso-
lution, but also involved the restraint of a low spectral brightness.
Nevertheless, in this study, high spectral resolution was considered
as the most important prerequisite for improving the precision in
resolving bicarbonate concentration, as compared to the already
published literature. Unlike the Raman intensity of the OH-stretch-
ing band of water, which in the next sub-section we shall show to
vary with solvated molarity, the intensity of the OH-bending band
(also reported at �1595 cm�1 in high-resolution infrared spectra)
[36] experienced no detectable intensity variations as a function
of pH. In addition, we monitored the variation of this band in solu-
tions with bicarbonate concentrations ranging from 0 to 2 M, and
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found that both the peak and the integrated intensities are invari-
ant with concentration up to 0.5 M. In other words, the ion concen-
tration-dependent intensity variations of this latter band were at
least two orders of magnitude smaller than the variations of the
C-OH stretching band at �1016 cm�1, and thus assuming it as an
internal spectroscopic reference had no tangible effect on the
assessment of HCO3

� concentration.
Fig. 4(a) represents Raman spectra of bulk neat water with

different bicarbonate concentrations, including both the C-OH
stretching band at �1016 cm�1 and the OH-bending band (whose
Raman emission, as already mentioned, was detected at
�1627 cm�1). The C–O2 stretching band in the bicarbonate struc-
ture was also detected at �1364 cm�1. In the spectrum of Fig. 4
(a), the broad band at �2125 cm�1 was assigned to OH-bending
(+ libration) in water [26–29]. The intensities of all bands, IN, were
normalized to the intensity of the OH-bending band at 1627 cm�1,
which represented the strongest Raman emission in this spectral
window. In Fig. 4(b), the dependence is shown of the relative (nor-
malized) intensity, IR ¼ A1016=A1627, as a function of known NaHCO3

concentrations (a = 0, 24, 48 and 96 mM). As seen, a linear depen-
dence could be obtained with high precision upon applying a
least-square fitting routine (correlation factor, R2 = 0.987), which
indicated a slope of 3.6 � 10�3 mM�1. The entire set of experi-
ments was repeated 5 times by different operators and led to the
Fig. 4. (a) Raman spectra of bulk neat water with different bicarbonate concentra-
tions, including the C-OH stretching band at �1016 cm�1 used for molarity
assessments and the OH-bending band at �1627 cm�1 used for normalizing the
spectral emission; (b) dependence of the relative (normalized) intensity,
IR ¼ A1016=A1627, as a function of NaHCO3 concentrations, a.
same results with high reliability. The obtained linear correlation
was used to calculate hydrogen carbonate concentrations from
solutions in which CO2 was bubbled at different partial pressures.
This set of experiments at known concentration of carbon dioxide
in solution enabled us to retrieve HCO3

� concentration also using
the Henderson–Hasselbalch equation (Eq. (6)). Fig. 5(a)–(c) show
an evaluation of the consistency between the obtained Raman
results and the Henderson–Hasselbalch equation (Eq. (6)). These
additional figures show plots of HCO3

� concentration, a⁄, in bulk
water as a function of NaHCO3 concentration, a, for 5%, 10% and
20% CO2 concentrations, respectively. Two main outputs could be
obtained from the CO2 bubbling experiments, as follows: (i) the
C-OH stretching band at�1016 cm�1 was confirmed to be a precise
spectroscopic probe for HCO3

� concentration in dilute aqueous
solutions, due to the fact that the concentration values retrieved
by Raman spectroscopy could be found in agreement with those
calculated according to the Henderson–Hasselbalch equation,
independent of CO2 concentration; (ii) the relationship, a⁄ = a⁄(a),
was found to be linear in the studied interval.

In order to obtain a confirmation of the newly developed spec-
troscopic algorithm, an additional CO2-bubbling experiment was
set, in which not only increasing amounts of NaHCO3 and NaCl,
but also a constant amount of 10 mM of (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) (i.e., simply referred to as Hepes,
henceforth) was added to the aqueous solutions. Hepes, active in
the range pH = 6.8–8.2, enables maintaining a (nearly) constant
pH in the solutions despite changes in CO2 concentration [84,85].
In these additional CO2-bubbling experiments, the relative inten-
sity of the C-OH stretching band at �1016 cm�1 was monitored
as a function of HCO3

� and CO2 concentrations, while also an inde-
pendent measurement of pH was carried out by a conventional
(voltmeter-type) pH meter. Fig. 6(a)–(d) show plots of HCO3

�

molarity and pH values as a function of CO2-bubbling fraction,
which were obtained from the above-described Raman algorithm
and according to conventional pH measurements, respectively.
Measurements were repeated at different molar concentrations
of NaHCO3 and NaCl added to the solutions (cf. values in inset).
The results showed a common trend for all the molar composi-
tions, with the pH value actually (slightly) decreasing with increas-
ing CO2 fraction. Nevertheless, the values of HCO3

� molar
concentrations, as measured by Raman, and those calculated
through Eq. (6) (i.e., upon introducing the pH values obtained by
the conventional pH measurements) were in all cases very close
to each other. An experimental plot of normalized band intensity,
IR, as a function of HCO3

� molarity, a⁄, is given in Fig. 7, in
comparison with the dependence obtained through the
Henderson–Hasselbalch Eq. (6). As seen the two plots are almost
coincident, although the Raman method seems to slightly overesti-
mate the values of HCO3

� molarity as compared to conventional
measurements. Nevertheless, the differences are very small (i.e.,
leading to discrepancies ±1.5% in the molarity assessments) over
the entire studied interval and might be either associated to the
procedure of spectroscopic fitting (e.g., background subtraction in
different spectral intervals) or simply arise from inhomogeneities
of the tested solution. The plot in Fig. 7 represents a spectroscopic
calibration plot of our Raman algorithm aimed at measuring
unknown values of HCO3

� molarity. A practical example of the
use of this algorithmwill be shown in an application section shown
in the final part of this paper.

4.2. Raman assessments of monovalent cation concentrations

In our experiments, the broad cumulative band occupying the
region at 3000–3600 cm�1 of the Raman spectrum of pure water
could be fit to a degree of precision to five Voigtian sub-bands posi-
tioned at �3016, �3221, �3434, �3572, and �3636 cm�1 (Fig. 8



Fig. 5. Comparison between Raman results and computation by Henderson–Hasselbalch equation (Eq. (6)). Plots of HCO3
� concentration, a⁄, in bulk water are given as a

function of NaHCO3 concentration, a, for 5%, 10% and 20% CO2 concentrations (in (a)–(c), respectively).

Fig. 6. Plots of HCO3
�molarity and pH values as a function of CO2-bubbling fraction, as obtained from Raman experiments and according to conventional pH measurements,

respectively.
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(a)). As already mentioned, these sub-bands corresponded to DAA,
DDAA, DA, DDA, and free OH clusters, respectively (cf. Ref. [32] and
Section 2.2). The broadness of all sub-bands related to OH
stretching clearly indicates a wide population of hydrogen-bond-
ing strengths, which is indeed consistent with previously pub-
lished studies of both theoretical [86–89] and experimental [90]



Fig. 7. Experimental plot of normalized band intensity, IR , as a function of HCO3
�

molarity, a⁄, in comparison with the dependence obtained through the Henderson–
Hasselbalch Eq. (6).
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nature. Representative of local attractive interaction between
hydrogen donors and adjacent acceptors, such populations are
the consequence of either single or multiple local bonds with a
binding energy in the range between 4 and 50 kJ mol�1. Such
binding energies are much weaker than that of a covalent bond.
However, being stronger than most other intermolecular forces,
play a decisive role in both structural and dynamical behaviors of
liquid water [89]. The establishment of a physically sound decon-
volutive algorithm for the sub-bands in the OH-stretching region
ultimately leads to the attainment of (quantitative) structural
information. As stated at the outset, Raman sub-bands located at
the lower frequencies should arise from stretching modes of
strongly hydrogen bonded water molecules within the hydrogen-
bonding network, while moving toward higher frequencies, the
water molecules with less strong hydrogen bonds should con-
tribute the Raman spectrum more preponderantly [89,91–96].
Table 1 shows a comparison between the sub-band frequencies
detected in this study and those previously reported by other
researchers [91–96]. The large fluctuations found in the sub-band
frequencies reported in different papers might sound as a mental
note that the deconvolution procedure is indeed arbitrary to some
extent. The only argument we can bring up here to strengthen the
rationale for our deconvolution procedure is that our initial choice
of deconvoluted sub-band frequencies was based on a, in our opin-
ion, convincing theoretical frame, including vibrational couplings
of different OH groups interacting each other (i.e., the values
reported by Sun [91] as listed in Table 1).

Specifically regarding the emission from DDAA clusters, we con-
sidered that this sub-band, located at �3221 cm�1, experienced an
Table 1
Comparison between the sub-band frequencies detected in the OH-stretching region
of bulk water in this study and those previously reported by other researchers [91–
96].

Sub-band
denomination

Sub-band spectral location (cm�1)

Ref.
[95]

Ref.
[96]

Ref.
[97]

Ref.
[98]

Ref.
[99]

Ref.
[100]

This
work

Band 1 3041 3215 3215 3250 3051 3050 3016
Band 2 3232 3400 3375 3385 3233 3224 3221
Band 3 3430 3455 3455 3441 3393 3396 3429
Band 4 3557 3545 3535 3473 3511 3513 3572
Band 5 3635 3635 3640 3613 3628 3632 3636
intermediate behavior. This sub-band was primarily attributed to
the O–H bonds of threefold-coordinated DDA molecules, but could
also be contributed by strongly hydrogen bonded fourfold-coordi-
nated species. Addition of solutes to neat water or the presence of a
water–solid interface might indeed render the latter contribution
predominant, as a consequence of the altered equilibrium of the
hydrogen-bond network and/or the presence of interfacial bonds
[5,97]. The latter circumstance will be discussed in some detail in
the next sub-section. Since fourfold-coordinated as well as weakly
bonded molecules typically exist as distorted tetrahedrons, the
O–H stretches of these molecules are expected to give a predominant
contribution at higher frequencies in the spectrum [35,91–96]. The
sub-band at the highest frequencies in the spectrum (i.e., at
3636 cm�1 in our study) is generally assigned to the dangling (free)
O–H stretching vibrations of water molecules, which generally
bridge the air-aqueous interface [35]. In our calibration experi-
ments, performed with focusing the laser probe within the bulk
volume of the fluid, the intensity of this sub-band was quite weak
in pure water. In experiments on bulk water, it did not increase
significantly even with adding the solvates (but, it showed some
variation at the water/biomaterial interface, although we have
not described in detail such variations in the next applicative
sub-section).

In order to characterize the bulk hydrogen-bonding environ-
ment of water after addition of increasing concentrations of NaCl
and KCl, a series of Raman spectra were systematically collected
in the molarity range 24–3000 mM. Raman spectra in the
OH-stretching frequency interval 2800–3800 cm�1 were systemat-
ically collected as a function of solvate molarity. In order to com-
pare the variations of bands collected from different solutions,
each collected spectrumwas normalized (total integrated intensity
equals 100). Their morphological modifications with respect to the
spectrum of pure water are shown in Fig. 8(b) for a narrow
molarity interval 24–200 mM of KCl. Note that subtle, but yet
well-detectable, morphological differences could already be found
in comparing the overall morphology of Raman spectra collected
on samples containing increasing concentrations of solute species
(cf. insets to Fig. 8(b)). Integrated sub-band areas, sub-band inten-
sities, sub-band spectral positions, and full widths at half-
maximum (i.e., simply referred to as sub-band width, henceforth)
were then retrieved after deconvoluting the experimental Raman
spectra and plotted as a function of nominal Na+ and K+ concentra-
tions. Figs. 9(a)–(d) and 10(a)–(d) show the above-mentioned plots
for the Raman sub-bands located at �3225 and 3434 cm�1, respec-
tively (i.e., OH stretching of DDAA and DA clusters, respectively; cf.
structures shown in Figs. 1(c) and 8(a)). For brevity’s sake, we shall
focus our discussion only on these two spectral features. The
remaining sub-bands also showed a dependence on solvate con-
centrations, although there was an increasing tendency to more
scattered plots with decreasing sub-band intensity. Increasing
additions of NaCl or KCl increased the intensity of the DA sub-band
(i.e., at the expenses of that of the DDAA), reduced sub-band width
and shifted the spectral position toward higher frequencies in both
type of clusters. If, as suggested in the comprehensive paper by Sun
[35], it could be inferred that the addition of NaCl primarily breaks
the tetrahedral hydrogen bonding and, thus, promotes the forma-
tion of donor-hydrogen bonding in water, our observation of sub-
band sharpening becomes a conceivable and rationalized effect,
according to the observed variation in bond population. A blue
shift for the studied sub-bands is also a conceivable spectroscopic
effect for a stretching mode, when considering that large solvated
ions which affect the vibrating cluster by weakening the hydrogen
bonds and thus shortening the O–H bond length (cf. drafts in inset
to Fig. 8(b)). The decreasing trend in sub-band intensities with
increasing additions of NaCl or KCl for the DDAA clusters clearly
proves that an appreciable fraction of water molecules switched



Fig. 8. (a) The region at 3000–3600 cm�1 of the Raman spectrum of pure water fits
five Voigtian sub-bands at �3016, �3221, �3434, �3572, and �3636 cm�1

corresponding to DAA, DDAA, DA, DDA, and free OH clusters, respectively; and,
(b) morphological differences in the overall morphology of Raman spectra collected
on bulk water samples containing increasing concentrations of solute species.
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from a DDAA to a DA configuration. Trends for sub-band width and
spectral shifts in DDAA were instead the same as DA. Thus, similar
arguments and parallel reasoning as above might apply for their
qualitative explanation.

Finally, it should be noted that the plots in Figs. 9 and 10 refer to
an interval of quite low concentrations of solvated ions, with spec-
tral differences detected for molarity differences in the order of the
tens of mM. This aspect might indeed represent the novel part of
our investigation as compared to already published studies span-
ning larger molar intervals [35,98,99]. Accordingly, the obtained
plots of spectroscopic parameters as functions of solvate molarity
can be used as calibration plots for finely tuned assessments of
local molar concentrations when, for example, investigating the
physicochemical interactions taking place at the interface between
aqueous solutions and biomaterials.
4.3. Raman studies of water/Si3N4 bioceramic interfaces

Si3N4 surfaces generally terminate with silicon rich layers upon
which a (nearly) monolayer of silicon oxide is formed upon expo-
sure to atmospheric oxygen [100]. While the initial O2 chemisorp-
tion rate is relatively fast and saturation occurs quickly,
chemisorption of H2O on clean Si3N4 surfaces is slower than in
the case of oxygen. Nevertheless, the latter phenomenon equally
leads to the formation of a chemically stable oxide (or oxynitride)
surface layers (with surface H:O ratio �1:1) [101]. The structure of
a silicon oxide layer naturally formed on a Si3N4 surface is
schematically illustrated in Fig. 11(a), together with two distinct
types of silanol groups (i.e., –SiOH in-plane acceptor (AS) and
out-of-plane donor (DS)), formed at the solid/liquid interface. The
sequence of peculiar processes involved with the oxidation reac-
tion at the surface of Si3N4 includes the transfer of oxygen mole-
cules to the surface and their initial physisorption, followed by
their dissociation and chemisorption. Upon immersion in water,
the surface silica layer tends to develop a negative surface charge
due to the formation of hydroxyl radicals. Thus, silica apparently
acts as a Lewis acid with hydroxide being the corresponding Lewis
base. The surface charge can be adjusted by adjusting the pH of
water, which alters the interactive solid/liquid equilibrium. With
a point of zero charge ranging between 1.2 and 4 [102–104], silica
is considerably more acidic than water (i.e., unlike the oxide bio-
material Al2O3, which has a point of zero charge 8–8.5 thus being
amphoteric to slightly basic). Accordingly, the silica layer formed
at the H2O-chemisorbed surface of Si3N4 tends to dissolve in water,
the solubility of SiO2 in water being reported as �100 times larger
than that of Al2O3 [105,106]. Such a dissolution process could be
accelerated by friction in artificial joint implants and leads to
the formation of silicic acid. The main reactions involved with
the overall process of chemisorption–oxidation–dissolution can
be written, as follows:

Si3N4 þ 6H2O¢3SiO2 þ 4NH3 ¢3SiO2 þ 2N2 þ 6H2 ð9Þ

3SiO2 þ 6H2O¢3SiðOHÞ4 ð10Þ
which explicitly show the formation in a sequential cascade of
ammonia and silicic acid. These reactions are important in biomed-
ical applications since they play a role in the tribological, bioinert-
ness, antibacterial, and osteointegrative properties of Si3N4 [107–
109]. Senden and Drummond [110] have discussed the chemical
reactions that could electrically charge a Si3N4 surface, and indi-
cated as the main contributors in this charging process in aqueous
medium silanol and silylamine surface groups, and an alteration of
their balance. The Si3N4 surface is nearly electrically neutral at pH
ranging in the interval 6–8.5 [111], meaning that silanol and sily-
lamine surface groups are present in approximately equal density.
The point of zero charge (p.z.c.) for Si3N4 was found to be affected
by the type of electrolyte and the material processing, but it might
also depend on the testing method [112]. Fig. 11(b) shows a sche-
matic of different molecular configurations coexisting on the oxi-
dized silica layer of the Si3N4 surface immersed in pure water
[113,114]. The draft is qualitatively given in correspondence of a
Raman frequency scale measured by other authors [113]. The gen-
eral spectroscopic concept to be applied to interfacial water is actu-
ally the same as that already described for bulk water: blue shifts
should be observed depending on the strength of the H-bond net-
work and on the acidity of the neighboring species: the weaker
the strength (i.e., the shorter the O–H bond in the water molecule)
the higher the vibrational frequency. Accordingly, in the abscissa
scale of Fig. 11(b), average O–H bonds in free water are the shortest,
the weakest acidic, and the most shifted toward high vibrational
frequencies. Intermediate trends should be found in the following
order from higher toward lower frequencies: silicic acid with accep-
tor character Si(OH)4 (SAA), –SiOH in-plane acceptor silanol (AS),
doubly bonded water molecules (DBW), and silicic acid with donor
character (SAD). On the other hand, the shortest O–H bond lengths
should be found in the strongest acidic species represented by out-
of-plane donor silanol groups Si(OH) with stretching vibrations at
the lowest frequencies (DS). Out-of-plane silanol groups are
actually strong acids and donate/share their proton into the H-bond
network with the water molecules. Therefore, the lower frequencies
of the Raman spectrum in the O–H stretching region should be



Fig. 9. Integrated sub-band areas (a), sub-band intensities (b), sub-band spectral positions (c), and full widths at half-maximum (d) are plotted as a function of nominal Na+

and K+ concentrations for the DDAA Raman sub-band located at �3225 cm�1.

Fig. 10. Integrated sub-band areas (a), sub-band intensities (b), sub-band spectral positions (c), and full widths at half-maximum (d) are plotted as a function of nominal Na+

and K+ concentrations for the DA Raman sub-band located at 3434 cm�1.
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occupied by such peculiar silanol configuration. The fractional bal-
ance of silanol groups thus plays the role of a counterweight in sur-
face charge and modulates the local acidity of water at the silica-
covered Si3N4 surface. Azam et al. showed that varying the alkali
chloride electrolyte significantly changes the effective acid dissoci-
ation constant for the less acidic silanol groups for high salt concen-
trations (i.e., 0.5 M) [115], although a moderate effect was found
also at lower concentrations, in the order of 0.1 M [116], which
are comparable to those considered in the present study. On the
other hand, neutral (in-plane) silanol groups sticking on the surface
might accept H-bonds from water molecules and, with their rela-
tively weak bonds, mainly contribute the high-frequency region of
the OH-stretching vibrational region of the Raman spectrum of
water. Parallel reasoning can be applied to H-bond donor and



Fig. 11. (a) Molecular structure of a silicon oxide layer naturally formed on a Si3N4 surface including two distinct types of silanol groups, in-plane donor (DS) and out-of-plane
acceptor (AS), at the solid/liquid interface; (b) schematic of different molecular configurations coexisting on the oxidized silica layer of the Si3N4 surface immersed in pure
water (the frequency abscissa is given in correspondence of Raman frequencies measured by other authors [113]; and, (c) draft of the structure of the silanol groups formed at
the silica/water interface, as altered by the presence of monovalent cations, M+.
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acceptor silicic acid molecules. In fact, silicic acid molecules donate
hydrogen-bonds which are stronger than the case of out-of-plane
donor silanol groups. Similarly, silicic acid molecules accept
hydrogen-bonds which are stronger than those accepted by the
in-plane silanol groups. With their shortest H-bond bond lengths,
deprotonated silanols and deprotonated silicic acids are then going
to fill vibrational frequencies that are comparable or even lower
than those associated with silicic acids with donor character
[114]. It should be noted that, unlike vibrational sum frequency
spectroscopy [117], our conventional Raman experiments bring
up emissions from the above-described surface groups together
with emissions from bulk water molecules located in the very
neighborhood of the solid surface. In comparing the description of
Raman emissions given in Fig. 11(b) with the wavenumber interval
of the spectrum of bulk water shown in Fig. 8(a), one can easily see
that the full spectral interval of the former is actually embedded
into the width of the DDAA sub-band centered at �3221 cm�1

(cf. red arrow in Fig. 11(b)). This means that the individual AS,
SAA, DBW, DS, and SAD (surface) components can hardly be
resolved in a direct manner. However, we have found that a
different type of quantitative information can be retrieved by our
high-resolution experiments. Such different information deals with
resolving the concentration gradients developed at the solid/liquid
interface for both cases of monovalent cations and hydrogen
carbonate ions, which could quantitatively be evaluated, as shown
hereafter.

4.3.1. Monovalent cations K+ and Na+

Cations, which interact with the silica surface via electrostatic
forces, represent a key factor in perturbing the hydrogen-bond net-
work at the water/silica interface. The interaction between
hydrated cations and the silica surface promote negative charge
development, according to a reaction that could be written as
[118,119]:

—SiOHþ nH2O �Mþ¢—SiO� . . .nH2O �Mþ þHþ ð11Þ
where –SiOH is the silanol group, M+ represents the cation (in this
case, K+ or Na+), n describes the number of water molecules solvat-
ing M+, and the notation –SiO� + nH2O�M+ denotes cations located
at a small but finite distance from the silica surface. Electrostatic
interactions with the cations reduce the electrical field of the silica
surface, and the original ordering of the hydrogen-bond network
becomes perturbed as a consequence of a decrease in the surface
electrical field. The silanol groups in turn interact with the cations
via electrostatic interaction to give [118]:

—SiO� � � �mH2Oþ nH2O �Mþ¢—SiO� � � � nH2O �Mþ þmH2O

ð12Þ
where the symbol –SiO�. . .mH2O represents a surface silanol group
associated to m water molecules. A draft of the structure of the sila-
nol groups formed at the silica/water interface, as altered by the
presence of cations, is schematically illustrated in Fig. 11(c).
Qualitatively, this figure also shows other possible configurations
of cation clusters at the solid/liquid interface, all contributing to
the well-documented enhancement of cation concentration near
the solid surface [118,119], which we also discuss in the following.

Fig. 12 shows a comparison between the Raman intensity char-
acteristics observed in the bulk liquid (labeled ‘‘B”), namely in the
liquid far away from the interface, and at the solid/liquid interface
(labeled ‘‘I”) of a Si3N4 bioceramic sample immersed in pure water
or in an electrolytic solution containing 200 mM of Na+ or K+. These



Fig. 12. Comparison between the Raman intensity characteristics observed in the bulk liquid (labeled ‘‘B”) and at the solid/liquid interface (labeled ‘‘I”) of a Si3N4 bioceramic
sample immersed in pure water ((a) and (d)) or in an electrolytic solution containing 200 mM of Na+ ((b) and (e)) or K+((c) and (f)). In (a)–(c), data refer to the as-sintered Si3N4

surface, while (d)–(f) show data for the thermally oxidized Si3N4 surface.
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experiments were performed according to the protocol shown in
Fig. 3(b). Clearly different trends could be found among B and I
Raman spectroscopic outputs for different cations, which thus
prove the possibility to exploit the vibrational behavior of OH
bonds to monitor the influence of surface treatments on the segre-
gation of different cations at silicon nitride bioceramic surfaces. In
Fig. 12(a)–(c), data are shown as collected on the as-sintered Si3N4

surface in contact with pure water, a water solution containing
200 mM of KCl, and a water solution containing 200 mM of NaCl,
respectively. On the other hand, Fig. 12(d)–(f) report about data
collected under exactly the same conditions as above on a ther-
mally oxidized Si3N4 surface. As already mentioned in the previous
section, the integrated intensities of all the Raman spectra col-
lected in the OH-stretching spectral region were normalized to
100 before the fitting procedure. At a first glance, three principal
features can be distinguished in the plots of Fig. 12, as follows:

(i) The most intense spectral component in all the investigated
conditions is always represented by the DA sub-band at the
solid/liquid interface.

(ii) Independent of solvate type and content, the DDAA popula-
tion is always more frequent in the bulk liquid than at the
solid/liquid interface, while the opposite trend is observed
for the DA population.

(iii) According to the statements in the above item (i) and (ii), the
systematic decrease in DDAA at the solid/liquid interface as
compared to bulk measurements, as well as the fact that the
stronger interface emission from DA occupies a spectral
interval at higher frequencies than that of the silanol clus-
ters (cf. Figs. 8(a) and 11(b)), support the idea that we are
monitoring a chemical phenomenon, which provides us with
different information as compared to that related to the sila-
nol clusters detected by vibrational sum frequency spec-
troscopy [117].
Du et al. [120] investigated the effect of NaCl electrolyte at
quartz/water interfaces and suggested that the intensity ratio
between the DDAA and DA sub-bands could be considered as an
index of the structural order in interfacial water. In other words,
the Raman intensity collected at the solid/liquid interface should
reflect the (local) structural properties of water in that region;
the DDAA and DA sub-bands should represent strongly and weakly
hydrogen-bonded water contributions, respectively, and their rela-
tive amplitudes should give a measure of the level of structural
order of interfacial water [120,121]. At constant ionic strength,
the emissive signal was reported to vary with pH, because of a
greater ordering of interfacial water associated to an increase in
interfacial electric field and/or to an increased contribution of
molecules within the Debye length [122,123]. On the other hand,
at constant pH, the overall signal was found to decrease with
increasing ionic strength [119,124], as a result of the shrinking
Debye length and/or of the decreasing interfacial potential
[124,125]. Clearly, the cations accumulating near the negatively
charged surface of Si3N4 perturb the order of interfacial water in
a way native to individual cations. Leaving aside the dependence
of pH of the sub-band structure, which has been discussed in
details in Ref. [121], we shall further screen here the ‘‘disordering
effect” by solvated cations at neutral pH. Such an effect was indeed
found to experience a maximum at neutral pH levels, which is the
case of the present experiments [121]. A useful parameter for dis-
cussing in detail the effect of solvates on the water structure at
solid/liquid interfaces has recently been suggested by Dewan
et al. [121], as follows:

SDDAA or DA ¼ ðIDDAAorDAÞi � ðIDDAAorDAÞbðIDDAAorDAÞb
ð13Þ

where the subscripts ‘‘i” and ‘‘b” out of brackets represent the
obtained spectrum focused on the ‘‘interface” and on the ‘‘bulk”
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solution, respectively. In Ref. [121] the parameter S has been
referred to as the ‘‘salt effect parameter” and it has been calculated
comparing the absolute intensities of solutions with and without
salts. Similarly, in the present paper the S parameter represents
the increase of disorder introduced by the concentration of cations
at the liquid/solid interface as compared to the bulk solution: the
higher the absolute value of S the higher the degree of disorder
involved [121]. For this reason, it will also be referred to as the ‘‘dis-
order parameter”, henceforth. The relative changes in Raman sub-
band amplitudes for both DDAA and DA emissions are compared
in Table 2 by means of the parameter, S. The salient features that
can be deduced from Table 2 can be summarized, as follows:

(i) On both materials, Na+ and K+ show similar disordering
effects, more relevant for the strongly hydrogen-bonded
DDAA sites than the weaker DA sites.

(ii) Cations had a greater effect on the strongly hydrogen
bonded water (DDAA), which other researchers found to fol-
low the ‘‘surface charge sensitivity” trend showing a maxi-
mum at pH�8 [119,121]. The overall ‘‘salt effect” on the
Raman signal thus mainly concerns the response of water
molecules in a strongly hydrogen-bonded environment.

(iii) High-temperature oxidation is found to render the Si3N4 sur-
face more sensitive to the disorder effect related to segre-
gated cations, independent of the type of cation.

Considering the slope, m, of the plots of sub-band integrated
intensity as a function of cation concentration shown in Figs. 9
(a) and 10(a), for each type of cation, we could compute the rela-
tive increase in concentration (DCR) considering the variation of
DDAA (or DA) intensities at the solid/liquid interface for both as-
sintered and thermally oxidized samples, as follows:

DCR;sb;c ¼ msb;c ðIsb;cÞi;200 � ðIsb;cÞi;0
� �

ð14Þ

where sb is the sub-band (DDAA or DA), c is the type of cation (K or
Na) and 0 and 200 refers to the cation concentration of the solution.
This approach enabled us to merely consider the contribute of
cations to the total variation of water Raman bands, namely to
neglect possible further contributes correlated to surface charge,
which are included in both (Isb)i,200 and (Isb)i,0. Linear regression
analysis of the plots in Figs. 9(a) and 10(a) showed that the inte-
grated intensities of the two bands are highly correlated to the con-
centration of cations in the mM range. In fact, the coefficients of
correlation (R2) calculated for K were 0.976 (DDAA) and 0.972
(DA), while for Na they were 0.947 (DDAA) and 0.953 (DA).

Table 2 reports the values of DCR obtained from the analyzed
samples. In this context, an interesting finding is that the presence
of potassium produced, on the surface of the both studied
materials, a higher modification of the DDAA and the DA interfacial
clusters as compared to the samples immersed in sodium contain-
ing solutions. Such experimental evidence might be explained
Table 2
Relative changes in Raman sub-band amplitudes for both DDAA and DA emissions in
terms of the ‘‘disorder parameter”, S, are listed together with the relative increases in
cation concentration experienced by DDAA and DA clusters at the solid/liquid
interface, DCR ¼ CK or Na � C0, for both as-sintered and thermally oxidized samples.

As-sintered Si3N4 KCl NaCl

DDAA DA DDAA DA

S �0.037 0.025 �0.043 0.02
DcR (mM) 265.3 217.1 208.1 185.3

Thermally oxidized Si3N4 KCl NaCl

DDAA DA DDAA DA

S �0.064 0.035 �0.057 0.035
DcR (mM) 270 196 170.9 143.1
considering the higher concentration of the vicinal silanol groups
(i.e., in-plane silanols) at the interface of the thermally oxidized
bioceramic, which increases the local superficial charge density
and it moreover increases the pK value. Both effects bring to an
enhancement of the local electric field on the silica surface that,
finally, draws more cations close the surface of the thermally oxi-
dized silicon nitride [119].

As cations interact with the surface via electrostatic forces, the
surface density of cations is expected to be higher when (and
where) the surface electrostatic field is stronger. According to Dove
et al. [126], the equilibrium constant for KCl with respect to –SiO�

groups is larger than that for NaCl, thus suggesting a larger pertur-
bation of the interfacial water structure for the former alkali chlo-
ride solution. However, also the charge-size ratio of the hydrated
cation has a role, with the smaller Na+ attracting more water mole-
cules than the larger K+ and, thus, creating larger disturbance in the
structural arrangement of interfacial water. In fact, being the
hydrated ionic radius of Na+ larger than that of K+ (i.e., 0.4 vs.
0.3 nm) [127], hydrated Na+ should perturb more water clusters
at the solid surface. According to our findings, similar S parameters
suggest that higher K+ concentration at the interface offsets the
effect of the higher hydrated ionic radius of Na+.

This is actually in line with previously published literature on
chemical sensing efficiency of silicon nitride and its surface oxi-
dized silica/water structural interactions [119,128,129]. The ther-
mally oxidized glassy layer in the investigated material possesses
a peculiar structure. X-ray photoelectron spectroscopy analyses
retrieved small fractions of Al, Y, C, and N (i.e., 2.9, 1.3, 5.4, and
0.1 at.%, respectively), in addition to Si and O (32.7 and 57.7 at.%,
respectively) [130]. It should be noted that surface hydrophobicity
is a phenomenon strongly driven by surface water self-association
[131], the higher the order of the three-dimensional water struc-
ture at the solid/liquid interface the stronger the hydrophobicity.
Although we have not directly measured the contact angle of
Si3N4 samples with differently treated surfaces, the present study
might also point out that surface treatments can be applied to
finely tune the hydrophilic properties of Si3N4 biomaterials.
High-temperature oxidation, which was found to render the
Si3N4 surface more sensitive to the disorder effect related to segre-
gated cations, might enhance the hydrophilicity of this ceramic
material.

In summary, monitoring with high spectral resolution the
Raman response in the OH-stretching region of structured water
molecules at the solid/liquid interface has enabled us to assess
the degree of disorder induced by the presence of monovalent
cations (i.e., through the ‘‘disorder parameter”, S) and to quantify
the increment of cation concentration, DCR, segregated at the wet
solid surface with a molar resolution in the range of the tens of
mM.

4.3.2. Hydrogen carbonate ions
The electrochemical interaction between Si3N4 surfaces and

HCO3
� is already known from the field of ion sensitive field-effect

transistor (ISFET) [132], which uses Si3N4 as a sensing membrane
for pH measurements [133]. In ISFET, the determination of the
local pH value of a solution relies on the variation of threshold volt-
age of ISFET, with the charge variation at the membrane-solution
interface obeying the so-called Gouy–Chapman–Stern theory
[134,135]. Through this theory, one might explain how a Si3N4 sur-
face exposed to an aqueous solution interacts with H+ ions, thus
triggering local charge redistribution in the solution. Surface
charges generate an electrostatic field that affects the ions in the
liquid and, combined with thermal motion of the ions, in turn pro-
duces a countercharge below the Si3N4 surface with the same mag-
nitude of the surface charge, but with opposite sign in order to
satisfy electrical neutrality. This variation is detectable and usually



Fig. 13. (a) Comparison between Raman spectra of bulk and surface carbonated water for the two cases of as-sintered and thermally oxidized Si3N4 surfaces. The spectra are
normalized to the O–H bending band of H2O at �1627 cm�1; (b) comparison of relative intensity values and HCO3

� concentrations between bulk solution and solid/liquid
interface for the two cases of as-sintered and thermally oxidized Si3N4 surfaces.
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measured through a shift of the threshold voltage of the ISFET
device. Our challenge here is to show that local surface charge in
Si3N4, could also be monitored spectroscopically, using the Raman
C-OH stretching band at �1016 cm�1 as a probe, through its quan-
titative calibration, as discussed in Section 4.1. Although this is not
the main purpose of this work, we believe that the non-contact
procedure shown here could be an initial step to significantly
enlarge the field of biosensing applications based on the peculiar
surface property of Si3N4. Note also that the sensitivity of pH mea-
surements in ISFET devices has been reported to be affected by the
presence of an oxidation layer formed on the Si3N4 surface (nonlin-
ear response of pH caused by fast hydration of silicon oxide layer)
[128,136,137]. Therefore, in order to clarify this effect, we compare
here as-sintered and thermally oxidized Si3N4 surfaces.

Fig. 13(a) shows a comparison between Raman spectra of bulk
and surface carbonated water (20% CO2 bubbling solution contain-
ing 96 mM NaHCO3) for the two cases of as-sintered and thermally
oxidized Si3N4 surfaces, which include the C-OH stretching band of
HCO3

� at �1016 cm�1 normalized, as previously done, to the O–H
bending band of H2O at �1627 cm�1. Note that the shown spectra
were collected under exactly the same conditions and during the
same experimental session with rigorously controlled room-
temperature conditions. Moreover, the glass Petri dish containing
the ceramic sample and the carbonated solution was covered with
a pure silica glass to keep the CO2 pressure constant and to avoid
exchange between the solution and the atmospheric air. The spec-
trum recorded at the solid/liquid interface also contains a rela-
tively sharp band at �1045 cm�1, which partly overlaps the C-OH
stretching band at �1016 cm�1. The former band, which belongs
to the hexagonal structure of b-Si3N4 and is related to the E2g mode
[138,139], could be separated from the C-OH stretching band (cf.
band deconvolution in Fig. 13(a)) in order to precisely compare
bulk and interface Raman intensities. As previously shown in
Section 4.1 for the pH calibration procedure, the intensity of the
C-OH stretching, IN, was normalized to the intensity of the O–H
bending band. Then, values of the relative (normalized) intensity,
IR ¼ A1016=A1627, were recorded with statistical validity (n = 9 spec-
tra for each investigated sample). According to the calibration plot
in Fig. 7, bulk and surface HCO3

� concentrations were computed.
The relative intensity values and the obtained HCO3

� concentra-
tions are compared in Fig. 13(b) (upper and lower plots, respec-
tively) for the two cases of as-sintered and thermally oxidized
Si3N4 surfaces. At the interface of both materials we obtained lower
HCO3

� concentrations as compare to the bulk, which suggests
that protons attracted by the negative surface potential alter the
CO2/HCO3

� equilibrium. An increase of H+ ions forces the reaction
in Eq. (2) to the left, with consumption of HCO3

� and production
of CO2. The highest decrease of HCO3

� ions concentration was calcu-
lated from spectra collected on the thermally oxidized surface,
which is the more electronegative as compared to the as-sintered
Si3N4. The important finding here is the spectroscopic detection
of a pH decrease at the surface of the Si3N4 biomaterial, as com-
pared to the bulk liquid. Note that pH variation is of fundamental
importance in biomaterials used for artificial joints and dental
implants. The correlation between interfacial potential and the
concentration of hydrogen ions in solution can be explained
according to site-binding theory [140,141]. Rigorous discussions
of the present findings will be given in a forthcoming report.
5. Conclusion

The present Raman spectroscopic study revisited the vibrational
behavior of water and confirmed the possibility of determining the
molar concentrations of monovalent cations and HCO3

� (aq) species
with high resolution and down to very dilute differences in
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concentrations. From these data, information on local pH and
speciation in the water structure could be obtained. Quantitative
Raman spectroscopic measurements were also carried out on solu-
tions of bulk water after addition of increasing concentrations of
NaCl and KCl in the molarity range 24–3000 mM. Well detectable
differences could be found in comparing the overall morphology
of the Raman spectrum of water at increasing concentrations of
solute species. Sub-band spectral positions and integrated
sub-band areas obeyed precise trends as a function of Na+ and K+

concentrations. Spectral differences could be detected for molarity
differences in the order of few tens of mM. The clarified dependen-
cies of spectroscopic parameters on solvated molarity could be
used to assess local (unknown) molar concentrations in investigat-
ing the physicochemical interactions at solid/liquid interfaces.
Applications of the developed Raman algorithms were also shown,
which studied the local structures developed at the interfaces
between aqueous solutions and a commercially available Si3N4

biomaterial. The main outputs of these applicative experiments
can be summarized, as follows:

(i) The morphologies of the water Raman spectrum in the O–H
stretching region underwent morphological modifications
that could conceivably be related to chemical and structural
phenomena occurring at the surface of Si3N4 bioceramics.
This proves the possibility of exploiting the vibrational
behavior of O–H bonds to quantitatively monitor the physic-
ochemical interactions of bioceramic surfaces with biologi-
cal fluids.

(ii) The addition of NaCl or KCl to water was found to cause clear
alterations of the hydrogen-bonding network at the solid–
liquid interface of Si3N4. The more electronegative surface
of the thermally oxidized Si3N4 showed the highest concen-
trations of cations and the highest S parameters. Moreover,
at the interface of both materials, the concentrations of the
more electropositive K+ were higher than those measured
in the case of Na+.

(iii) pH alteration was found at the solid/liquid interface of Si3N4,
which was correlated to the variation of HCO3

� ions concen-
tration of the buffer. The surface with higher negative charge
(i.e., thermally oxidized Si3N4) showed larger decrease of
HCO3

� ions. This property might have important implications
in using this material for biomedical implants.

In conclusion, the physicochemical characteristics related to
local bonding arrangements at water/biomaterial interfaces,
including H-bond network morphology and its modifications upon
solvate cations and bicarbonate ions could be monitored by high
spectrally resolved Raman spectroscopy. Basic spectroscopic out-
puts of local ion concentration and acidity of bioceramic surfaces
provide a straightforward insight into so far unknown aspects of
bioinertness in this important class of materials.
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Abstract: Total hip arthroplasty (THA) bearings were fabricated from silicon nitride
(Si3N4) powder. Mechanical testing showed that Si3N4 had improved fracture
toughness and fracture strength over modern alumina (Al2O3) ceramic. When tested
with Si3N4 cups in a hip simulator, both cobalt-chromium (CoCr) and Si3N4 femoral
heads produced low wear rates that were comparable to Al2O3-Al2O3 bearings in
THA. This study offers experimental support for a novel metal-ceramic THA bearing
couple that combines the reliability of CoCr femoral heads with the wear advantages
of ceramic surfaces. Key words: silicon nitride, total hip arthroplasty, wear rates,
ceramics, fracture toughness.
© 2009 Published by Elsevier Inc.
Metal (cobalt-chromium [CoCr]) femoral heads are
used widely in total hip arthroplasty (THA), usually
with ultrahigh-molecular-weight or cross-linked
polyethylene acetabular cups. The rationale for
using ceramic femoral heads instead of CoCr is
improved wear resistance; alumina (Al2O3) femoral
heads decrease polyethylene wear in CoCr-poly-
ethylene THA, and Al2O3-Al2O3 produces the lowest
wear of any THA bearing [1-4].
Low wear is desirable because particulate wear

in THA is linked to inflammation, periprosthetic
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bone loss, and premature implant loosening [5].
Early clinical data have shown less bone resorption
in the proximal femur in Al2O3-Al2O3 THA
compared to CoCr-polyethylene controls [6]. Sev-
eral other clinical and laboratory data have shown
that ceramic bearing surfaces can reduce wear in
THA [5,7-10].

A concern with ceramic femoral heads is brittle
catastrophic failure in vivo [11]. Improvements in the
quality and manufacturing of Al2O3 have not
eliminated this risk [12]. In the past, zirconia femoral
heads were introduced as a stronger alternative to
Al2O3, but zirconia can undergophase transformation
andweakening, leading to unpredictable outcomes in
vivo [13]. Another strategy to reduce polyethylene
wear is to modify the surface of zirconium alloy
femoral heads [14]. This avoids brittle failure, but the
wear reduction, surface hardness, and scratch resis-
tance of oxidized zirconium are less favorable than
Al2O3, and oxidized zirconium cannot be used in
ceramic-ceramic articulations [15].

In this study, an alternative ceramic material was
fabricated from silicon nitride (Si3N4) powder.
Mechanical testing showed high-flexural strength,
fracture toughness, Weibull modulus, and resistance
to hydrothermal degradation. The Si3N4 cups

http://dx.doi.org/10.1016/j.arth.2008.01.300
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produced low wear rates when tested with either
CoCr or Si3N4 femoral heads. The purpose of this
report is to describe the fabrication, material proper-
ties, and wear outcomes of Si3N4 THA bearings.
Experimental Procedures

Material Synthesis

The Si3N4 powder (average particle size, 0.5 μm),
with 6 wt% yttrium oxide (Y2O3) and 4 wt% Al2O3

as liquid-phase sintering additives, was ball-milled
for 18 hours in ethanol, using zirconium oxide
(ZrO2) balls as the milling media, to create a
homogeneous mixture. After drying, the mixture
was mechanically deagglomerated, followed by
sieving and pressing in a stainless steel die
(6 mm × 60 mm) at a pressure of 40 MPa to a
height of 7 mm. The resulting material was cold
isostatic pressed (207 MPa) to form the green-
shaped article. Densification was achieved by sinter-
ing in nitrogen at atmospheric pressure at 1875°C
for 30 minutes, followed by hot isostatic pressing in
argon at 1775°C, at a pressure of 207 MPa for 2
hours. Acetabular inserts and femoral heads were
made from near net-shaped Si3N4 blanks with this
process; these were ground and polished to industry
standards (Biomet, Warsaw, Ind).

Mechanical Properties

Weibull modulus and flexural strength were
measured using standard 3-point bend test speci-
mens (n = 6) according to ASTM C-1161 standards
[16], using specimens 3 × 4 × 45 mm. Bending tests
were done on test fixtures designed to minimize
spurious stresses, with a nominal span of 40 mm.
Bending loads were applied using a universal
testing machine at a cross-head displacement
speed of 0.5 mm/min.
Fracture toughness was measured using single-

edge-notched beam (SENB) specimens according
to ASTM-E399 standards [16]. Test bars measur-
ing 2.5 × 5 × 25 mm were prepared, with notches
of various depths. Notched specimens (n = 6)
were tested in 3-point bending with a span length
of 20 mm. The resultant fracture loads were
converted to fracture toughness values using the
ASTM-E399 protocol.

Simulated Material Aging

To rule out the possibility of material degradation
that can occur with yttria-stabilized zirconia, Si3N4

specimens (n = 3) were placed in a surgical
autoclave (250°F at a pressure of 1 atm) for 1, 5,
24, and 100 hours, respectively. The phase composi-
tion of Si3N4 autoclaved for 100 hours was
compared to nonautoclaved controls using x-ray
diffraction. The flexural strength of test specimens
after autoclaving was measured as described above;
mean and SDs were compared to control specimens.

Wear Properties
Calculated Contact Stresses. Wear reduction

in THA is related, in part, to lower differential
contact stresses between the mating surfaces of the
bearing couple. Contact stresses between dissimilar
bearing materials can be calculated by the Hertz
equations below, which predict lower contact stress
differentials for dissimilar materials with closely
matched elastic modulii [17],

r0 ¼ 3P
2pa2

ð1Þ

a3 ¼ 4
3
k
E2

PR4 ð2Þ

k
E2
¼ 9

16
1
E2

1� m22
� �þ 1

E1
1� m21
� �� �

ð3Þ

where σ0 is the maximum Hertzian contact stress
under an applied load of P; a is the contact circle;
R* is the composite radius of curvature for the 2
mating surfaces; and k/E2 is the material parameter
defined by the respective elastic modulii E1 and E2

and the respective Poisson's ratio ν1 and ν2 of the
articulating surfaces.

Using published values for the elastic modulii
(CoCr = 225 GPa; Si3N4 = 300 GPa; Al2O3 = 380
GPa) and Poisson's ratios (CoCr = 0.29; Si3N4 =
0.29; Al2O3 = 0.25) [18-20], the predicted Hertzian
stresses for a 28-mm ball-socket bearing with a
diametral clearance of 75 μm and a load of 8 kN
are CoCr-CoCr = 288; CoCr-Si3N4 = 315; and
CoCr-Al2O3 = 334 MPa. These calculations predict
a 9% increase in contact stress for CoCr-Si3N4 over
CoCr-CoCr vs a 16% increase in CoCr-Al2O3 over
CoCr-CoCr. This information was the basis for
testing both Si3N4-Si3N4 and Si3N4-CoCr couples in
the hip simulator.

Hip Simulator Tests. The THA bearings (28-
mm diameter) made of Si3N4 were fine ground
and lapped to a mean Ra surface roughness value
of less than 0.05 μm. Three Si3N4-Si3N4 and Si3N4-
CoCr pairings were tested to 1 million cycles in a
hip simulator using standard protocols [21,22]. In
Si3N4-CoCr pairings, commercially available CoCr
femoral heads (Biomet) were used with Si3N4

cups, with a diametral clearance between 100
and 200 μm.



Fig. 1. SEM images of Si3N4 microstructure, with 10 and 5-μm magnification bars shown in respective images.

Table 1. Comparison of Material Properties of
Orthopedic Bearings

omparison of Properties Among Orthopedic Bearing Materials

aterial Elastic
Modulus

Hardness Toughness Strength
(MPa)

oCr 230-240 4-6 - 700-800
i3N4 300-320 14-16 8-10 950-1200
lumina 380-400 17-19 3-5 300-400
irconia 200-220 12-14 10-12 1000-1200
TA* 340-360 16-17 5-7 850-1150

* For zirconia-toughened alumina (ZTA), the data
hown are derived from the National Institute of
Standards and Technology database.
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Wear testing was done by an independent
facility (Peterson Tribology Laboratory, Loma
Linda, Calif) using unidirectional rotating cams
carrying the specimen chambers at 1-Hz frequency
through +23° arcs on orthogonal axes. Each
vertical load column had a self-alignment device
and friction torque sensors. Both the antirotation
and the friction sensor pegs were guide-mounted
on rollers to provide continuous constraint. Cam
rotation was synchronized with the hip-joint
loading for this study. The “Paul” physiologic load
profile was used [21].
Test cups were placed in an anatomically inverted

position in the hip simulator. Wear tests were run at
2 kN peak load/0.2 kN minimum load. The
lubricant was 90% bovine serum (10% standard
additives of sodium azide and EDTA). Specimen
chambers were replenished with distilled water
during the tests. Lubricant temperature was main-
tained between 36°C and 40°C to approximate
physiologic temperatures.
Wear was measured using gravimetric methods,

with a microbalance connected to a computer.
Bearings were cleaned and dehydrated and weighed
4 times with a 32-mm CoCr femoral head as a
calibration standard. Weight loss data were con-
verted to volumetric wear rates and linearly extra-
polated to 10 million cycles for comparison to
published values. Volumetric wear and wear rate
were calculated from the linear regression line. The
SEM and optical microscopic inspection of Si3N4

surfaces were done after wear testing.

Results

Material Properties

The Si3N4 fabricated in this study had a near
100% theoretical material density (3.20 g/cm3) and
a uniform microstructure of fine, elongated grains
(average grain width, 1.5 μm) (Fig. 1). The flexural
strength was 923 ± 70 MPa, with a Weibull modulus
of 19, and a fracture toughness of 10 ± 1 MPa.m1/2.
These data are compared to other orthopedic
bearing materials in Table 1.

Effects of Accelerated Aging

X-ray diffraction analysis of autoclaved vs non-
autoclaved Si3N4 showed the presence of the
hexagonal Si3N4 phase only (Fig. 2). No material
degradation or phase change was detected despite
autoclaving Si3N4 for 100 hours; the flexural
strength remained within 1 SD (±36 MPa) of the
mean strength of 936 MPa (Fig. 3).

Wear Testing

The Si3N4-Si3N4 and Si3N4-CoCr bearings pro-
duced wear volumes of 0.2 mm3 and 0.18 mm3,
respectively, at 1 million cycles. These data were
extrapolated to 10 million cycle wear because
previous hip simulator studies have shown that
hard-on-hard bearing wear follows a characteristic
biphasic pattern with higher wear in the early, run-
in period to about 0.5 million cycles, followed by a
lower, steady state linear wear pattern [5,23-25]
that can be extrapolated to predict long-term wear
[5,25]. A consistent wear rate, that is, the gradient of
the linear regression trend is considered more
C
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Fig. 2. Phase stability of Si3N4 in autoclave conditions.
ig. 4. Volumetric wear of Si3N4 compared to Al2O3-Al2O3

nd CoCr-CoCr. Wear data for non-Si3N4 bearings are
erived from other studies, using different hip simulators
nd testing conditions.
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significant than the actual magnitude of wear at any
point in time [24,26]. Accordingly, we calculated the
volumetric wear rate from the slope of the linear
regression curve during steady state wear; thus, at
10 million cycles, the predicted wear for Si3N4-Si3N4

and Si3N4-CoCr bearings was calculated to be 0.65
mm3 and 0.47 mm3, respectively. For THA bearings
of the same diameter, the clinical wear volume of
CoCr-polyethylene THA is 62 mm3, and the experi-
mental wear volumes of CoCr-CoCr and Al2O3-
Al2O3measured in other hip simulators are 6.5 mm3

and between 0.35 and 0.6 mm3, respectively (Fig. 4)
[5]. After wear testing, Si3N4 surfaces remained
smooth and glossy, without scratches or damage
(Fig. 5).
Discussion

Among THA bearings used today, Al2O3-Al2O3 is
the most wear resistant [5]. In clean and third-
body experimental conditions, Al2O3-Al2O3 wear is
less than that of CoCr–cross-linked polyethylene
[27,28]. However, the risk of in vivo failure of an
Al2O3 femoral head is a persistent concern [11,12].
In addition to brittle femoral head failure [29],
Al2O3 cup inserts can break during seating in a
metal shell [6] and during THA dislocations [30].
In the past, zirconia-based ceramics were intro-
Fig. 3. Strength retention of Si3N4 after experimental
aging.
F
a
d
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duced as a tougher material, but yttria–stabilized
zirconia proved susceptible to time-dependent
material degradation [13] that contributed to
bearing failures [31].

Advances in material science have shown that an
elongated grain microstructure [32] (Fig. 1) and the
addition of Y2O3 and Al2O3 to Si3N4 powder [33]
result in a very tough composite material, similar to
that fabricated in this study. Modern Si3N4 is used in
aerospace bearings and in high-temperature appli-
cations such as diesel engines [34]. The Si3N4-Si3N4

pairings have a friction coefficient of 0.001 com-
pared to 0.08 for Al2O3-Al2O3 [35]. The CoCr-Si3N4

articulations produced low wear rates in this study
because of the favorable material hardness, tensile
strength, fracture toughness, and lubricity of Si3N4

and the close match in elastic modulii between the
bearing materials [36-38].

Because Si3N4 has a higher fracture toughness
than Al2O3, it is more resistant to the initiation and
propagation of microcracks that can lead to brittle
failure. The fracture toughness and strength of Si3N4

also result in superior damage resistance, that is, the
ability of the material to retain strength after contact
damage. Practically, this means that Si3N4 can
withstand high loads even if contact stress-related
damage were to occur [39-41].

The CoCr femoral heads are a time-tested
technology in THA with many advantages such as
familiarity, ease of implantation, modularity of neck
lengths and diameters, and no risk of catastrophic
rupture. On the acetabular side, ceramic (Al2O3)
cups have proven reliable; a failure rate of only
0.22% in one large clinical series was attributed to
chipping at the cup rim from femoral neck impinge-
ment and recurrent THA dislocations [30]. Newer
designs in which the ceramic insert is encased in
metal have shown no failures by this mechanism



Fig. 5. Silicon nitride bearings after 1 million wear cycles.
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[42]. The concept of CoCr femoral heads and Si3N4

cups is therefore attractive; it eliminates catastrophic
brittle failure of the head, while achieving the
ultralow wear advantage of ceramic bearings.
Previous investigations of ceramic-metal articula-

tions have paired Al2O3 heads with CoCr cups, with
very low volumes of metal particulate wear [43,44].
The Al2O3-CoCr bearings generate experimental
friction values similar to Al2O3-Al2O3 and less than
that of CoCr-CoCr [44]. The combination of Al2O3-
CoCr produces metal wear volumes that are at least
10-fold less than that of CoCr-CoCr articulations
[43,45]. A limitation of the present investigation is
that we did not test Si3N4 against CoCr cups,
although such a reverse bearing combination
would be expected to produce very low wear,
comparable to that of alumina femoral heads against
CoCr cups reported previously [43,45]. Also,
although cross-linking and related improvements
have decreased polyethylene wear rates to between
5 and 40 mm3 per million cycles against CoCr heads
[46,47], an improved countersurface such as Si3N4

will lower polyethylene wear yet further [43].
A limitation of these data is that clinical applica-

tion of new ceramics such as Si3N4 requires
significant, additional data to validate the in vivo
safety and efficacy of the material. The dramatic
reductions in bearing wear possible by existing
ceramic materials such as alumina and its compo-
sites have not been fully realized by clinicians, in
part because of practical concerns related to
increased implant cost, unpredictable catastrophic
brittle failure in vivo, bearing noise, and limited
implant modularity and sizing options [11]. The
present investigation was limited to examining the
in vitro simulated wear behavior of Si3N4. Further
testing is necessary to determine if the data reported
here can be reproduced clinically and if Si3N4 can
overcome the concerns that have limited the wide-
spread adoption of existing ceramic bearings in THA.
Other limitations of this investigation are that only
28-mm diameter bearings were tested, and compar-
ison data related to other hard bearings were
derived from previous studies that used different
hip simulators and testing conditions than those
used in this study. Because bearing size influences
particulate wear [48,49], it is possible that larger
diameter Si3N4 bearings could behave differently,
generating more wear that could adversely affect the
clinically relevant end point of wear-related osteo-
lysis in THA.

It has been postulated that hard bearings in THA
could produce a greater number of smaller-sized
wear particles, thereby increasing the exposed sur-
face area of bioreactivity in vivo [50]. Wear particles
were characterized in this study, and those findings
have been reported separately [51]. Because wear
between dissimilar mating surfaces originates from
the softer, sacrificial material, Si3N4-CoCr couplings
should generate predominantly CoCr metal particles
[45]. Assuming so, the volume of metal wear from
Si3N4-CoCr calculated in this study was an order of
magnitude lower than the wear of retrieved CoCr-
CoCr THA bearings [5,52]. Furthermore, particle size
analysis has shown a mean equivalent circular
diameter (ECD) of Si3N4 wear particles of 0.7 ± 0.6
μm in this study [51]. This figure is comparable to
ultrahigh-molecular-weight polyethylene (mean
ECD, approximately 0.4 ± 0.2 μm) and Al2O3

(mean ECD, approximately 0.4 ± 0.4 μm) particles
obtained from clinical retrievals [9,51,53,54].
Furthermore, the morphology of Si3N4 wear parti-
cles in this study was similar to Al2O3 particles
produced under similar testing conditions [55]. For
the same size and concentration, ceramic particles
may be less bioreactive than those of polyethylene
[56,57]. Previous biocompatibility tests have shown
that Si3N4 does not elicit adverse in vivo reactions
[58]; specifically, exposure to Si3N4 does not produce
acute or chronic toxicity, mutagenicity, allergenicity,
carcinogenicity, or localized tissue toxicity [59-63].

In summary, a composite ceramic material was
fabricated from doped Si3N4; it had improved
mechanical, friction, and wear characteristics when
compared to modern Al2O3. Both Si3N4-Si3N4 and
Si3N4-CoCr pairings produced wear rates compar-
able to Al2O3-Al2O3; CoCr femoral heads were used
in the latter couple. Further investigations will show



Fabrication and Testing of Silicon Nitride Bearings � Bal et al 115
if Si3N4-CoCr bearings will allow the use of CoCr
femoral heads that are familiar to surgeons, while
gaining the low wear advantage of ceramic surfaces.
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• A new, non-destructive protocol for the
screening of in-vivo femoral heads re-
trievals is proposed;

• A grid is applied on the sample's surface
dividing it in sectors examined through
Raman spectroscopy and laser micros-
copy;

• Combining data and CAD modeling it's
possible to create representative 3D
models of the retrievals;

• The models provide fundamental infor-
mation of topological, crystallographic,
chemical, and micromechanical nature;

• Monoclinic volume fraction profiles,
roughness values and residual stresses
were non-destructively traced;
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with micrometer-scale resolution, thus providing a new and comprehensive protocol for both quality assess-
ments on new components and failure analysis on retrievals.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Zirconia-toughened alumina (ZTA), the most widely used
bioceramic in artificial hip joints, is considered to possess superior
bioinertness [1,2], with some producers having recently claimed
the achievement of full control in the low-temperature degradation
related to polymorphic tetragonal-to-monoclinic transformation in
biological environment [2]. However, while technological evalua-
tions of ZTA components in vitro point to an improved stability [3,
4], retrieved components are yet under examination, their chemical
and hydrothermal stability unknown, and protocols for statistically
valid characterizations yet in their infancy.

As low temperature degradation (LTD) manifests with the poly-
morphic transformation of ZTA in biological environment [5], the im-
pact of such surface degradation on wear enhancement and delayed
fracture events has been the object of intense experimentation [6].
The transformation runs from the surface toward the bulk and
might result in surface roughening and embrittlement [7,8].
Neglecting the effects of the starting amount of monoclinic zirconia
and of metal contaminants on transformation rate, in vivo lifetime
predictions based on extrapolations from in vitro experiments have
been obtained according to the Mehl-Avrami-Johnson (MAJ) model
[9]. However, discrepancies with in vivo data revealed the quite opti-
mistic nature of such extrapolations [3,4,10,11]. A far more compli-
cated in-vivo scenario appeared, with polymorphic transformation
affected by a detrimental combination of hydrothermal destabiliza-
tion, chemical destabilization by transition metals, and load bear-
ing/frictional effects [4,10,11]. Titanium and cobalt-chrome alloys
are the most common metals that contaminate femoral heads sur-
faces [12]. Metallic patterns can differ from sample to sample de-
pending on the stain originating from dislocation, impingement, or
third-body entrapment in the articular zone. Metal stain morphol-
ogies were preliminary classified by Fredette et al. into 7 different
categories [12] in order to better understand metal transfer mor-
phology and related wear phenomena. It should be noted that
metal contamination on the head dome arises from abnormal in-
vivo loading conditions, such as impingement and sub-luxation. In
extreme cases, they can cover the entire surface even after very
short in vivo exposure [3].

The present methods of characterization of hip retrievals rely on
macroscopic analyses forwider but less precise inspections, withmicro-
scopic screening being confined to partial assessments that are not al-
ways representative of the whole sample. The main aim of the present
research is to propose a new protocol for analyzing femoral head re-
trievals in toto producing a 3Dmodel of the sample starting frommicro-
scopic examination. Confocal Raman spectroscopy and lasermicroscopy
are combined with a CAD protocol, giving an in toto representative 3D
model of the retrieval including crystallographic, topological, chemical,
and micromechanical features.
2. Experimental procedures

Five retrievals of BIOLOX®delta (CeramTec GmbH, Plochingen,
Germany) ZTA femoral heads components have been examined.
Femoral heads are made up of a Al2O3 matrix (about 82% vol.) filled
with ZrO2 (17% vol) and other oxides in small percentage (Y2O3,
Cr2O3, SrO) [13]. The average grain size is about 1.5 μm for Al2O3
while ZrO2 has smaller grain size oscillating between 0.2 and
0.6 μm [13,14].

Other information about the samples is given in Table 1, while
Fig. 1 represents the configuration used for the CAD construction
of a polar grid to cover the entire dome of the studied heads. The
dimension of each element was set to build up a fine grid with
16 meridians defining the polar grid. On the top of the retrieval, a
separate circular element 2 mm in diameter was selected. For
each portion of the surface, micrographs were taken by mean of a
3D laser-scanning microscope (VK-X200K series, Keyence, Osaka,
Japan) using both 10× and 150× objective lenses with a numerical
aperture respectively of 0.30 and 0.95. The supplied software
allowed the roughness calculation of the analyzed surfaces accord-
ing to the ISO 4287:1997 [15]. The software attached to the instru-
ment provided us with maps, profiles, and statistical distribution of
surface roughness, Rt.

Raman spectra were acquired on each element of the grid using a
continuous wave (CW) water-cooled Ar+ laser (Stabilite 2017, Spec-
tra Physics, Mountain View, CA, USA) that emits light in the visible
region (wavelength 488 nm, blue laser). The Raman spectrometer
operated with a power of 200 mW and 8 s acquisition time over 2 ac-
quisitions. Samples were placed on x-y axes motorized stage (lateral
resolution of 0.1 μm) allowing collection of 25 points maps on a
square surface with side length of 100 μm. A confocal configuration
was applied to the Raman probe with a 100× objective. According
to this protocol, it was also possible to collect detailed maps on
non-wear, main wear and metal-stained zones. These latter maps
consisted of 125 points and were taken at several depths between
0 and 100 μm. Since the number of collected spectra was cumber-
some, a new automatic algorithm was developed to obtain a fast
and reliable (R2 N 0.999) fitting of the spectral maps. The algorithm
was written in R using RStudio (RStudio, Team 2015). Intensities, po-
sitions and full-width at half maximum (FWHM) were obtained
upon fitting raw spectra with mixed Gaussian/Lorentzian curves.
Monoclinic volume fractions were quantitatively calculated accord-
ing to the following equation [16]:

Vm ¼
1
2

I178m þ I189m

� �
kI148t þ 1

2
I178m þ I189m

� � ð1Þ

where It and Im are the intensity of tetragonal and monoclinic Raman
bands, respectively, which were centered at the frequency given by
the superscript. The constant, k=2.2, is a correcting factor, which
into account the difference in scattering cross-section between the
monoclinic and the tetragonal bands.

Residual stresses in the constituent phases were computed from
spectral shifts according to piezo-spectroscopic coefficients previ-
ously calibrated for the bands at 145 (t-ZrO2), 178 (m-ZrO2), and
415 (Al2O3) cm−1 as −0.6, −0.9, and −0.76 cm−1/GPa, respec-
tively [17,18]. Since all 3 coefficients are negative, compressive
stress fields caused shifts of the Raman bands toward higher
wavenumbers while tensile stresses caused shifts toward lower
wavenumbers.

Data about roughness, monoclinic volume fraction, and residual
stresses were collected for each element of the polar grid and used
to build up a polar map representing the whole sample. The same



Table 1
Geometrical, tribological, and clinical information about the five retrievals of BIOLOX®delta ZTA femoral heads components examined in this study.

Sample Manufacturing year Diameter (mm) Coupling Implantation time (months) Side Cause of explantation

1 2006 32 Ceramic on ceramic 20 Right Prosthetic dislocation
2 2009 40 Ceramic on ceramic 28 Right Septic mobilization
3 Unknown 32 Ceramic on ceramic 106 Right Prosthetic dislocation
4 2008 32 Ceramic on ceramic 77 Left Aseptic mobilization
5 2008 36 Ceramic on ceramic 9 Right septic mobilization
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procedure was applied to in-depth spectroscopic maps using a con-
focal configuration. Finally, a 3Dmodel was built up for each retrieval
by means of CAD software (SolidWorks, Waltham, Massachusetts,
USA). Such a combined procedure enabled us to non-destructively
Fig. 1. The geometrical configuration used for the CAD construction of a polar grid to cover
the entire dome of the studied ZTA head retrievals.

Fig. 2. Photos of the investigated retrieval samples with their diffe
obtain an overall quality assessment of retrieved heads with two mi-
croscopic techniques on a macroscopic level.

3. Results and discussion

Fig. 2 shows the investigated samples with their different mor-
phological patterns of surface metal contamination. Independent of
in vivo exposures spanning from few months to several years (cf.
Table 1), all ZTA femoral head retrievals showed surfaces with sub-
micrometric roughness outside of metal-contaminated areas.
Roughness values (Ra) were all in the same range except for metal
stained areas, as can be seen in Table 2. Moreover, in the absence of
metal stain, differences between main-wear and non-wear zones
were found to be statistically irrelevant (p N 0.05). ZTA retrieval
Sample 1 displayed a patterned coverage (small straight lines evenly
distributed) accompanied by a small solid patch on the upper hemi-
sphere. Sample 3 only showed an extensive solid patch, while Sam-
ple 4 displayed a number of random stripes and a large solid patch.
These morphologies were caused by repeated prosthetic disloca-
tions, which the patients underwent during the implantation time.
Sample 2 showed two isolated scratches although clinical data did
not suggest the occurrence of dislocations. We then speculated
that, given the patterns of such metal scars, they could have been
made by the surgeon's tool during revision surgery.

As seen in a comparison between Fig. 3(a) and (b), which gives
roughness maps and profiles in metal-stained and unstained zones
in Sample 3, respectively, areas affected by metal contamination
(a) showed completely different roughness patterns as compared
to non-stained areas (b). In metal stained areas, Rt ranged from
rent morphological patterns of surface metal contamination.



Table 2
Data of surface roughness inmetal contaminated and non-contaminated zones for thefive
retrievals described in Table 1.

Sample (Serial number) Ra (μm) Metal staining classification

ZTA 1 (4434) 0.021 ± 0.004 No stained area
1.217 ± 0.421 Solid patch – Patterned coverage

ZTA 2 (4976) 0.022 ± 0.007 No stained area
0.749 ± 0.265 Directional scratches

ZTA 3 (5695) 0.020 ± 0.004 No stained area
0.988 ± 0.303 Solid patch

ZTA 4 (5905) 0.017 ± 0.006 No stained area
0.956 ± 0.471 Miscellaneous

ZTA 5 (6144) 0.020 ± 0.005 No stained area
0.594 ± 0.106 Directional scratches
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1.10 to 1.50 μm, but reached 2.80 μm in the case of Sample 3. In this
latter case, the presence of both stripes and solid patch stain
configurations gave rise to a bimodal distribution of Rt, as compared
Fig. 3. Roughness maps and profiles in metal-stain
with the unimodal and sub-micrometric distribution found in stain-
free areas (Fig. 4).

The arising of this peculiar distribution is still unclear but itmay have
two different explanations. It could be due to an overlapping of metal
deposit formed in two different events: the first originated during the
in-vivo time, the second during the occurring of the dislocation. It
could also be caused by the spreading of a metal deposit during the in-
vivo time. Because of the non-homogeneous loading conditions, such
deposit may have spread the metal creating layers with different
thickness.

The remaining retrieval Case 5 showed weak metal contamination
with only random patches.

The monoclinic volume fraction was calculated according to Eq. (1)
and 3D views were built up for the five head retrievals according to
the procedure described in Section 2. In-depth analyses were also con-
ducted on main-wear, non-wear, and metal contaminated areas. Phase
transformation data varied over a wide range of values depending on
ed (a) and unstained (b) zones of Sample 3.



Fig. 4. The bimodal distribution of surface roughness, Rt, as developed in the presence of
both stripes and solid patch stain configurations is compared with the unimodal sub-
micrometric roughness distribution detected in unstained areas of Sample 3.
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clinical data, history of the patient, and material fabrication year. In Fig.
5, a comparison is given amongmaps of polymorphic transformation for
the 5 retrieval samples. As a general trend, results of morphological and
topological stain patterns (cf. Fig. 2) showed profound similarities.
Raman experiments confirmed high values of transformed mono-
clinic phase in both main wear zones and stained areas. Note that
examining the maps in Fig. 5, it is possible to trace back areas
that were loaded during in vivo service. From comparing the 5 in
toto views of transformation patterns, it was also clear that the
monoclinic volume distribution on samples 4 and 5 was highly ir-
regular and not necessarily related to metal stain (there was a
very weak and only localized one in Sample 5) or corresponding
to the nominal main wear zone. At the current state of the research
there are not enough information to have a clear explanation about
the transformation trigger nature for sample 5. There are no pecu-
liar signs of phenomena such as third-body wear, edge loading,
microseparation or stripe wear. Considering the results obtained
in other works [4,10,11] authors have made speculation that dif-
fused metal ions may have caused the transformation.
Fig. 5. Comparison among maps of polymorphic transformation of the zirconia phase for th
topological stain patterns showed profound similarities.
Another possibility is that this head was already affected by
high fractions of monoclinic transformation as released by the
manufacturer.

In-depth measurements were collected on each sample allowing
tracing the profile of the transformation pattern along the head
sub-surface. Fig. 6 shows in-depth polymorphic transformation
profiles collected in metal-stained main-wear (a), metal-stained
non-wear (b), and non-stained non-wear (c) zones of Sample 3.
As a general trend, a gradually decreasing monoclinic content
could be found with increasing depth. However, it should be no-
ticed that transformation profiles were clearly different in Fig.
6(a) and (b). Upon comparing the profiles (a) (i.e., corresponding
to a main wear/metal contaminated area) and (b) (metal stained
area outside of the main wear zone), it is unveiled that the combi-
nation of mechanical (wear) and chemical (metal contamination)
effects led to significantly deeper spreading and more pronounced
gradients of polymorphic transformation (down to 50 μm in
depth). On the other hand, metal staining in the area in which sur-
face stress should be lower or not significant (for geometric rea-
sons, i.e., in the non-wear zone) only affected phase instability
down to a limited depth of few microns under the surface. It can
be concluded that a detrimental combination of chemistry and
microstress takes place on ZTA bearing surfaces in vivo, and that
the presence of metal ions represents a severe trigger for phase in-
stability of ZTA femoral heads during service.

The residual stresses stored within the 3 constituent phases of ZTA
can be computed from frequency shifts of selected Raman bands provid-
ed that the stress dependence and the “stress-free” frequencies of such
bands have been preliminary calibrated. As these calibration parame-
ters were known from previous studies for Al2O3, m-ZrO2, and t-ZrO2

[19,20], we were able here to build up residual stress maps of the
whole surface for the ZTA retrievals.

Fig. 7 shows residual stresses measured for the three constituent
phases of the retrieval Sample 3. Values of residual stresseswere in gen-
eral higher than those reported in monolithic Al2O3 heads, while the
stressmagnitudes for the Al2O3 andm-ZrO2were in linewith the values
measured on ZTA retrievals in a previously published paper [3,17,18].
There's no clear cause for these values of residual stress higher than
usual. However, it should be noted that frequency shifts could also be
of chemical origin, and thus be enhanced by metal-ion diffusion into
the crystal lattices of different phases. In other studies, it has been
proved that metal-ion diffusion can cause shifts in frequency of the
Raman bands of t-ZrO2 [3,4,10,11], although it has not yet become
e 5 retrieval samples studied. A comparison with Fig. 2 reveals that morphological and



Fig. 6. In-depth polymorphic transformation profiles collected in metal-stained main-wear (a), metal-stained non-wear (b), and non-stained non-wear (c) zones of Sample 3.
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possible to quantitatively determine the amount of such a chemical shift
contribution. Accordingly, rather than the magnitude of a stress field,
the lattice strain, cumulative of both chemical and mechanical (elastic)
contributions, has been plotted in Fig. 7 for the t-ZrO2 phase (numbers
in brackets correspond to the apparent stress magnitudes deduced
from frequency shifts).

4. Conclusion

Five in-vivo retrieved ZTA femoral heads have been investigated by
mean of laser microscopy and confocal Raman spectroscopy through a
newly built CAD algorithm. Such algorithm allowed automatically and
non-destructively examining the samples and creating 3D views con-
taining fundamental information of topological, crystallographic, chem-
ical, and micromechanical nature.

The main outputs of the characterization were as follows:

(i) Significant phase instability was found on the surface of the ZTA
heads, independent of time exposure in vivo, with high fractions
of polymorphically transformedm-ZrO2 phase.

(ii) Such highly transformed fractions did not affect the roughness of
the ZTA head surface, which remained always below the single
micron.

(iii) In metal contaminated areas, micrographs of metal staining
showed different patterns consisting of solid patch, random
stripes, and patterned coverage. In these areas, the highest
peaks of roughness were in the micrometric range depending
on contamination patterns and morphologies.

(iv) An additional trigger thatmay be related tometal stain enhanced
phase transformation and lattice strain, especially in the residual
tetragonal polymorph.

The newly built algorithm also succeeded in tracing monoclinic vol-
ume fraction values along the sample sub-surface. In these latter
characterizations, metal ions contamination was found to trigger and
accelerate in-depth propagation of polymorphic transformation.

In summary, the protocol of in toto screening gave us access to a com-
prehensive view of the chemical, crystallographic, and micromechanical
nature of retrieved ZTA femoral heads pointing to a degree of crystallo-
graphic instability in vivo.
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1. Introduction

Long-term oxidative degradation of ultra-high 
molecular weight polyethylene (UHMWPE) bearings in 
THA is a major factor limiting the lifetime of prosthetic 
joints [1]. In ceramic–UHMWPE articulations, it is 
commonly believed that the femoral head is bioinert, 
and therefore it has no role in this degradative process 
during the prosthetic device’s lifespan [2]. However, 
this belief seems highly improbable from a simple 
physical chemistry perspective; and, in fact, it represents 
a profound misconception based on extensive prior 
research on the surface chemistry of bioceramics 

[3–6]. Nevertheless, the ‘chemistry’ aspects of this 
subject seem to be somehow strangely missing from 
much of the scientific literature on ceramic artificial 
joints. The key question is: ‘What exactly happens to 
surface stoichiometry when ceramic and UHMWPE 
counterparts join in the biological environment?’ 
This study was designed to answer this question. 
The null hypothesis, which assumed that ceramics 
are completely bioinert while in direct contact with 
UHMWPE within a hydrothermal environment, 
proved to be false. Instead, the data demonstrated that 
oxide ceramics such as alumina (Al2O3), zirconia-
toughened alumina (ZTA), and monoclinic zirconia 
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Abstract
The chemical interaction of femoral heads with polyethylene liners is an important new area of 
research in total hip arthroplasty (THA) as a consequence of an unabating quest for elongated artificial 
joint lifetimes. It is a topic that goes beyond simple mechanical behavior or wear. It seeks to describe 
the prosthetic device as a whole by adding chemical considerations to mechanics and abrasion. One 
of the poorly understood chemical interactions is oxygen affinity of the femoral heads. While oxygen 
unavoidably diffuses into the non-crystalline enclaves of the polyethylene liner as a result of its contact 
with the tribolayer, a ceramic femoral head can either attract or release oxygen due to its tribochemical 
interactions. In this study, changes in liner crystallinity and oxidation were observed during simple 
static contact with different femoral heads within a hydrothermal environment. Examinations 
were made using Raman microprobe spectroscopy coupled with nanometer-scale spectroscopic 
analyses (x-ray photoelectron spectroscopy (XPS) and cathodoluminescence (CL) spectroscopy) on 
different sets of ceramic and polyethylene couples exposed for increasing periods to a hydrothermal 
environment. Even in the absence of frictional loading, structural modifications were clearly detected, 
statistically validated, and correlated with the oxygen affinity of various femoral head materials. It 
was found that oxide (Al2O3, Al2O3/ZrO2, and m-ZrO2) and non-oxide (Si3N4) ceramic heads release 
or attract nascent oxygen species, respectively. This research unequivocally identified a new gap in 
our knowledge of THA biomaterial interactions, with future studies and material improvements 
undoubtedly leading to an increase in longevity for prosthetic joints.
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(m-ZrO2) released oxygen from their surfaces in vitro, 
thereby acting as oxygen ‘polluters’ into the tribolayer. 
In contrast, a non-oxide ceramic, silicon nitride (Si3N4), 
scavenged oxygen from the joint space, thus acting as 
oxygen ‘cleanser’. These peculiar properties challenge 
the notion of the general bioinertness of ceramic 
materials, and offer a new paradigm for the ‘integrated 
joint space’ where biomaterial surfaces can affect each 
other’s in vivo properties and tribological performance.

In this paper, the microscopic information extracted 
from Raman spectroscopic mapping of UHMWPE lin-
ers in static contact with oxide and non-oxide ceramic 
femoral heads before and after exposure to a hydrother-
mal environment corroborated a trend of higher oxida-
tive propensity against oxide ceramics in comparison 
with non-oxides. In addition, the statistically validated 
spectroscopic data provided deeper insight into the 
microstructural evolution induced by the oxidation 
process, the details of which will also be discussed at 
the microscopic level. In particular, the findings of this 
study support the thesis that oxidation of UHMWPE 
induces a noticeable increase in overall crystallinity 
and orthorhombic phase contents due to chain scission 
and secondary recrystallization [7–10]. The recrystal-
lization phenomenon is therefore a sensor for surface 
oxidation and, at least under static conditions, depend-
ably reflects the degradation of the UHMWPE surface.

2. Experimental procedure

Two sets of four types of ceramic femoral heads, 
consisting of three oxides (Al2O3 BIOLOX®forte, and 
ZTA BIOLOX®delta, CeramTec, GmbH, Plochingen, 
Germany; and m-ZrO2 OXINIUM™, Smith and 
Nephew, Memphis, TN, USA) and one non-oxide 
(MC2®Si3N4, Amedica Corp., Salt Lake City, UT, 
USA) were received from the manufacturers and 
cut into six hemispherical sections for each type of 
ceramic (i.e. three pieces from each head). A new 
generation of highly crosslinked polyethylene, X3™ 
(Stryker Orthopedics, Inc., Mahwah, New Jersey, 
USA), was used as the reference UHMWPE liner. Six 
as-received acetabular liners were sectioned into five 
hemispherical sections each, for a total of thirty pieces. 
All the polyethylene specimens were equal in size and 
shape, maintaining the original concave surface of 
each liner on one side. These were then coupled to the 
convex surfaces of the hemispherical sections of the 
ceramic femoral heads. Figure 1(a) shows a diagram of 
the sample preparation procedure. All the polyethylene 
samples were gamma irradiated with an average dose of 
32 kGy before the hydrothermal aging test, with the aim 
of increasing both the free radical concentration within 
the polymer and the reactivity of the surface exposed 
to water vapor. In addition to the ceramic materials, 
six identical convex polyethylene samples were mated 
and tested against six spherical concave polyethylene 
sections. The convex polyethylene samples were 
not irradiated before aging. Commercially available 

metal clamps were used to assure a constant pressure 
(i.e. 25 N) between the two components during the 
accelerated autoclave-aging test. All surfaces were 
dipped into distilled water before being coupled to 
their respective counter surface and immediately 
placed into the autoclave at a temperature of 121 °C 
under adiabatic water–vapor pressure. The aging time 
was purposely kept short at a fixed interval of 24 h, 
and all samples were concurrently run in the same 
experimental session. The water interlayer between the 
concave and convex surfaces was preserved throughout 
the entire aging experiment. After the completion 
of accelerated aging test, the samples were dried and 
cooled at a rate of 100° h−1. The test was repeated three 
times, using two couples for each type of material 
during each experimental session. Figure 1(b) shows 
a picture of a set of coupled samples prior to insertion 
into the autoclave.

Raman spectra were collected using a triple- 
monochromator (T-64000, Jobin-Ivon/Horiba Group, 
Kyoto, Japan) equipped with a charge-coupled device 
(CCD) detector. Spectral deconvolution was performed 
by means of an automatic fitting algorithm from a com-
mercially available computational package (LabSpec 3, 
Horiba/Jobin-Yvon, Kyoto, Japan) using mixed Gauss-
ian/Lorentzian curves. A confocal pinhole with an aper-
ture-diameter of 100 µm was placed in the optical path 
to exclude photons scattered from out-of-focus regions 
of the probe. Accordingly, only signals from a limited 
in-depth region close to the selected abscissa of the 
focal plane were brought to the detector, allowing an in-
depth spatial resolution of about 6 µm [11]. The con-
focal configuration of the probe adopted throughout 
the experiments corresponded to a 100×  objective lens. 
The numerical objective aperture and confocal pin-
hole diameter were fixed at NA  =  0.9 and Φ  =  100 µm,  
respectively. An automated sample stage was employed 
to collect square maps of Raman spectra at different 
depths: 0, 10, 30, 50 and 100 µm below the surface. 
The map size was 50  ×  50 µm and the square mesh 
comprised 5 µm steps. Each polyethylene sample was 
characterized in three separate locations before and 
after the accelerated aging test. During the post-aging 
Raman experiments, the sub-micrometric precision of 
the automated x-y stage enabled repositioning of the 
laser exactly at the same spots selected in the pre-aging 
analysis. The relationship between the observed Raman 
bands and the vibrational modes of polyethylene has 
been amply documented in the literature [12–14]. The 
microstructural modifications induced by oxidative 
degradation were displayed in terms of variations of 
the crystalline phase (∆ac) before and after testing. The 
fractional amount of crystalline phase was computed 
from Raman spectra according to the method proposed 
by Strobl and Hagedorn [12], which is based on a set of 
equations that includes the intensities of unpolarized 
vibrational bands located at 1296, 1305, and 1418 cm−1. 
Assuming that the oxidative phenomenon is the only 
trigger for recrystallization, then variations in the oxi-
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dation index (∆OI) were calculated using a previously 
calibrated phenomenological equation [15]. Exper-
imental in-depth crystallinity profiles obtained from 
the Raman spectra maps were used to calculate crystal-
line phase fractions and oxidation indices at the surface 
of the UHMWPE samples using a computational rou-
tine based on the quantitative knowledge of the Raman 
probe geometry for UHMWPE [11].

Statistical analyses were performed according to 
the unpaired Student’s t-test. The sample size for each 
couple was set at n  =  18 (i.e. three separate locations 
on each sample and six samples for each couple). A p 
value  <  0.05 was considered statistically significant and 
labeled with an asterisk.

X-ray photoelectron spectroscopy (XPS) assess-
ments were conducted on the surfaces of the UHM-
WPE samples before and after accelerated aging using 
a photoelectron spectrometer (JPS-9010 MC; JEOL 
Ltd, Tokyo, Japan) with an x-ray source of mono-
chromatic MgKα (output 10 kV, 10 mA). Surfaces 
of the samples were cleaned by Ar+ sputtering in the 
pre-chamber, while actual measurements were con-
ducted in the vacuum chamber at around 2  ×  10−7 Pa  
with an analyzer pass energy of 10 eV and voltage step 

size of 0.1 eV. The x-ray incidence and the takeoff angles 
were 34° and 90°, respectively. The fraction of elemen-
tal oxygen was determined by averaging three sepa-
rate measurements on each of the UHMWPE liners at 
the center of their concave surfaces. In addition, XPS 
analyses were also conducted on two sample sectors 
each from unaged and aged Si3N4 femoral heads. The 
aged sections were coupled with UHMWPE liners and 
subjected to the autoclave treatment. This comparative 
analysis was performed in order to detect any possible 
increase in oxygen on the Si3N4 surface that may have 
occurred during accelerated aging. The sensitivity fac-
tors (in at.%) used for the calculation of C, O, Si, and N 
were 4.079, 10.958, 2.387, and 7.039, respectively.

Cathodoluminescence (CL) spectra were collected 
using a field-emission gun scanning electron micro-
scope (FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan) 
equipped with a CL device. Electron irradiation was 
made with an acceleration voltage of 5 kV. Preliminary 
calibrations proved that the selected acceleration volt-
age was below the threshold for perturbation of the 
stoichiometric structure of the material due to electron 
beam impingement. The CL device consisted of an 
ellipsoidal mirror and an optical fiber bundle, which 

Figure 1. (a) Schematic diagram of the sample preparation procedure including sectioning and coupling of UHMWPE/ceramic 
couples in an autoclave operating in water–vapor environment; and, (b) a picture of a set of coupled samples as assembled prior to 
insertion into the autoclave.

Biomed. Mater. 12 (2017) 015005
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enabled the collection and transmission of the CL emis-
sions into a highly spectrally resolved monochromator 
(Triax 320, Jobin-Yvon/Horiba Group, Tokyo, Japan). 
A 150 g mm−1 grating was used throughout the experi-
ments and a liquid nitrogen-cooled 1024  ×  256 pixels 
CCD camera collected the CL emissions. The resulting 
spectra were analyzed with the aid of a commercially 
available software package (LabSpec 4.02, Horiba/
Jobin-Yvon, Kyoto, Japan). Spatially resolved maps 
of electro-stimulated luminescence were obtained by 
focusing the electron beam on about 10 areas of each 
sample surface. A lateral step of 50 nm was adopted, 
which led to the automatic collection of 1600 measure-
ment points per map. Spectral fitting was conducted by 
following a deconvolution procedure with Gaussian–
Lorentzian spectral modes after subtracting a linear 
baseline. The CL probe size was preliminarily calibrated 
and found to be on the order of 68  ×  280 nm2 in depth 
and in plane, respectively. All mathematical modeling 
procedures for CL intensity emissions were conducted 
with the aid of commercially available computational 
software (Mathematica 5.2; Wolfram Research Inc., 
Champaign, IL).

3. Results and discussion

3.1. Raman spectroscopic results on UHMWPE
Figure 2 compares selected Raman crystallinity maps 
collected on the surface of the UHMWPE irradiated 
samples for the entire test series. Data were acquired 
at exactly the same locations before ((a)–(e)) and after 
((f)–(j)) hydrothermal exposure with their respective 
counterface ceramic or UHMWPE materials (see labels 
in insets to figure 2). These maps are typical of a series of 
18 similar maps recorded for each investigated couple 
and are representative of local crystallinity contents 
averaged within a Raman probe whose dimensions 
were ~1 and ~6 µm in width and depth, respectively. In 
other words, these maps represent Gaussian averaged 
values in a 1 µm slab of the UHMWPE material 6 µm 
in depth. Increased near-surface crystallinity values 
were generally observed after exposure to the autoclave 
environment, especially for the UHMWPE samples 
aged in contact with the oxide ceramics. Typically, the 
crystallinity maps exhibited maxima as high as 75% at 
‘hot spots’ a few micrometers in size. However, there 
were clear differences in the overall average values. 
Detectable crystallinity values were significantly 
lower for UHMWPE/Si3N4 and for the UHMWPE/
UHMWPE couples when compared to the remaining 
UHMWPE samples in contact with the oxide ceramic 
heads. There were no significant differences in the 
recorded patterns for the UHMWPE samples in contact 
with the oxide ceramic heads. These characteristics 
are better observed in the regional crystallinity maps 
(∆ac) given in figures 3(a)–(e) for all the tested couples 
including the controls (see labels in insets to figure 3). 
These latter maps were obtained by simply subtracting 
the crystallinity values of the irradiated samples from 

the values recorded at exactly the same locations 
after the 24 h autoclave exposure. The histograms in 
figures 3(f)–(j) were compiled from the entire series 
of Raman characterizations, namely surface areas 
of ~45  ×  103 µm2 for each tested couple. As seen in 
these latter figures, the statistical distribution of ∆ac 
shifted toward higher differential values and broadened 
for all the UHMWPE/oxide couples, with average 
increases of 9.37, 9.43, and 10.52% for UHMWPE/
ZTA, UHMWPE/Al2O3, and UHMWPE/m-ZrO2, 
respectively. Conversely, both frequency distributions 
were similarly sharp and average values correspondingly 
low for increases in crystallinity within the UHMWPE/
UHMWPE and UHMWPE/Si3N4 couples, with average 
∆ac values of 5.47 and 6.74%, respectively. Figure 4(a) 
summarizes ∆ac averages and standard deviations for 
the tested couples including comparative p values for 
statistical significance. Note that the only statistically 
significant result was between the UHMWPE/oxides 
and the UHMWPE/Si3N4 couples (p  =  0.003), while 
UHMWPE/UHMWPE and UHMWPE/Si3N4 couples 
showed an insignificant difference. Recorded values 
for the three different UHMWPE/oxide couples were 
also statistically insignificant (see p values in inset of 
figure 4(a)). Figure 4(b) shows average differences in 
the oxidation indices, ∆OI, and standard deviations 
obtained from the ∆ac values of figure 4(a) according 
to the calibration equation [15]. Again, the oxidation 
indices measured after the 24 h autoclave exposure were 
clearly higher in UHMWPE/oxide ceramic couples as 
compared to the UHMWPE couples containing the 
non-oxide Si3N4 heads and the UHMWPE controls. 
As an additional effort, confocal Raman spectra were 
mapped along the sub-surface of the UHMWPE 
samples with the goal of obtaining the following 
information:

 (i)  The depth, z, to which increased crystallization 
and oxidation penetrated during the autoclave 
exposure.

 (ii)  Precise values for crystallinity and oxidation 
indices at the very surface of the UHWMPE 
samples (i.e. z  =  0 for ∆ac0 and ∆OI0, 
respectively). These were obtained by 
deconvoluting the quantitative averaging 
effect of the confocal Raman probe for  
sub-surface profiles [11].

The diagram of figure 5(a) shows the in-depth 
confocal scanning procedure used to characterize the 
depth profiles for ∆ac(z) and ∆OI(z). Clear exponen-
tial property profiles were revealed along the z-axis 
down to ~100 µm. Quantitative values for ∆ac0 and 
∆OI0 for the different UHMWPE samples are pre-
sented in figure 5(b). By comparing these results with 
those of figures 4(a) and (b), it is noted that the values at 
z  =  0 (i.e. the very surface) are typically higher by about  
40–50%. This demonstrates the existence of steep property 
gradients along the z depth of the UHMWPE samples.

Biomed. Mater. 12 (2017) 015005
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Summarizing the outputs of confocal Raman 
experiments: even by mere contact with selected femo-
ral head materials it is evident that increased crystallin-
ity and oxidation occurred in pre-irradiated UHMWPE 
under simple static hydrothermal test conditions. On the 
one hand, the UHMWPE control couple provided the 
least burden to the polymer’s microstructure because 
oxygen molecules could similarly diffuse and react with 
either of the identical counterfaces. Accordingly, this 
homogeneous couple was least affected by crystallin-
ity and oxidation changes. On the other hand, the data 
presented in this study suggest that oxide ceramics are 
not as effective as Si3N4 in preventing dissolved oxygen 
within body fluids from reaching the polyethylene sur-
face. At fixed environmental conditions, the oxidation 
rate of irradiated polyethylene depends on the amount 
of free radicals present in the polymer and the concen-
tration of available oxygen. In addition, hydroperoxides  

also potentially take part in the oxidation process by 
accelerating the kinetics of oxidation via thermal 
decomposition. From this point of view, it is hypoth-
esized that the amount of oxygen and hydroperoxides 
available for reacting with the UHMWPE samples was 
greater for liners coupled with oxide versus non-oxide 
ceramic heads. In other words, these experiments  
irrefutably revealed the differing roles of oxide and 
non-oxide ceramics in affecting UHMWPE’s oxidative 
degradation. A thorough analysis of this phenom enon 
at the molecular scale will be presented and discussed 
in the next sub-section.

3.2. XPS and CL results on mating counterparts
Establishing reliable and uniform XPS spectral 
acquisition protocols was a preliminary concern in 
testing the variously exposed UHMWPE liners. The 
first step in resolving this concern for the UHMWPE 

Figure 2. Selected Raman maps of crystallinity for the full series of tested couples. The maps were collected on the surface of 
UHMWPE liners at exactly the same locations before ((a)–(d)) and after ((e)–(j)) hydrothermal exposure in contact with the 
various ceramic and control UHMWPE counterfaces. Labels in the insets locate the type of couple tested.

Biomed. Mater. 12 (2017) 015005
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liners involved determining average elemental 
fractions in three different zones of three separate 
samples for each tested couple. Data were obtained 
on the entire UHMWPE series, including couples 
with Al2O3, ZTA, m-ZrO2, Si3N4, and the control 
UHMWPE. The resulting spectra from these samples 
were all quite homogeneous and congruently fitted to 
Voigtian functions [16]. For comparison purposes, the 
numerically averaged data are provided in figure 6(a), 
while figure 6(b) shows details of the O1s zone of the 
XPS spectra. Close inspection of figure 6(a) revealed 
that the strong XPS signals for carbon had similar 
intensities among the different UHMWPE couples. The 
weak emissions from N and Si were likely due to surface 
contaminants because they tended to disappear after 
robust etching. However, the remarkable result, which 
has not been previously reported, was the trend for 

surface oxygen content. The oxygen signal was clearly 
stronger by at least a factor of two in the UHMWPE 
samples coupled to oxide ceramics when compared to 
either the Si3N4 couple or the UHMWPE control.

XPS examinations on the series of Si3N4 counter-
parts were performed next, with results provided 
in figures 7(a) and (b). Figure 7(a) shows the change 
in oxygen content at the surface of this non-oxide 
ceramic. The recorded O1s spectra were obtained from 
one  pristine sample and one sample after autoclaving. 
While the two spectra are similar in appearance, the 
O1s peak after autoclaving is clearly greater in inten-
sity, broader, and slightly shifted toward higher energy 
(i.e. 533 eV), which is typical of Si–O bonding in silica 
and silicon oxynitride [17–19]. This change in intensity 
corresponds to ~30% increase in oxygen content and 
correlates with the lower observed oxygen of its mated 

Figure 3. Maps of crystallinity increases, ∆ac, are given in (a)–(e) for all entire series of tested couples including the UHMWPE/
UHMWPE control. Labels in the insets locate the type of couple tested. These maps were obtained by subtracting the crystallinity 
values of the pristine samples from those recorded at exactly the same locations after 24 h autoclave exposure in contact with their 
concave counterparts. The histograms in (f)–(j) are comprehensive of a wider set of Raman characterizations conducted on total 
surface areas ~25  ×  103 µm2 per tested couple.

Biomed. Mater. 12 (2017) 015005
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UHMWPE liner (see figure 6(a)), while contrasting 
with the higher oxygen seen in the UHMWPE sam-
ples coupled to the oxide ceramics. The experimental 
evidence strongly suggests oxygen scavenging by the 
non-oxide surface during its autoclave exposure. The Si 
content (not shown here) decreased by ~1% after aging, 
which is explainable by the corresponding increase in 
oxygen concentration at the ceramic surface. Similarly, 
the nitrogen content also decreased at the surface of 
the aged Si3N4 sample (see N1s spectra of figure 7(b)), 
although its change was not statistically significant (i.e. 
p  =  0.2). Lastly, the N1s peak was clearly shifted toward 
398 eV, which is the typical binding energy of N in sili-
con oxynitride [18, 19].

Figures 8(a) and (b) show the CL spectra for the 
oxide and non-oxide ceramic counterfaces before and 
after the autoclave treatment, respectively. The electron 
scattering depths for these materials were relatively 
shallow so preliminary experiments were conducted 
to validate the beam’s penetration during low-voltage 
CL data acquisition. The recorded calibration data 
revealed that the CL analyses were always confined to 

depths in the range of 150–250 nm. Figure 8(a) pro-
vides a comparison of the CL spectra obtained from 
ZTA counterparts before and after autoclaving. These 
spectra, which were recorded under exactly the same 
conditions, result from intra-gap transitions at oxygen 
vacancy sites in the Al2O3 lattice [20]. In current auto-
claving experiments, upon exposure of oxides to water 
vapor, water molecular chemisorption and hydroxyla-
tion/dehydroxylation reactions on the oxide surface 
may generate oxygen vacancy in the oxides and release 
oxygen [21, 22], which can contribute to the enhanced 
oxidative degradation observed on the polyethylene 
surfaces coupled with oxides. Therefore, the increase 
in CL intensity recorded for ZTA after the aging treat-
ment reflects a flow of oxygen atoms out of this ceramic 
structure toward the UHMWPE side of the couple. Fur-
thermore, based on the results presented in figure 6, the 
monolithic Al2O3 also lost oxygen. As for the m-ZrO2, it 
had been expected to be relatively stable in terms of oxy-
gen vacancies considering the negligible variation in its 
CL emissions after autoclaving [4], but as stated above, 
as an oxide material, it apparently released oxygen into 
the tribolayer; and, in fact, oxygen vacancy formation in 
m-ZrO2 has been known to occur, showing stability of 
V+ centers [23]. Conversely, figure 8(b) reports the CL 
spectra recorded on the Si3N4 surface before and after 

Figure 4. (a) ∆ac trends for different tested couples 
including standard deviations and statistical analyses 
results; and, (b) difference in oxidation index, ∆OI, with 
the respective standard deviations as obtained from the ∆ac 
values in (a) according to previously shown calibrations [15].

Figure 5. (a) In-depth confocal scanning procedure for 
characterizing the sub-surface profiles of ∆ac(z) and ∆OI(z) 
in the UHMWPE counterparts after hydrothermal testing; 
and, (b) ∆ac0 and ∆OI0 values resolved from deconvoluting 
the sub-surface profiles at z  =  0 of the UHMWPE samples 
coupled with different counterfaces.

Biomed. Mater. 12 (2017) 015005



8

G Pezzotti et al

autoclaving with its UHMWPE counterpart. A reduc-
tion in intensity and a clear morphology change were 
induced in its spectrum by the autoclaving cycle. The 
two main features of its spectral variation can be sum-
marized, as follows: (i) A reduction of the CL intensity 
of the N-vacancy peak located at around 480 nm was 
due to the formation of the silicon oxynitride glass. 
This result is in agreement with the XPS data, which 
showed the N1s peak shifting toward higher binding 
energy after the autoclaving cycle; and, (ii) an increase 
in the intensity of the CL emission at around 630 nm 
corresponded to a characteristic defective cluster in sil-
ica glass, which represents oxygen-rich centers of SiO 
[24]. Therefore, the evolution of the observed CL spec-
tra supported the hypothesis that an oxygen rich phase 
formed at the Si3N4 surface; and that it also contained a 
substantial amount of nitrogen.

It is worth noting the reason why differences in oxy-
gen stoichiometry for both the ceramic and polyethyl-
ene components became readily apparent before and 
after hydrothermal exposure. The performed charac-
terizations of joint components for oxygen chemistry 
went indeed well beyond standard implant metrology 
or gravimetric assessments. Both XPS and CL analytical 
probes were quite sensitive to molecular stoichiometry 

at the nanometer scale and adequately detected chemi-
cal changes in surface stoichiometry. The capacity of 
the employed probes to detect disparities in oxygen 
contents on the surfaces of both UHMWPE liners and 
ceramic heads before and after hydrothermal exposure 
is crucial in surface off-stoichiometry characterizations. 
Although the employed probes were different in their 
physical nature, they both possessed adequate shallow-
ness to detect oxygen off-stoichiometry variations at 
the biomaterials’ surfaces. Note also that metals usually 
have affinity to oxygen and, in particular, several trans-
ition metals such as Ti, Co, and Cr form complexes with 
O2. One could thus expect that with metallic counter-
parts the oxygen pollution effect toward polyethylene 
could be limited and that, from the mere oxygen chem-
istry viewpoint, metals could be more polyethylene 
friendly than oxide ceramics.

3.3. Molecular scale phenomena
To further elaborate on the UHMWPE crystallization/
oxidation results given in section 3.1, the following 
microscopic investigations aim at identifying the 
basic patterns that correlated oxygen flow from the 
ceramic bearings to microstructural changes within 
the polyethylene. The Raman maps in figures 2 and 
3 were revisited for the express purpose of verifying 

Figure 7. The O1s and N1s XPS spectra obtained from the 
Si3N4 samples as recorded before and after the UHMWPE-
coupled autoclave experiments in (a) and (b), respectively.

Figure 6. (a) XPS elemental data obtained for different 
ceramic/UHMWPE in comparison to a control UHMWPE 
couple. (Standard deviations are shown for oxygen, n  =  18); 
and, (b) details of the O1s zone of the XPS spectrum for 
UHMWPE samples after autoclaving with different ceramic 
couples.
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the polyethylene phases, which showed the greatest 
evolution. To do so, each of the UHMWPE samples 
was reanalyzed with improved spatial resolution. 
Figures 9(a) and (b) show exemplifying maps of the 
variations in crystallinity, ∆ac, and oxidation index, 
∆OI, for the UHMWPE counterface ZTA after 24 h 
of autoclave aging, respectively. Note that variations 
in crystallinity were related to changes in oxidation 
index. However, for a definitive conclusion on which 
UHMWPE phase underwent the most oxidation, we 
compared figures 9(c) and (d) for fractional differences 
at exactly the same locations for the third (semi-
crystalline) and amorphous phases, respectively. This 
analysis revealed that the major fraction of the newly 
formed crystalline phase formed at the expense of the 
third phase. Only minor variations could be found in 
the local pattern of the amorphous phase (see dashed 
lines in the maps of figures 9(a)–(d)). According to 
previous publications on the crystallization behavior 
of UHMWPE [7, 9, 25], this oxidation driven process 
starts with the formation of carboxylic acids and leads 

to the breaking and shortening of polyethylene chains. 
Enhancement of their molecular mobility enables 
the chains to reorganize into an ordered structure of 
lower free energy. It has also been demonstrated that 
irradiation of polyethylene triggers recrystallization 
for the same reasons [26–28], with low-angle x-ray 
scattering revealing an increase in lamellar thickness 
after exposure to γ-rays [29]. Taking into consideration 
these prior experimental observations, it is hypothesized 
that in the early stages of oxidation, the decrease of the 
third rather than the amorphous phase correlated with 
an increase in polyethylene lamellar thickness. In fact, 
the third phase is defined as the intermediate layer 
which separates the ordered lamellar structure form 
the random organization of the amorphous phase 
[12]. This connecting phase represents polyethylene 
molecules, which are aligned in the same direction as 
the molecules inside the lamella, but have lost the lateral 
order of the orthorhombic structure presumably due 
to boundary stresses generated by the highly entangled 
chains of the adjacent amorphous phase. The onset of 
oxidation and reduction of molecular weight may have 
released these stresses enabling the molecular chains 
to reacquire their lateral order, which led to lamellar 
thickening. In fact, it is well known that oxygen can 
dissolve in the amorphous phase but cannot diffuse 
into the tightly packed lamellae [30]. Yet, its presence 
in the third phase cannot be ruled-out due to increased 
spacing between adjacent chains when compared to the 
crystalline phase. Conversely, the concentration of free 
radicals may be higher in the third phase, in which they 
migrate from the adjacent crystalline phase. Indeed, free 
radicals generated in the lamellae during irradiation 
cannot form cross-links because the C–C bond length 
of a cross-link is shorter than the intermolecular 
distance inside the crystalline lamellae [31]. In other 
words, the formation of an oxidized species can occur 
in both the amorphous and intermediate phases, 
causing, in both cases, a release of stress within the 
interconnected structure, a reduction of the third 
phase, and a concurrent increase in lamellar thickness. 
A schematic diagram depicting the chain-scission and 
subsequent re-crystallization mechanisms is provided 
in figure 9(e).

Figures 10(a) and (b) provide a hypothesis for the 
cascading set of events that occurred at the wet inter-
face between Al2O3 and UHMWPE counterparts dur-
ing hydrothermal activation. Chemisorption of water 
molecular and dehydroxylation on the Al2O3 surface 
created oxygen vacancies at its surface and released free 
oxygen molecules into the tribolayer. Then, this oxy-
gen flowed toward and reacted with the UHMWPE 
surface in accordance with the oxidation mechanisms 
described above. The experimental results given in  
figures 6(a), (b) and 8(a) statistically confirm this 
hypothesis. The water interface between the Al2O3 and 
UHMWPE was sufficiently thermally activated to gener-
ate oxygen vacancies in Al2O3 and release oxygen from  
the Al2O3 surface into the water interlayer, which resulted 

Figure 8. (a) A comparison of the CL spectra from 
ZTA before and after autoclaving in contact with its 
corresponding UHMWPE. The CL band arises from oxygen 
vacancy sites in the Al2O3 lattice [20]. The intensity of the 
band is directly proportional to the presence of oxygen 
vacancies; and (b) CL spectra recorded on Si3N4 before and 
after the hydrothermal cycle in contact with its UHMWPE 
counterparts. The CL emission at approximately 630 nm 
corresponds to oxygen-rich centers in silica glass [24].
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in increased crystallization (∆ac) and oxidation (∆OI) 
of the UHWMPE. Note especially that the other two 
oxide ceramics (i.e. ZTA and m-ZrO2) generated crys-
tallization and oxidation indices in their respective 
UHMWPEs that were not statistically different than 
those produced in the Al2O3/UHMWPE couple. These 
results are perhaps not surprising given that water 
chemisorption and hydroxylation/dehydroxylation 
reactions may occur on these oxide surfaces, while the 
dominant phase in ZTA is Al2O3 itself (i.e. ~74 wt.%) 
and oxygen vacancy formation is also known to occur 
in m-ZrO2 [4]. Since the values of ∆OI in the UHM-
WPEs coupled to oxide ceramics were similar, the 
exper imental evidence suggests that oxygen vacancies 
formed at coordinatively unsaturated surface oxygen 
atoms via a dehydroxylation mechanism that pro-
duced water through the condensation of hydroxyl 
groups [32–34]. In figures 11(a) and (b), an opposite 

model is presented showing the events leading to oxy-
gen scavenging by Si3N4 in contact with its UHMWPE 
counterpart during hydrothermal activation. In the 
autoclave environment, the wet interface produced a 
flow of oxygen out of the tribolayer toward the non-
oxide ceramic. This free oxygen reacted with the Si3N4 
to form a silicon oxynitride glass phase at its surface. 
Therefore, this process protected the UHMWPE sur-
face from a fraction of the oxygen dissolved in the water 
interlayer, and consequently limited the extent of the 
chain-scission/re-crystallization occurring at the sur-
face of its UHWMPE counterpart. The evidences pro-
vided in this study clearly substantiate the importance 
of oxygen chemistry at the interface of UHMWPE and 
bioceramic couples even under static circumstances. 
Further assessments will be presented under dynamic 
conditions in a forthcoming study, which validate the 
clinical relevance of this new tribochemical paradigm.

Figure 9. Maps of variations in crystallinity, ∆ac (a) and oxidation index, ∆OI (b) as found on the UHMWPE counterpart to ZTA 
after 24 h of autoclave aging. The fractional variations of the third (semi-crystalline) and amorphous phases are given in (c) and (d), 
at exactly the same locations, respectively. In (e), a model describes the chain-scission and secondary crystallization mechanisms.
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Figure 10. Hypothesis of interaction occurring at the interface between Al2O3 and UHMWPE during hydrothermal activation. An 
initially nearly stoichiometric Al2O3 surface (a) diverges toward oxygen off-stoichiometry; and, (b) forms oxygen vacancies along 
with a flow of free oxygen molecules toward the UHMWPE structure.

Figure 11. The interaction occurring at the interface between Si3N4 and UHMWPE during hydrothermal activation. The pristine 
Si3N4 surface (a) forms a layer of silicon oxynitride, and (b) attracts free oxygen from the interface thereby protecting the UHMWPE 
structure from oxidation.
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4. Conclusion

Consistent with a new concept of an ‘integrated joint 
space’, this in vitro study provided phenomenological 
evidence against the common belief that bioceramics 
currently employed in THA devices are bioinert. In 
fact, data from these experiments present an altogether 
opposite viewpoint. Instead of no interaction, the 
results suggest that ceramic surface chemistry plays 
an important role in either enhancing or retarding 
the oxidative degradation of UHMWPE liners by 
releasing or scavenging oxygen from the tribolayer. 
By employing various surface spectroscopy tools, the 
present study verified a methodology for determining 
oxygen stoichiometry in UHMWPE/ceramic couples 
subjected to static contact in a hydrothermally 
activated environment. XPS and CL spectra were 
collected on UHMWPE samples coupled to femoral 
head sections from three different oxide ceramics (i.e. 
Al2O3, ZTA, and m-ZrO2), a non-oxide ceramic (i.e. 
Si3N4), and a convex UHMWPE control. Consistent 
results obtained using these independent surface 
analyses methods validated the correctness of the 
conclusions. Within the hydrothermally activated 
environment, it was found that oxygen affinity of 
various bioceramics plays a fundamental role in the 
degradation of UHMWPE. Specifically, ceramic 
oxide surfaces were found to similarly contribute to 
the oxidative degradation of the polyethylene liners 
while non-oxide Si3N4 delayed it. This latter behavior 
relies on the peculiar physical surface chemistry of 
Si3N4. In contrast to oxide ceramics, which have been 
previously shown to lose oxygen from their surface 
lattice structures, the surface of Si3N4 undergoes a 
steady growth of an amphoteric SiO2-rich layer by 
attracting oxygen from the surrounding environment. 
In simple terms, ZTA and the other oxide femoral heads 
release oxygen, which can contribute to UHMWPE 
degradation whereas Si3N4 traps oxygen thereby 
providing a protective benefit to the polyethylene. 
Future studies could be focused on varying the oxygen 
concentration in the tribolayer (e.g. by adding oxygen 
peroxide) in static experiments or on introducing a 
swing motion between the head and the liner, while 
controlling the flow of oxygen upon increasing the 
number of cycles.

In conclusion, the data presented in this study intro-
duced a new paradigm of an ‘integrated joint space’, 
where various biomaterials interact at the micro-
chemical level and synergistically aid each other during 
their lifetime service in the human body. Moreover, this 
study also suggested that stoichiometric monitoring of 
the surfaces of bioceramic/UHMWPE couples should 
be adopted as a new in vitro evaluation technique for 
assessing and predicting polyethylene degradation in 
artificial hip joints. Its use could lead to both improved 
materials and designs resulting in enhanced device  
lifetimes.
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Abstract 
Silicon nitride (Si(3)N(4)) is a ceramic material developed for industrial applications that demand high 
strength and fracture resistance under extreme operating conditions. Recently, Si(3)N(4) has been used 
as an orthopedic biomaterial, to promote bone fusion in spinal surgery and to develop bearings that can 
improve the wear and longevity of prosthetic hip and knee joints. Si(3)N(4) has been implanted in human 
patients for over 3years now, and clinical trials with Si(3)N(4) femoral heads in prosthetic hip 
replacement are contemplated. This review will provide background information and data relating to Si(3)
N(4) ceramics that will be of interest to engineering and medical professionals. 
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Silicon nitride (Si3N4) is a ceramic material developed for industrial applications that demand high
strength and fracture resistance under extreme operating conditions. Recently, Si3N4 has been used as
an orthopedic biomaterial, to promote bone fusion in spinal surgery and to develop bearings that can
improve the wear and longevity of prosthetic hip and knee joints. Si3N4 has been implanted in human
patients for over 3 years now, and clinical trials with Si3N4 femoral heads in prosthetic hip replacement
are contemplated. This review will provide background information and data relating to Si3N4 ceramics
that will be of interest to engineering and medical professionals.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Silicon nitride (Si3N4) is a non-oxide ceramic that is rarely ob-
served in nature, but may occur naturally, since it has been found
in particles of meteorite rock [1]. Synthetic Si3N4 was first devel-
oped by Deville and Wöhler in 1859 [1]; but it remained little more
than a curiosity for nearly a century. Commercial interest in the
material increased in the 1950s, when it was developed for various
refractory applications. However, it was not until the 1980s that its
potential as a structural ceramic was clearly recognized. At that
time, a worldwide effort was initiated to develop Si3N4 for use in
internal combustion engines and high-temperature gas turbines.
Significant improvements were made in its synthesis, processing
and properties. As a result, it is now one of the most extensively
studied ceramics in history. Its material properties are well under-
stood, and its commercial use has expanded greatly.

Today, industrial uses of Si3N4 and its composites are well
established and include high-performance bearings, turbine blades
and glow plugs (i.e. applications that require a material with high
fracture toughness, strength and low wear properties) [2]. Ceramic
ball bearings made of Si3N4 are used in industrial applications
where extreme strength and toughness are necessary [3]. The
material properties of Si3N4 have led to speculation that it may
have a role in biomedical fields also, since it is biocompatible
[4,5] and is visible on plain radiographs as a partially radiolucent
material. Because of a unique combination of material properties,
ia Inc. Published by Elsevier Ltd. A

: +1 573 882 8200.
).
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Si3N4 has been used in spinal fusion implants, and has been devel-
oped for bearing components of prosthetic hip and knee joints.

As clinical data pertaining to the use of Si3N4 in orthopedic sur-
gery become available in the future, it will be useful to have an
overview of the rationale for the use of this material in biomedical
applications. Cervical spacers and spinal fusion devices made of
Si3N4 composites are presently in use, with successful short-term
clinical results [6]. Surgical screws and plates made of Si3N4 as
the source material, as well as bearings for spine disc surgery
and prosthetic hip and knee joints have also been developed and
tested [7–9]. This review will (1) examine the clinical rationale
for using ceramic materials in orthopedic surgery, (2) summarize
the limitations of existing ceramics that have been used in ortho-
pedic surgery, and (3) review the scientific rationale for introduc-
ing Si3N4 ceramics in orthopedic implants.
2. Ceramic materials in orthopedic surgery

Modern biomaterials, such as titanium (Ti) alloys, polished co-
balt–chromium (CoCr) and high-density polyethylene (PE) have
revolutionized prosthetic replacement of diseased hip and knee
joints since the 1970s, such that clinical outcomes are now predict-
able and durable [10,11]. However, a long-term concern related to
prosthetic bearings in the human body is the adverse host biolog-
ical response to accumulated, microscopic wear debris in the
periprosthetic joint space, particularly PE wear particles. Less bear-
ing wear is desirable because particulate wear in hip and knee
replacements leads to localized inflammation, periprosthetic bone
loss and premature implant loosening, necessitating revision
surgery [12–15]. These considerations apply even more acutely
ll rights reserved.
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to the younger and more active patients, who inevitably place
greater demands on the prosthetic joint [16]. Strategies to reduce
PE wear in the ball-and-socket joint of artificial hips, and the slid-
ing–rolling articulation of artificial knees have been pursued vigor-
ously by orthopedic implant manufacturers and material scientists,
with varied success.

The bearing couple of a highly polished CoCr surface articulat-
ing against a PE surface led to the success of modern hip and knee
replacement surgery in the 1970s [17–20]. In total hip
replacements, CoCr femoral heads are still used commonly by
surgeons, usually against an ultrahigh-molecular-weight or cross-
linked PE liner captured inside a hemispherical metal socket.
Cross-linking of PE is a manufacturing strategy designed to reduce
wear [21–23]. Another wear-reduction strategy is to eliminate PE
entirely from hip replacements and use a hard-on-hard bearing
combination instead [24,25]. One example of such is that of
CoCr-on-CoCr articulations in total hip replacement. This couple
was once viewed as an ideal bearing combination, but has rapidly
fallen out of favor because of adverse reactions to metal ions
[26,27] and related soft tissue reactions [28,29].

Alumina (Al2O3) and zirconia (ZrO2) ceramics were introduced
in the 1970s and 1980s, respectively, to replace CoCr surfaces in
hip and knee replacements, with the goal of offering a smoother,
lower-friction surface than CoCr, so that PE wear could be reduced.
Scientific evidence has shown less wear when ceramic surfaces are
used in hip [30,31] and knee [32] replacement surgery, instead of
CoCr. Al2O3 bearings are the only prosthetic hip bearings with over
30-year clinical survivorship, with no evidence of periprosthetic
bone dissolution related to particulate debris [33,34]. Al2O3-on-
Al2O3 total hip bearings are associated with the lowest bearing
wear rates of any material used in orthopedic surgery [33,35]. In
prosthetic total knee replacements, the femoral components are
made of CoCr, which articulate with a PE spacer, designed to sim-
ulate the complex articular geometry of the human knee joint. Sub-
stitution of CoCr components in total knee replacements with
Al2O3 [36–38] or ZrO2 [39] should lead to less wear of the PE count-
ersurface. While Al2O3 femoral components are used commonly in
total knee replacements overseas, their use has not been adopted
in the US. In the US, the closest ceramic component in knee
replacements is an oxidized zirconium femoral component, in
which the underlying metal alloy is transformed to a zirconia cera-
mic layer at the articulating surface [40,41]. Ceramic-on-ceramic
bearing combinations are not feasible in total knee replacements
at present, because of design and engineering limitations.

Despite their encouraging wear performance in orthopedic
bearings, ZrO2 and Al2O3 ceramics have demonstrated their draw-
backs. Yttria-stabilized ZrO2 (YSZ) is an unstable material that can
undergo phase transformation in vivo, leading to catastrophic fail-
ure; this material has been withdrawn from the biomedical market
for its unpredictable outcomes [42]. Also, in comparison studies
with CoCr, ZrO2-based femoral heads have not shown consistent,
superior wear reduction in total hip replacements [43,44]. Al2O3,
in composite form, is the most widely used ceramic in orthopedic
surgery today, but despite its wear reduction and long-term dura-
bility, sporadic cases of catastrophic alumina bearing failure con-
tinue to be a clinical concern [45,46]. The mechanical properties
of alumina can also restrict design options in orthopedic bearings,
thereby limiting surgical flexibility to precisely reconstruct the dis-
eased joint [47,48].

Mixed composites of ZrO2 and Al2O3 have also been marketed
and used in hip replacements. This material, known as a
‘‘zirconia-toughened alumina’’ (ZTA), has shown encouraging early
success [49], although the long-term in vivo outcomes of ZTA are
yet unknown [50,51]. While the advantage of ZTA ceramic bearings
relates to a tougher material than previous generation Al2O3, with
higher fracture strength and essentially equivalent wear, a
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potential drawback is that ZTA is still an unstable, ZrO2-based
material. ZTA derives its strength and toughness from the same
mechanisms that resulted in catastrophic failure of the ZrO2-based
orthopedic bearings [52,53], and there is evidence that spontane-
ous hydrothermally induced phase transformation will occur with
it as well [54]. Material degradation of ZTA may be delayed in com-
parison with ZrO2, but it may manifest nonetheless [55,56]. YSZ
and ZTA derive their strength and toughness from the presence
of a metastable (i.e. thermodynamically unstable) tetragonal zirco-
nia phase that transforms to its stable monoclinic form in the pres-
ence of an advancing crack. The volume expansion associated with
this transformation arrests crack propagation. Simply put, YSZ and
ZTA achieve their remarkable properties through phase instability
of the material itself, rather than by microstructural engineering. It
is well known that such phase instability is exacerbated by warm
temperatures and moist environments, (i.e. conditions readily
found in the human body). As the material transforms, the compo-
nent may lose its strength and toughness such that, over time, it is
essentially no stronger than conventional alumina.

Given the limitations of existing ceramics used in orthopedic
surgery today, there is a need for even tougher and more reliable
ceramic materials that can outlast the lifespan of a patient, with
sub-clinical wear rates. Joint replacement surgery is expanding in
newly prosperous Asian markets, where smaller-sized bearings
are used more commonly, demanding stronger, tougher ceramic
materials that allow surgical flexibility with a wide range of bear-
ing sizes and configurations. In developed countries as well, major
joint replacement surgery is being performed in younger and more
active patients. These individuals expect to enjoy ever longer life-
spans, creating a demand for implants and bearings that will with-
stand several decades of cyclic loading.
3. Material properties of silicon nitride

During the 50-plus years that Si3N4 has been used in industrial
applications, its mechanical properties have been improved by
refining processing methods and using additives to create compos-
ite structures. Of the different processing methods used to make
Si3N4, there are three typical strategies, known as reaction bond-
ing, sintering and pressure-assisted sintering, respectively. Reac-
tion-bonded Si3N4 processing is a method of producing the
ceramic material by nitridation of a porous-shaped article formed
from silicon (Si) powder. In the reaction bonding process, the
shaped article is typically heated in N2 at a temperature in the
range 1200–1400 �C, where the Si reacts with N2 to form Si3N4

and bonds the particles together. An attractive feature of the meth-
od is that the reaction-bonded Si3N4 product has almost exactly the
same external dimensions and geometry as the shaped Si article,
which leads to lower fabrication costs. This method was developed
in the 1950s for refractory articles, but later in the 1980s it was fur-
ther developed with the goal of producing internal combustion and
turbine engines with hot-zone components made entirely from
ceramics [1]. The resulting material has relatively low density, high
porosity (typically 15–20%) and low strength (i.e. flexural strength
of 200–300 MPa).

In sintering, Si3N4 powders mixed with additives (typically Y2O3

and Al2O3) are compacted and heated in an N2 atmosphere of
10–20 MPa pressure at temperatures >�1700 �C. The additives
react with the native SiO2 layer on the Si3N4 powder to form a li-
quid phase that surrounds the Si3N4 particles and aids the densifi-
cation process. On cooling, the liquid phase solidifies to form an
amorphous (glassy) or a partially crystallized glassy phase at the
boundaries of the Si3N4 grains.

Hot pressing and hot isostatic pressing (HIP) are the common
methods of pressure-assisted sintering, and these are used to
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address inadequate densification of sintered Si3N4. In pressure-as-
sisted sintering, the powder (with additives) is placed in a graphite
die (hot pressing) or encapsulated in a metal can (HIP) and
subjected to high applied pressure (�50 MPa in hot pressing;
150–200 MPa in HIP) at high temperature (>1700 �C). Si3N4 made
in this way gains improvements in strength, although at a higher
manufacturing cost [57]. A compromise is to combine the sintering
and HIP technologies (sinter-HIP) such that Si3N4 can be made by
sintering to a stage when the pores become isolated, then HIPed
(without encapsulation in a metal can) in order to achieve a rela-
tively high strength, and at a fraction of the cost of Si3N4 fabricated
by encapsulation in a can and HIP.

Polished test bars with dimensions 3 � 4 � 30 mm, made of
Si3N4 with 10 wt.% Y2O3 and Al2O3 as additives, have shown an ini-
tial bending strength of �600 MPa, and ion implantation of the
structural ceramic can increase this strength significantly, as
shown by Shi et al. [58]. These investigators found increases in
specimen bending strength of 56%, 66% and 35% by the implanta-
tion of Ti, Zr and Cr ions, respectively [58]. Si3N4, like other ceram-
ics, is a brittle material, and typical material property tests have
shown that Si3N4 has a Vickers hardness of 12–13 GPa, Young’s
modulus of 299 GPa, Poisson’s ratio of 0.270, and a typical grain
size of 0.6 lm [59].

The mechanical properties of Si3N4, particularly the fracture
toughness, can be improved by an ‘‘in situ toughening’’ process
in which the Si3N4, already made dense by, for example, the sin-
ter-HIP method, is thermally treated at high temperature
(>1700 �C) to grow the grains in the material into an elongated,
rod-like morphology (Fig. 1a–d). In situ toughened Si3N4 contain-
ing large elongated (>1 lm diameter) grains were shown to have
steady-state fracture toughness values approaching 10 MPa m1=2,
compared with values of � 3 MPa m1=2 for the same material com-
position with less elongated, sub-micrometer diameter grains
Fig. 1. SEM images showing typical microstructures of ceramic bearing materials: (a) d
image of in situ toughened Si3N4 is shown in (c); since the elongated grains in the Si3N4 ar
shows the as-fired surface view.
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[60,61]. Such improvements are possible because the grains in
Si3N4 fabricated by the previously described high-temperature
processes generally consist of the b-phase Si3N4 with an elongated
hexagonal morphology. Typically, the Si3N4 powder used as a start-
ing material consists mainly of the a-phase material (plus a small
amount of the b-phase) which converts to the b-phase during the
high-temperature fabrication process. The growth of the b-grains
is anisotropic, with the c-axis growth rates of the hexagonal prisms
commonly exceeding those normal to the prism faces. This elon-
gated grain growth occurs in the presence of the viscous glassy
phase resulting from the additives used in the fabrication process
and the native SiO2-rich layer on the Si3N4 particles, as described
previously. The development of the optimum mechanical proper-
ties by the in situ toughening process depends on precise engineer-
ing of the composition of the additives used in fabricating the Si3N4

material (which control the composition of the viscous glassy
phase) and the thermal treatment, to produce an optimized micro-
structure of elongated grains [61].

The elongated rod-like grains in the in situ toughened Si3N4

provide toughening mechanisms that are limited or absent in more
conventional Si3N4 [62]. As a result, propagation of a crack through
the in situ toughened material becomes more difficult (Fig. 2).
Bridging of a propagating crack by intact rod-like grains, pullout
of the rod-like grains behind the tip of the propagating crack or
deflection of the crack along the boundaries of the elongated grains
have been shown to provide energy-dissipating mechanisms that
reduce the tendency for fast crack growth, in much the same
way as a reinforcing fibrous phase in a conventionally produced
composite material.

In situ toughened Si3N4 with 6 wt.% Y2O3 and 4 wt.% Al2O3 was
fabricated to measure the mechanical strength and related proper-
ties, according to ASTM C-1161 standards, using specimens
3 � 4 � 45 mm; results showed a near 100% theoretical material
ense, fine-grained Al2O3; (b) ZrO2-toughened Al2O3 (ZTA). For comparison, an SEM
e randomly oriented, they are cut at different angles in the polished planar view; (d)
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Fig. 2. Illustrations show the differences in crack propagation modes for (a) conventional ceramics and (b) in situ toughened silicon nitride ceramics.
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density (3.20 g cm�3), elongated grains with an average width of
1.5 lm (Fig. 1c), flexural strength 923 ± 70 MPa, with a Weibull
modulus of 19 and fracture toughness 10 ± 1 MPa m½ [63]. Both
material strength and toughness were at least two to three times
higher than typical values reported for Al2O3, the most common
ceramic bearing material in orthopedic bearings today (Table 1).
The higher flexural strength and fracture toughness coupled with
the large Weibull modulus indicates far higher mechanical reliabil-
ity of in situ toughened Si3N4 compared with that of Al2O3. These
observations for Si3N4 have been validated by other studies. For
example, using two other compositions of Si3N4 with Y2O3 and
Al2O3 additives, Guedes et al. [64] reported a fracture toughness
of 5 MPa m½ and Vickers hardness values of 13 GPa.

The intrinsic material properties of Si3N4 make it suitable for
articulation against bearing steel, which is a softer material than
ceramics. Thus, Si3N4 has been used in rolling contact applications
in the automotive, turbomachinery and power industries, where it
has a significant advantage due to its low density (half that of
bearing steel), low friction, corrosion-resistance and reliable
performance under extreme conditions [57]. In high-performance
aircraft and space vehicles, very demanding bearing operating con-
ditions such as high vacuum (<10�6 torr), extreme temperatures
(e.g. +230 to�150 �C), large temperature differentials, long life (both
wear and fatigue life, usually 10–15 years without maintenance)
and low friction are common requirements, and Si3N4 is a proven
bearing material in these extreme performance conditions [65].
Table 1
Properties of in situ toughened Si3N4 in comparison to Al2O3, ZrO2-toughened Al2O3 (ZTA)
properties of cortical bone are shown for reference.

Property Si3N4 Al2O3 ZTAa

Density (g cm�3) 3.15–3.26 3.986 4.37
Elastic modulus (GPa) 300–320 400–450 350
Poisson’s ratio 0.25–0.27 0.27 0.24

Strength (MPa)
Tensile 350–400 250–300
Compressive 2500–3000 2000–3000 4300

Flexural 800–1100 300–500 1000
Fracture toughness MPa m1=2 8–11 4–5 5.7
Vickers hardness (GPa) 13–16 14–16 19.1
Thermal expansion coefficient

(10�6 K�1) (25–1000 �C)
3.0–3.5 8.0–8.5 8.5

Thermal conductivity
(Wm�1 K�1)

30–40 30 17

Surface composition SiNH2 and SiOH
groups

Al2O3 Al2O3/Z

Isoelectric point 9 8–9 8–9
Surface charge at pH = 7 Lightly positive Slightly

positive
Slightly
positiv

a 20 vol.% ZrO2.
b 3 mol.% Y2O3.

Please cite this article in press as: Bal BS, Rahaman MN. Orthopedic applica
10.1016/j.actbio.2012.04.031
Fully densified Si3N4 can function under very demanding condi-
tions; all-ceramic Si3N4 ball or roller bearings can operate against
Si3N4 rolling elements and rings at temperatures up to 1000 �C,
and at very high speeds. Hybrid ceramic–steel bearings also per-
form well under similar severe conditions. Industrial Si3N4 ceramic
bearings have reliably met the requirements of higher efficiency,
greater stiffness, higher speed, higher reliability, higher accuracy,
lower friction, corrosion-resistance and non-conductivity [65]
From a mechanical standpoint, therefore, Si3N4 ceramics easily ex-
ceed the demands placed on orthopedic bearings, whether articu-
lating against PE, metal or Si3N4 itself [9]. Practical barriers to
widespread adoption of this technology relate to the manufacture
of most technical ceramics (i.e. material and processing costs, and
the need for reproducibility, reliability and precision in
manufacturing).
4. Tribological properties of silicon nitride

The suitability of Si3N4 for hip and knee bearings has been con-
sidered in the literature, and it is generally agreed that, in the ab-
sence of material oxidation in vivo, Si3N4 has the friction properties
necessary to articulate against itself, even when water is the only
lubricant [66]. It is also well known that Si3N4 bearing surfaces
of various compositions and processes are subject to oxidative deg-
radation, particularly in the presence of moisture. This has been
, Y2O3-stabilized ZrO2 (YSZ) and CoCr (at room temperature unless otherwise stated);

YSZb CoCr PEEK Ti-alloy Cortical
bone

6.04 �8.5 1.29 4.43 1.85
210 210–250 4.2 105–115 8–12
0.30 0.27–0.32 0.36 0.34 0.6

100–110 920–980 50–130
2200 600–

1800
130–140 950–990 130–190

1050 160–180
10.5 50–100 75
12.5 3–4 3.4
11 �14 47 8.6–9.6

1.8–2.9 �100 6.7

rO2 ZrO2 CoO/
Cr2O3

OH
Groups

TiO2/
Al2O3

7.5

e
Slightly
positive
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ig. 3. Volumetric wear of Si3N4 hip joint bearings tested in a hip simulator,
ompared with Al2O3�Al2O3, CoCr�CoCr, and CoCr�PE bearing couples. From Ref.
3].
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studied extensively for high-temperature applications (e.g. engine
components) where the effluent consists of highly corrosive hot
and humid gases [67]. However, these same phenomena are pres-
ent in less demanding low-temperature industrial applications in
liquid water or under humid conditions [68–76], and it is postu-
lated that it may be operative for in vivo articulations as well
[77–79]. Like most metallic and other non-oxide materials, Si3N4

is protected by a thin oxide surface coating (SiO2) with a thickness
in the range 2–5 nm [80]. When this coating is removed through
erosion or wear, the surface rapidly repairs itself through re-oxidi-
zation thereby limiting its degradation.

A review of various studies of Si3N4 articulating against itself
suggests considerable controversy associated with its friction and
wear properties. For instance, a wide range in its coefficient of fric-
tion has been reported, from 0.002 [67] and 0.005 [76] to 0.6 and
0.8 [72,73]. In comparing Si3N4 with other ceramics, Zhou et al.
[78] and later Kusaka et al. [79] found the wear rate for Si3N4 to
be the highest of any of the materials tested. Conversely, just the
opposite was reported in works by Ishigaki et al. [69] and Sasaki
[77]. These diametrically opposed conclusions can be reconciled,
at least in part, by different specimen preparation and testing
methods. Also, the range of observed results suggests that the wear
mechanism for Si3N4 is complex. Unlike oxide ceramics which
wear solely by mechanical abrasion, Si3N4 has two principal wear
modes: mechanical and tribochemical. As explained by Xu and
Kato [73], differences in friction and wear are dependent upon
which mechanism is dominant. While both mechanisms are con-
currently operative, debris is primarily generated by transgranular
or intergranular fracture of the oxide surface and Si3N4 grains in
mechanical wear. The mechanical mode is operative under high
loads, low speeds and stop–start conditions, which typically results
in the observed high friction and high wear. Conversely, tribo-
chemical wear occurs through the dissolution of the Si3N4 in accor-
dance with the following reactions:

Si3N4 þ 6H2O! 3SiO2 þ 4NH3

SiO2 þH2O! SiðOHÞ4

In tribochemical wear, these chemical reactions dominate and,
as reported by virtually all investigators, a hydrated silicon oxide
lubricating film forms between the articulating components. Tribo-
chemical wear is operative at lower loads, higher speeds and under
continuous motion. The observed low friction and wear in the
tribochemical mode is attributed to both the presence of very
smooth articulating surfaces and a low-friction colloidal boundary
film between the components [75,76]. This lubricating hydrated
silicon oxide film is fairly effective in protecting the articulating
surfaces, which results in the observed low wear of the material.
Tribochemical wear is probably the dominant mode for in vitro
hip simulator tests using self-articulating Si3N4, given the low ob-
served wear rates [63]. However, the ability of hip simulators to
replicate in vivo conditions remains controversial [81], so addi-
tional confirmatory tests using self-articulating Si3N4 are
warranted.

To reiterate, published friction and wear data for different types
of Si3N4 have shown variable results because of different test con-
ditions used in various studies [82]. Prototype total hip bearings,
fabricated using in situ toughened Si3N4 [63], have shown im-
proved fracture toughness and strength over medical-grade
Al2O3. When tested in a hip simulator, both CoCr and Si3N4 femoral
heads produced low wear rates against Si3N4 acetabular liners that
were comparable with Al2O3–Al2O3 wear rates, which are the low-
est of any orthopedic bearing (Fig. 3) [63]. Other work has vali-
dated the observation that water-lubricated Si3N4 has very low
friction when sliding against itself [83]. The in vivo environment
Please cite this article in press as: Bal BS, Rahaman MN. Orthopedic applica
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should be more favorable yet, since human synovial fluid is an
excellent lubricant, regardless of the bearing material used [84,85].

Studies on the tribological behavior of ceramics have shown
that wear mechanisms also depend on contact conditions during
laboratory testing. In most structural ceramics such as Si3N4, wear
occurs through a small-scale surface fracture process if the contact
load exceeds a threshold value specific to that material. Another
mechanism, alluded to earlier, whereby wear can be generated is
surface oxidation of the material. In laboratory testing with pure
Si3N4, both mechanisms of wear have been confirmed [82].
Accordingly, for stable, long-term steady performance of Si3N4

orthopedic bearings, a chemically inert material composition that
is impervious to surface oxidation is mandatory. Precise control
of the starting powders and processing parameters is critical in
manufacturing bearing components with predictable, reliable
in vivo behavior that can outlast the remainder of a patient’s
lifespan.

Laboratory investigations using finite element analyses support
the use of Si3N4 in load-bearing hip resurfacing components. Hip
resurfacing differs from hip replacement in that the arthritic host
femoral head is resurfaced with a prosthetic cap, rather than being
surgically excised and replaced [86]. Stress distributions in the
proximal femur bone with implanted Si3N4 hip resurfacing pros-
theses are similar to those of intact, healthy bone. Mazzocchi
et al. [87] investigated Si3N4 ceramics for their potential use in
orthopedic implants, and validated several properties that are crit-
ical to biomedical applications, such as wetting behavior and wear
performance, which simulate conditions typical of a hip joint pros-
thesis. In three different Si3N4 ceramic materials prepared, these
investigators found a lower contact angle of water when compared
with oxide ceramics such as Al2O3 and ZrO2 (Fig. 4). Also, very low
friction coefficients were consistently measured with undetectable
surface modifications and wear tracks in the Si3N4 materials tested,
using a disc-on-ball model of wear detection [87].
5. Material stability of silicon nitride

A key concern relating to in vivo implantation is the long-term
stability of the material, (i.e. a lack of corrosion, oxidation and
other chemical alterations that can affect material properties).
Si3N4 in its raw unimplanted form, when exposed to flowing oxy-
gen, rapidly forms oxides on the surface that are populated with
cracks and pores. Additives of other materials can dramatically
change this surface corrosive behavior, such that the resulting
composites are suitable for long-term material stability, with
imperviousness to oxidative degradation.
tions of silicon nitride ceramics. Acta Biomater (2012), http://dx.doi.org/

http://dx.doi.org/10.1016/j.actbio.2012.04.031
http://dx.doi.org/10.1016/j.actbio.2012.04.031


Fig. 4. Contact angle of deionized water (W), diluted bovine serum (BS) and Hank’s
balanced salt solution (PHS2) on three Si3N4-based ceramics and three oxide
ceramics, Al2O3, Y2O3-stabilized ZrO2 (3 mol.% Y2O3) (denoted ZrO2), and an
Al2O3�ZrO2 composite containing 20 wt.% ZrO2. The starting compositions for the
Si3N4 ceramics consisted of: (1) 10 vol.% silicate bioactive glass; (2) 8.7 vol.% MgO;
(3) 65 vol.% of an Si3N4-based material (2 wt.% Al2O3 + 5 wt.% Y2O3) and 35 vol.% TiN
(denoted Si3N4�TiN). From Ref. [87].
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Surface modifications for different Si3N4 material preparations
were investigated for a duration of 45 days, using water and iso-
tonic physiological saline solution [87]. Both weight changes in
the specimens and scanning electron microscopy (SEM) examina-
tion of the exposed surfaces were conducted to identify morpho-
logical and chemical modifications. These experiments showed a
very limited surface modification related to exposure to oxygen-
containing media. The newly formed phases were limited to the
boundary zone, in the nano-scale [87]. Si3N4 ceramics contain, be-
sides Si3N4 grains, the grain boundary phases formed by sintering
additives (typically an yttrium–aluminum–silicate glass or a
glass–ceramic) and a SiO2-rich layer on the surface. Independent
of additives, during sintering, SiO2 partially decomposes, forming
surface gradients, or even leads to metallic Si inclusions in the
ceramic. The often-used additive Al2O3 partially dissolves into
the Si3N4 grains by a chemical reaction; the resulting boundary
phase has a decisive influence on the mechanical properties and
oxidative behavior of the bulk ceramic. Different Y2O3/Al2O3-con-
taining Si3N4 ceramics with amorphous grain boundaries exhibit
varying degrees of corrosion-resistance, even to acids [88].

Aluminum (Al) implantation into raw Si3N4 is another strategy
for controlling material oxidation that is mediated by sodium [89].
The beneficial role of Al is in surface modification of the ceramic, so
that sodium-accelerated oxidation processes can be reversed. In
addition, the surface morphology and phase characteristics of the
oxides are enhanced, resulting in smooth and glassy oxide layers,
which may play a protective role during oxidation. Aluminum
ion implantation is a novel method for essentially preparing a
functional gradient material. There are several other functional
gradient oxidation control strategies that may be available, includ-
ing various coatings. For instance, Tsarenko et al. [90] reported on
the preparation of Si3N4 with a sol–gel alumina coating which was
effective in preventing oxidation; and Salgueiredo et al. [91] inves-
tigated diamond-like carbon coatings on Si3N4 in an attempt to fur-
ther reduce friction, presumably by elimination of oxidation
through both mechanical and tribochemical wear.
Please cite this article in press as: Bal BS, Rahaman MN. Orthopedic applica
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Related work has identified the optimal concentrations of alu-
minum ion implantation necessary for the optimization of the oxi-
dation resistance of Si3N4 ceramics [92]. Accelerated aging in vivo
was modeled using autoclaving of prototype Si3N4 bearings; the
autoclave environment is used for surgical disinfection and ex-
poses the material to high temperatures and humidity. Despite
exposure to autoclaving for 100 h, in situ toughened Si3N4 fabri-
cated using Al2O3 and Y2O3 additives showed no phase changes
on X-ray diffraction, and the material maintained its superior flex-
ural strength [9]. Thus, while phase changes and material degrada-
tion are a concern with implantable materials, and the history of
catastrophic failures of Y2O3-stabilized ZrO2 bearings in total hip
replacements [93–95] is cautionary, existing evidence concerning
the properties of Si3N4 and the successful use of Si3N4 in critical
industrial environments attest to the stability of this material,
and to its suitability for use in the in vivo environment.
6. Biocompatibility of silicon nitride

Any material used for in vivo applications must be bioinert (i.e.
the material must not demonstrate toxicity or reactivity in bulk or
particulate form, once implanted in the body). Oxide ceramics,
such as stabilized ZrO2 and Al2O3, were used as ceramic materials
in orthopedic applications because of their excellent biocompati-
bility, in addition to their wear resistance. Recent evidence with
cytotoxicity assays, summarized below, shows that Si3N4 ceramics
have a similar, favorable biocompatibility profile. Furthermore,
Si3N4 has been implanted in spinal surgery for over 3 years without
adverse effects, and results from the complete spectrum of ISO
10993 biocompatibility testing have validated its biocompatibility.

Not only are Si3N4 ceramics non-toxic, but the material may
encourage cell adhesion, normal proliferation and differentiation.
Neumann et al. [5] investigated Si3N4 ceramics with different sur-
face properties, with Ti alloy as a reference; cytotoxicity testing,
cell viability and morphology assessment were performed, apply-
ing the L929-mice fibroblast cell culture model in a direct contact
assay. These investigators reported favorable results with all Si3N4

materials tested; cell growth, viability and morphology were com-
parable with Ti, and polished Si3N4 surfaces appeared to promote
cell growth. Further investigation compared industrial-grade
Si3N4, using the L929-cell culture model, with Al2O3 and Ti alloy
as controls [96]. Again, Si3N4 ceramics showed no cytotoxicity
and favorable physicochemical properties. Investigators concluded
that Si3N4 ceramic is suitable for biomedical applications.

The biocompatibility of Si3N4 has also been assessed in an
in vitro model using the human osteoblast-like MG-63 cell line
[97]. Results showed that Si3N4 has a non-toxic, biocompatible
ceramic surface for the propagation of functional human bone cells
in vitro. Its high wear resistance in polished form, and its ability to
support bone cell growth and metabolism in porous form make
Si3N4 an attractive candidate for orthopedic surgery. Cappi et al.
[98] performed mechanical investigations and cell culture tests
with mouse fibroblast cells (L929) and human mesenchymal stem
cells on Si3N4; excellent cytocompatibility was demonstrated by
live/dead staining for both types of cells [98]. Furthermore, the hu-
man mesenchymal stem cells were able to differentiate towards
osteoblasts on all Si3N4-based ceramic materials tested. Guedes
et al. [99] implanted Si3N4 ceramic constructs into rabbit tibiae
for 8 weeks, and found no adverse reaction, with bone ingrowth
occurring into and around the implants. In a separate investigation,
the authors also found that Si3N4-based ceramics did not elicit any
toxic response when tested with standard cell culture models [64].

Howlett et al. [4] investigated the effect of Si3N4 on rabbit mar-
row stromal cells and their differentiation when grown in vitro and
in vivo. In vitro, marrow stromal cells attached to the ceramic
tions of silicon nitride ceramics. Acta Biomater (2012), http://dx.doi.org/
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discs, and fresh marrow stromal cells formed cartilage, bone and
fibrous tissue, whether implanted with or without Si3N4, into the
intraperitoneal cavity of rabbits. When inserted into living bone,
Si3N4 promoted the formation of a cuff of bone, which contributed
to osseous stability, and the material remained unchanged during
the animal’s life, with morphologically normal tissue found adja-
cent to the implant upon autopsy [4].

7. Silicon nitride in orthopedic surgery

During the several decades that ceramic materials have been
used in orthopedic surgery, their advantages over CoCr alloy in
terms of low friction and improved wear qualities have been con-
firmed and reviewed extensively [100,101] Si3N4-based ceramics
are markedly different from the existing Al2O3-based ceramics
presently used in orthopedic surgery worldwide. While polished
Al2O3, and oxidized zirconium are used presently in the bearings
of total hip [102–105], and total knee replacements [41,106–
108], an attractive property of Si3N4 ceramics pertains to its ability
to be formulated into both a porous substrate and a hard bearing
surface. In porous form, Si3N4 can support direct, appositional bone
ingrowth that is necessary for durable biological fixation to the
skeleton. Si3N4 could therefore be used to make orthopedic im-
plants with a smooth articulating surface on one plane, and a por-
ous ingrowth surface on another plane, within the same implant.
This ability opens the door to several novel skeletal applications
of Si3N4. Examples of Si3N4 arthroplasty and spinal reconstruction
products designed for human application are shown in Fig. 5.

Prosthetic hip and knee replacement bearings require biomate-
rials with low wear rates and favorable frictional coefficients that
remain stable in vivo for several decades of service life. Si3N4 artic-
ulating against itself, metal or PE seems to satisfy this requirement,
since under test conditions, the contact surface of Si3N4 becomes
ultra-smooth as a result of tribochemical polishing, and the friction
becomes very low at increasing sliding distances [66]. Thus, Si3N4

should be an excellent material for prosthetic hip and knee bear-
ings, especially in light of very favorable tribological properties
when this material articulates against itself in water. In theory, if
oxidation were a significant concern, non-oxide ceramics like
Si3N4 should not be suitable for hip and knee bearings, but as stud-
ies have demonstrated, surface oxidation can be controlled or elim-
inated by doping as-fabricated Si3N4 with selected additives,
thereby increasing its resistance to oxidation [63,109].

Osteofixation using plates and screws, such as in maxillofacial
surgery is another potential application of Si3N4. An advantage of
Si3N4 is that the material is partially radiolucent, which means that
the implant, adjacent bone and the implant–bone interface can be
visualized easily on plain radiography. Such is not the case with
metal implants, which being radio-opaque, can block radiographic
visualization of the underlying tissue. Furthermore, Si3N4 is
Fig. 5. Examples of Si3N4 arthroplasty and spinal reconstruction products designed
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non-magnetic, which enables magnetic resonance imaging (MRI)
examination of soft tissues proximal to Si3N4 implants with no
artifact. In contrast, examination of soft tissue proximal to metal
implants can be problematic owing to the presence of MRI-related
artifacts [110].

Reaction-bonded porous Si3N4 yields an implant material suit-
able for fusion surgery of spinal intervertebral bodies and, in this
application, Si3N4 has been in clinical use in Australia for over
15 years, with no reports of adverse effects [111]. Furthermore,
dense Si3N4 has been implanted in spinal applications in the US
for over 3 years now, with no adverse reports concerning any im-
plant. Other potential biomedical applications of Si3N4 include
drug-release devices, microelectro-mechanical systems (Bio-
MEMS), and traumatic reconstructions of otorhinolaryngologic
skeletal defects [7,112–114]. A cancellous-structured porous
Si3N4 composite ceramic is in commercial use as a spinal fusion im-
plant, and bone ingrowth rates are similar to those reported for
porous Ti, indicating that porous Si3N4 is an excellent substrate
for implants designed for direct, biological skeletal fixation [115].
New bone forms even in the cortical region of the rabbit tibia
and around silicon nitride implants, suggesting that the material
is osteoconductive and promotes stable osseous fixation [116].

8. Conclusions

Ceramics have remarkable properties that have fueled excite-
ment about their potential applications in the biomedical field,
where the need for improved biocompatibility, strength, low wear,
endurance, reliability and related properties is especially acute in
skeletal reconstruction. Oxide ceramics such as Al2O3 and stabi-
lized ZrO2 have a lengthy history in prosthetic hip and knee
replacements; and the favorable outcomes and the limitations of
these ceramics are well known. Today, Al2O3 is the most common
ceramic bearing used in orthopedic surgery, and oxidized zirco-
nium has replaced stabilized ZrO2 as a bearing surface. Composites
made of Al2O3 and ZrO2 have been designed to provide tougher
orthopedic bearings with low wear properties.

Dense Si3N4 ceramics prepared by in situ toughening have
mechanical properties that are superior to the Al2O3-based ceram-
ics and composites currently used as bearings for total hip and
knee joint replacement. In situ toughened Si3N4 has a flexural
strength approaching 1 GPa, a Weibull modulus of �20 and a frac-
ture toughness of� 10 MPa m1=2, which are indicative of long-term
mechanical reliability under complex loading. When articulating
against itself or CoCr alloys, Si3N4 has a wear rate comparable with
that of Al2O3-on-Al2O3 bearings, which have the lowest wear rates
of any bearing material used in orthopedic surgery.

Unlike metals, Si3N4 is semitransparent to X-rays and being
non-magnetic, it enables MRI of soft tissues proximal to Si3N4 im-
plants. Si3N4 is biocompatible, and porous Si3N4 has been shown to
for human application. Courtesy of Amedica Corp., Salt Lake City, Utah, USA.
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support bone ingrowth at rates comparable with those reported for
porous Ti surfaces when implanted in a large animal (ovine) model.

Si3N4 has been used to promote bone fusion in spinal surgery,
and to develop bearings that can improve the wear and longevity
of prosthetic hip and knee joints. As the world population in-
creases, the demand for maintaining an active, healthy lifestyle
has increased and will probably do so for the foreseeable future.
Consistent with this demand, the need for artificial hip and knee
replacements has continued a steady upward trend, especially in
economically developed nations [117,118]. The limitations of the
materials used in orthopedic joint reconstructions are evident in
the significant number of repeat surgeries, with attendant in-
creases in costs and morbidity associated with total hip and knee
replacements that have failed owing to bearing wear [118,119].
Improved materials, such as Si3N4 composites, when thoroughly
investigated in terms of their mechanical properties and suitability
for in vivo implantation, may play a role in the development of
future orthopedic implants that can relieve human suffering and
dysfunction in the years to come. A half century after industrial
Si3N4 ceramics were developed, this remarkable material may yet
fulfill its promise in the biomedical field.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 2 and 3 are diffi-
cult to interpret in black and white. The full colour images can be
found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.04.031.

References

[1] Riley FL. Silicon nitride and related materials. J Am Ceram Soc
2000;83:245–65.

[2] Brook RJ, editor. Concise encyclopedia of advanced ceramic
materials. Oxford: Pergamon Press; 1991.

[3] Supancic P, Danze R, Harrer W, Wang Z, Witschnig S, Schöppl O. Strength tests
on silicon nitride balls. Key Eng Mat 2009;409:193–200.

[4] Howlett CR, McCartney E, Ching W. The effect of silicon nitride ceramic on
rabbit skeletal cells and tissue. An in vitro and in vivo investigation. Clin
Orthop Relat Res 1989;244:293–304.

[5] Neumann A, Jahnke K, Maier HR, Ragoß C. Biocompatibility of silicon nitride
ceramic in vitro. A comparative fluorescence-microscopic and scanning
electron-microscopic study. Laryngorhinootologie 2004;83:845–51.

[6] Taylor RM, Bernero JP, Patel AA, Brodke DS, Khandkar AC. Silicon nitride: a
new material for spinal implants. J Bone Joint Surg Br 2010;92(Suppl. 1):133.

[7] Neumann A, Unkel C, Werry C, et al. Osteosynthesis in facial bones. Silicon
nitride ceramic as material. HNO 2006;54:937–42.

[8] Neumann A, Unkel C, Werry C, et al. Prototype of a silicon nitride ceramic-
based miniplate osteofixation system for the midface. Otolaryngol Head Neck
2006;134:923–30.

[9] Bal BS, Khandkar A, Lakshminarayanan R, Clarke I, Hoffman AA, Rahaman MN.
Testing of silicon nitride ceramic bearings for total hip arthroplasty. J Biomed
Mater Res B 2008;87:447–54.
Please cite this article in press as: Bal BS, Rahaman MN. Orthopedic applica
10.1016/j.actbio.2012.04.031
[10] Kowalczewski JB, Milecki M, Marczak D. What’s new in total hip
replacement? Chirurgia Narzadow Ruchu i Ortopedia Polska 2005;70:401–5.

[11] Blumenfeld TJ, Scott RD. The role of the cemented all-polyethylene tibial
component in total knee replacement: a 30-year patient follow-up and
review of the literature. Knee 2010;17:412–6.

[12] Cooper HJ, Ranawat AS, Potter HG, Foo LF, Koob TW, Ranawat CS. Early
reactive synovitis and osteolysis after total hip arthroplasty. Clin Orthop Relat
Res 2010;468:3278–85.

[13] Smith LK, Cramp F, Palmer S, Coghill N, Spencer RF. Use of morphometry to
quantify osteolysis after total hip arthroplasty. Clin Orthop Relat Res
2010;468:3077–83.

[14] Burnett RS, Keeney JA, Maloney WJ, Clohisy JC. Revision total knee
arthroplasty for major osteolysis. Iowa Orthop J 2009;29:28–37.

[15] Marshall A, Ries MD, Paprosky W. Implant Wear Symposium Clinical Work G.
How prevalent are implant wear and osteolysis, and how has the scope of
osteolysis changed since 2000? J Am Acad Orthop Surg 2008;16:S1–6.

[16] Lubbeke A, Garavaglia G, Barea C, Stern R, Peter R, Hoffmeyer P. Influence of
patient activity on femoral osteolysis at 5 and 10 years following hybrid total
hip replacement. J Bone Joint Surg Br 2011;93:456–63.

[17] Charnley J. The long-term results of low-friction arthroplasty of the hip
performed as a primary intervention 1972. Clin Orthop Relat Res
1995;319:4–15.

[18] Griffith MJ, Seidenstein MK, Williams D, Charnley J. The classic: socket wear
in Charnley low friction arthroplasty of the hip. Clin Orthop Relat Res
2006;448:3–9.

[19] Insall JN, Binazzi R, Soudry M, Mestriner LA. Total knee arthroplasty. Clin
Orthop Relat Res 1985;192:13–22.

[20] Insall JN, Hood RW, Flawn LB, Sullivan DJ. The total condylar knee prosthesis
in gonarthrosis. A five to nine-year follow-up of the first one hundred
consecutive replacements. J Bone Joint Surg Am 1983;65:619–28.

[21] Capello WN, D’Antonio JA, Ramakrishnan R, Naughton M. Continued
improved wear with an annealed highly cross-linked polyethylene. Clin
Orthop Relat Res 2011;469:825–30.

[22] Lachiewicz PF, Geyer MR. The use of highly cross-linked polyethylene in total
knee arthroplasty. J Am Acad Orthop Surg 2011;19:143–51.

[23] Thomas GE, Simpson DJ, Mehmood S, et al. The seven-year wear of highly
cross-linked polyethylene in total hip arthroplasty: a double-blind,
randomized controlled trial using radiostereometric analysis. J Bone Joint
Surg Am 2011;93:716–22.

[24] Bozic KJ, Kurtz S, Lau E, et al. The epidemiology of bearing surface usage in total
hip arthroplasty in the United States. J Bone Joint Surg Am 2009;91:1614–20.

[25] Zywiel MG, Sayeed SA, Johnson AJ, Schmalzried TP, Mont MA. Survival of
hard-on-hard bearings in total hip arthroplasty: a systematic review. Clin
Orthop Relat Res 2010;469:1536–46.

[26] Willert HG, Buchhorn GH, Fayyazi A, et al. Metal-on-metal bearings and
hypersensitivity in patients with artificial hip joints. A clinical and
histomorphological study. J Bone Joint Surg Am 2005;87:28–36.

[27] Davda K, Lali FV, Sampson B, Skinner JA, Hart AJ. An analysis of metal ion
levels in the joint fluid of symptomatic patients with metal-on-metal hip
replacements. J Bone Joint Surg Br 2011;93:738–45.

[28] Wynn-Jones H, Macnair R, Wimhurst J, et al. Silent soft tissue pathology is
common with a modern metal-on-metal hip arthroplasty. Acta Orthop
2011;82:301–7.

[29] Corradi M, Daniel J, Ziaee H, Alinovi R, Mutti A, McMinn DJW. Early markers of
nephrotoxicity in patients with metal-on-metal hip arthroplasty. Clin Orthop
Relat Res 2011;469:1651–9.

[30] Bascarevic Z, Vukasinovic Z, Slavkovic N, et al. Alumina-on-alumina ceramic
versus metal-on-highly cross-linked polyethylene bearings in total hip
arthroplasty: a comparative study. Int Orthop 2010;34:1129–35.

[31] Kim Y-H, Choi Y, Kim J-S. Cementless total hip arthroplasty with alumina-on-
highly cross-linked polyethylene bearing in young patients with femoral
head osteonecrosis. J Arthroplasty 2011;26:218–23.

[32] Oonishi H, Kim SC, Kyomoto M, Masuda S, Asano T, Clarke IC. Change in
UHMWPE properties of retrieved ceramic total knee prosthesis in clinical use
for 23 years. J Biomed Mater Res B 2005;74:754–9.

[33] Hannouche D, Zaoui A, Zadegan F, Sedel L, Nizard R. Thirty years of experience
with alumina-on-alumina bearings in total hip arthroplasty. Int Orthop
2011;35:207–13.

[34] Nizard R, Sedel L, Hannouche D, Hamadouche M, Bizot P. Alumina pairing in
total hip replacement. J Bone Joint Surg Br 2005;87:755–8.

[35] Hamadouche M, Boutin P, Daussange J, Bolander ME, Sedel L. Alumina-on-
alumina total hip arthroplasty: a minimum 18.5-year follow-up study. J Bone
Joint Surg Am 2002;84:69–77.

[36] Oonishi H, Murata N, Saito M. 3 to 18 year clinical results of total knee
replacement with ceramic components. Key Eng Mat 2001;192–
195:999–1002.

[37] Oonishi H, Nabeshima T, Hanatate Y, Tsuji E, Yunoki H. Wear test of KOM-
alumina total knee prosthesis by a knee simulator. In: Oonishi H, Ooi Y,
editors. Orthopaedic ceramic implants, vol. 4. Japanese Society of Ceramic
Implants; 1984. p. 297–304.

[38] Akagi M, Nakamura T, Matsusue Y, Ueo T, Nishijyo K, Ohnishi E. The Bisurface
total knee replacement: a unique design for flexion. Four-to-nine-year
follow-up study. J Bone Joint Surg Am 2000;82:1626–33.

[39] Bal BS, Greenberg DD, Buhrmester L, Aleto TJ. Primary TKA with a zirconia
ceramic femoral component. J Knee Surg 2006;19:89–93.
tions of silicon nitride ceramics. Acta Biomater (2012), http://dx.doi.org/

http://dx.doi.org/10.1016/j.actbio.2012.04.031
http://dx.doi.org/10.1016/j.actbio.2012.04.031
http://dx.doi.org/10.1016/j.actbio.2012.04.031
http://dx.doi.org/10.1016/j.actbio.2012.04.031


B.S. Bal, M.N. Rahaman / Acta Biomaterialia xxx (2012) xxx–xxx 9
[40] Hui C, Salmon L, Maeno S, Roe J, Walsh W, Pinczewski L. Five-year comparison
of oxidized zirconium and cobalt-chromium femoral components in total
knee arthroplasty: a randomized controlled trial. J Bone Joint Surg Am
2011;93:624–30.

[41] Innocenti M, Civinini R, Carulli C, Matassi F, Villano M. The 5-year results of
an oxidized zirconium femoral component for TKA. Clin Orthop Relat Res
2010;468:1258–63.

[42] Clarke IC, Manaka M, Green DD, et al. Current status of zirconia used in total
hip implants. J Bone Joint Surg Am 2003;85(Suppl. 4):73–84.

[43] Fukui K, Kaneuji A, Sugimori T, Ichiseki T, Kitamura K, Matsumoto T. Wear
comparison between a highly cross-linked polyethylene and conventional
polyethylene against a zirconia femoral head: minimum 5-year follow-up. J
Arthroplasty 2011;26:45–9.

[44] Nakahara I, Nakamura N, Nishii T, Miki H, Sakai T, Sugano N. Minimum five-
year follow-up wear measurement of longevity highly cross-linked
polyethylene cup against cobalt-chromium or zirconia heads. J Arthroplasty
2010;25:1182–7.

[45] Iwakiri K, Iwaki H, Minoda Y, Ohashi H, Takaoka K. Alumina inlay failure in
cemented polyethylene-backed total hip arthroplasty. Clin Orthop Relat Res
2008;466:1186–92.

[46] Rhoads DP, Baker KC, Israel R, Greene PW. Fracture of an alumina femoral
head used in ceramic-on-ceramic total hip arthroplasty. J Arthroplasty
2008;23(1239):e1225–30.

[47] Garino JP. Modern ceramic-on-ceramic total hip systems in the United States:
early results. Clin Orthop Relat Res 2000;379:41–7.

[48] Barrack RL, Burak C, Skinner HB. Concerns about ceramics in THA. Clin Orthop
Relat Res 2004;429:73–9.

[49] Masson B. Emergence of the alumina matrix composite in total hip
arthroplasty. Int Orthop 2009;33:359–63.

[50] Affatato S, Torrecillas R, Taddei P, et al. Advanced nanocomposite materials
for orthopaedic applications. I. A long-term in vitro wear study of zirconia-
toughened alumina. J Biomed Mater Res B 2006;78:76–82.

[51] Maccauro G, Bianchino G, Sangiorgi S, et al. Development of a new zirconia-
toughened alumina: promising mechanical properties and absence of in vitro
carcinogenicity. Int J Immunopathol Pharmacol 2009;22:773–9.

[52] Fernandez-Fairen M, Blanco A, Murcia A, Sevilla P, Gil FJ. Aging of retrieved
zirconia femoral heads. Clin Orthop Relat Res 2007;462:122–9.

[53] Maccauro G, Piconi C, Burger W, et al. Fracture of a Y-TZP ceramic femoral
head. Analysis of a fault. J Bone Joint Surg Br 2004;86:1192–6.

[54] Pezzotti G, Yamada K, Porporati AA, Kuntz M, Yamamoto K. Fracture
toughness analysis of advanced ceramic composite for hip prosthesis. J Am
Ceram Soc 2009;92:1817–22.

[55] Pezzotti G, Yamada K, Sakakura S, Pitto RP. Raman spectroscopic analysis of
advanced ceramic composite for hip prosthesis. J Am Ceram Soc
2008;91:1199–206.

[56] Pezzotti G, Saito T, Takahashi Y, Fukatsu K, Sugano N. Surface topology of
advanced alumina/zirconia composite femoral head as compared with
commercial femoral heads made of monolithic zirconia. J Am Ceram Soc
2011;94:945–50.

[57] Wang W, Hadfield M, Wereszczak AA. Surface strength of silicon nitride in
relation to rolling contact performance. Ceram Int 2009;35:3339–46.

[58] Shi F, Miao H, Peng Z, Si W, Qi L, Li W. Bending strength of ceramics implanted
by titanium, zirconium, and chromium ions with MEVVA source. Key Eng Mat
2005;280–283:1211–2.

[59] Chen FC, Ardell AJ. Fracture toughness of ceramics and semi-brittle alloys
using a miniaturized disk-bend test. Mater Res Innovations 2000;3:250–62.

[60] Li CW, Yamanis J. Super-tough silicon nitride with R-curve behavior. Ceram
Eng Sci Proc 1989;10(7–8):632–45.

[61] Becher PF, Sun EY, Plucknett KP, Alexander KB, Hsueh CH, Lin HT, et al.
Microstructural design of silicon nitride with improved fracture toughness: I,
effect of grain shape and size. J Am Ceram Soc 1998;81:2821–30.

[62] Becher PF. Microstructural design of toughened ceramics. J Am Ceram Soc
1991;74:255–69.

[63] Bal BS, Khandkar A, Lakshminarayanan R, Clarke I, Hoffman AA, Rahaman
MN. Fabrication and testing of silicon nitride bearings in total hip
arthroplasty. Winner of the 2007 ‘‘HAP’’ PAUL Award. J Arthroplasty
2009;24:110–6.

[64] Guedes e Silva CC, Higa OZ, Bressiani JC. Cytotoxic evaluation of silicon
nitride-based ceramics. Mater Sci Eng C 2004;24:643–6.

[65] Wang L, Snidle RW, Gu L. Rolling contact silicon nitride bearing technology: a
review of recent research. Wear 2000;246:159–73.

[66] Mazzocchi M, Bellosi A. On the possibility of silicon nitride as a ceramic for
structural orthopaedic implants. Part I: processing, microstructure,
mechanical properties, cytotoxicity. J Mater Sci Mater Med 2008;19:2881–7.

[67] Park DS, Danyluk S, McNallan MJ. Influence of tribochemical reaction
products on friction and wear of silicon nitride at elevated temperatures in
reactive environments. J Am Ceram Soc 1992;75:3033–9.

[68] Fischer TE, Tomizawa H. Interaction of tribochemistry and microfracture in
the friction and wear of silicon nitride. Wear 1985;105:29–45.

[69] Ishigaki H, Nagata R, Iwasa M. Effect of adsorbed water on friction of hot-
pressed silicon nitride and silicon carbide at slow speed sliding. Wear
1988;121:107–16.

[70] Takadoum J, Houmid-Bennani H, Mairey D. The wear characteristics of silicon
nitride. J Eur Ceram Soc 1998;18:553–6.

[71] Lee KH, Kim KW. Effects of humidity and sliding speed on the wear properties
of Si3N4 ceramics. Mater Sci Eng A 1989;186:185–91.
Please cite this article in press as: Bal BS, Rahaman MN. Orthopedic applica
10.1016/j.actbio.2012.04.031
[72] Saito T, Imada Y, Honda F. An analytical observation of the tribochemical
reaction of silicon nitride sliding with low friction in aqueous solutions. Wear
1997;205:153–9.

[73] Xu J, Kato K. Formation of tribochemical layer of ceramics sliding in water and
its role for low friction. Wear 2000;245:61–75.

[74] Maw W, Stevens F, Langford SC, Dickinson JT. Single asperity tribochemical
wear of silicon nitride studied by atomic force microscopy. J Appl Phys
2002;92:5103–9.

[75] Jahanmir S, Ozmen Y, Ives LK. Water lubrication of silicon nitride in sliding.
Tribol Lett 2004;17:409–17.

[76] Amutha Rani D, Yoshizawa Y, Jones MI, Hyuga H, Hirao K, Yamauchi Y.
Comparison of tribological behavior between a-Sialon/Si3N4 and Si3N4/
Si3N4 sliding pairs in water lubrication. J Am Ceram Soc 2005;88:1655–8.

[77] Sasaki S. The effects of the surrounding atmosphere on the friction and wear of
alumina, zirconia, silicon carbide and silicon nitride. Wear 1989;134:185–200.

[78] Zhou YS, Ikeuchi K, Ohashi M. Comparison of the friction properties of four
ceramic materials for joint replacements. Wear 1997;210:171–7.

[79] Kusaka J, Takashima K, Yamane D, Ikeuchi K. Fundamental study for all-
ceramic artificial hip joint. Wear 1999;225–229:734–74.

[80] Hah S, Burk CB, Fischer TE. Surface quality of tribochemically polished silicon
nitride. J Electrochem Soc 1999;146:1505–9.

[81] Sariali E, Stewart T, Jin Z, Fisher J. In vitro investigation of friction under edge
loading conditions for ceramic-on-ceramic total hip prosthesis. J Orthop Res
2010;28:979–85.

[82] Jahanmir S. Wear transitions and tribochemical reactions in ceramics. P I
Mech Eng J-J Eng 2002;216:371–85.

[83] Iliev C. On the wear behaviour of silicon nitride sliding against metals in
water. Ind Lubr Tribol 2010;62:32–6.

[84] Blewis ME, Nugent-Derfus GE, Schmidt TA, Schumacher BL, Sah RL. A model
of synovial fluid lubricant composition in normal and injured joints. Eur Cells
Mater 2007;13:26–39.

[85] Mazzucco D, Spector M. The John Charnley Award Paper. The role of joint
fluid in the tribology of total joint arthroplasty. Clin Orthop Relat Res
2004;429:17–32.

[86] Zhang W, Titze M, Cappi B, Wirtz DC, Telle R, Fischer H. Improved mechanical
long-term reliability of hip resurfacing prostheses by using silicon nitride. J
Mater Sci Mater Med 2010;21:3049–57.

[87] Mazzocchi M, Gardini D, Traverso PL, Faga MG, Bellosi A. On the possibility of
silicon nitride as a ceramic for structural orthopaedic implants. Part II:
chemical stability and wear resistance in body environment. J Mater Sci
Mater Med 2008;19:2889–901.

[88] Herrmann M, Schilm J, Hermel W, Michaelis A. Corrosion behaviour of silicon
nitride ceramics in aqueous solutions. J Ceram Soc Jpn 2006;114:1069–75.

[89] Cheong YS, Mukundhan P, Du HH, Withrow SP. Improved oxidation resistance
of silicon nitride by aluminum implantation: I. Kinetics and oxide
characteristics. J Am Ceram Soc 2000;83:154–60.

[90] Tsarenko I, Park S, Due H, Lee WY. Sol–gel alumina coating for improved
cyclic oxidation resistance of silicon nitride. J Am Ceram Soc 2003;86:1622–4.

[91] Salgueiredo E, Vila M, Silva MA, Lopes MA, Santos JD, Costa FM, et al.
Biocompatibility evaluation of DLC-coated Si3N4 substrates for biomedical
applications. Diam Relat Mater 2008;17:878–81.

[92] Cheong YS, Mukundhan P, Du HH, Withrow SP. Improved oxidation resistance
of silicon nitride by aluminum implantation: II. Analysis and optimization. J
Am Ceram Soc 2000;83:161–5.

[93] Chowdhury S, Vohra YK, Lemons JE, Ueno M, Ikeda J. Accelerating aging of
zirconia femoral head implants: change of surface structure and mechanical
properties. J Biomed Mater Res B 2007;81:486–92.

[94] Hayaishi Y, Miki H, Yoshikawa H, Sugano N. Phase transformation of a new
generation yttria-stabilized zirconia femoral head after total hip arthroplasty.
Mod Rheumatol 2008;18:647–50.

[95] Masonis JL, Bourne RB, Ries MD, McCalden RW, Salehi A, Kelman DC. Zirconia
femoral head fractures: a clinical and retrieval analysis. J Arthroplasty
2004;19:898–905.

[96] Neumann A, Reske T, Held M, Jahnke K, Ragoss C, Maier HR. Comparative
investigation of the biocompatibility of various silicon nitride ceramic
qualities in vitro. J Mater Sci Mater Med 2004;15:1135–40.

[97] Kue R, Sohrabi A, Nagle D, Frondoza C, Hungerford D. Enhanced proliferation
and osteocalcin production by human osteoblast-like MG63 cells on silicon
nitride ceramic discs. Biomaterials 1999;20:1195–201.

[98] Cappi B, Neuss S, Salber J, Telle R, Knüchel R, Fischer H. Cytocompatibility of
high strength non-oxide ceramics. J Biomed Mater Res A 2010;93:67–76.

[99] Guedes e Silva CC, König Jr B, Carbonari MJ, Yoshimoto M, Allegrini Jr S,
Bressiani JC. Tissue response around silicon nitride implants in rabbits. J
Biomed Mater Res A 2008;84:337–43.

[100] Bal BS, Garino J, Ries M, Rahaman MN. Ceramic materials in total joint
arthroplasty. Semin Arthroplasty 2006;17:94–101.

[101] Rahaman MN, Yao A, Bal BS, Garino JP, Ries MD. Ceramics for prosthetic hip
and knee joint replacement. J Am Ceram Soc 2007;90:1965–88.

[102] Lewis PM, Al-Belooshi A, Olsen M, Schemitch EH, Waddell JP. Prospective
randomized trial comparing alumina ceramic-on-ceramic with ceramic-on-
conventional polyethylene bearings in total hip arthroplasty. J Arthroplasty
2010;25:392–7.

[103] Lombardi Jr AV, Berend KR, Seng BE, Clarke IC, Adams JB. Delta ceramic-
on-alumina ceramic articulation in primary THA: prospective, randomized
FDA-IDE study and retrieval analysis. Clin Orthop Relat Res 2010;468:
367–74.
tions of silicon nitride ceramics. Acta Biomater (2012), http://dx.doi.org/

http://dx.doi.org/10.1016/j.actbio.2012.04.031
http://dx.doi.org/10.1016/j.actbio.2012.04.031


10 B.S. Bal, M.N. Rahaman / Acta Biomaterialia xxx (2012) xxx–xxx
[104] Garvin KL, Hartman CW, Mangla J, Murdoch N, Martell JM. Wear analysis in
THA utilizing oxidized zirconium and crosslinked polyethylene. Clin Orthop
Relat Res 2009;467:141–5.

[105] Good V, Ries M, Barrack RL, Widding K, Hunter G, Heuer D. Reduced wear
with oxidized zirconium femoral heads. J Bone Joint Surg Am 2003;85(Suppl
4):105–10.

[106] Koshino T, Okamoto R, Takagi T, Yamamoto K, Saito T. Cemented ceramic
YMCK total knee arthroplasty in patients with severe rheumatoid arthritis. J
Arthroplasty 2002;17:1009–15.

[107] Vavrik P, Landor I, Denk F. Clinical evaluation of the ceramic femoral
component used for reconstruction of total knee replacement. Acta Chir
Orthop Traumatol Cech 2008;75:436–42.

[108] Tsukamoto R, Chen S, Asano T, et al. Improved wear performance with
crosslinked UHMWPE and zirconia implants in knee simulation. Acta Orthop
2006;77:505–11.

[109] Luo M, Hou GY, Yang JF, et al. Manufacture of fibrous b-Si3N4 reinforced
biomorphic SiC matrix composites for bioceramic scaffold applications.
Mater Sci Eng C 2009;29:1422–7.

[110] Bal BS, Lowe J. Muscle damage in minimally invasive total hip
arthroplasty: MRI evidence that it is not significant. Instr course lect
2008;57:223.

[111] Sorrell CC, Hardcastle PH, Druitt RK, Howlett CR, McCartney E. Results of 15-
year clinical study of reaction-bonded silicon nitride intervertebral spacers.
Proc 7th World Biomater Cong 2004;7:1872.
Please cite this article in press as: Bal BS, Rahaman MN. Orthopedic applica
10.1016/j.actbio.2012.04.031
[112] Kotzar G, Freas M, Abel P, et al. Evaluation of MEMS materials of construction
for implantable medical devices. Biomaterials 2002;23:2737–50.

[113] Kristensen BW, Noraberg J, Thiebaud P, Koudelka-Hep M, Zimmer J.
Biocompatibility of silicon-based arrays of electrodes coupled to
organotypic hippocampal brain slice cultures. Brain Res 2001;896:1–17.

[114] Davis DH, Giannoulis CS, Johnson RW, Desai TA. Immobilization of RGD to < 1
1 1 > silicon surfaces for enhanced cell adhesion and proliferation.
Biomaterials 2002;23:4019–27.

[115] Anderson MC, Olsen R. Bone ingrowth into porous silicon nitride. J Biomed
Mater Res 2010;92:1598–605.

[116] Guedes e Silva CC, König Jr B, Carbonari MJ, Yoshimoto M, Allegrini Jr S,
Bressiani JC. Bone growth around silicon nitride implants - An evaluation by
scanning electron microscopy. Mater Charact 2008;59:1339–41.

[117] Otten R, van Roermund PM, Picavet HSJ. Trends in the number of knee and
hip arthroplasties: considerably more knee and hip prostheses due to
osteoarthritis in 2030. Ned Tijdschr Genees 2010;154:A1534.

[118] Oduwole KO, Molony DC, Walls RJ, Bashir SP, Mulhall KJ. Increasing financial
burden of revision total knee arthroplasty. Knee Surg Sport Traumatol
Arthrosc 2010;18:945–8.

[119] Ong KL, Mowat FS, Chan N, Lau E, Halpern MT, Kurtz SM. Economic burden of
revision hip and knee arthroplasty in Medicare enrollees. Clin Orthop Relat
Res 2006;446:22–8.
tions of silicon nitride ceramics. Acta Biomater (2012), http://dx.doi.org/

http://dx.doi.org/10.1016/j.actbio.2012.04.031
http://dx.doi.org/10.1016/j.actbio.2012.04.031
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ABSTRACT: Point-defect characterizations in bulk β-silicon nitride polycrystalline
ceramics were performed by means of cathodoluminescence (CL) spectroscopy.
Three kinds of samples were compared: undoped Si3N4, SiO2-doped Si3N4, and
Si3N4 doped with Al2O3 and Y2O3. Intrinsic defects and the effect of anion and
cation substitutions (i.e., O for N and Al(Y) for Si) on the spectroscopic behavior
of defect emissions were investigated with the aim of assigning the physical origin of
the observed CL spectra. Upon deconvoluting the retrieved CL spectra into
individual sub-bands, emissions originating from different defects stored in the
neighborhood of the surface of these materials could be classified. A clear
dependence of defect type and content on the presence of dopants could be found,
despite the well-known notion that most of the dopant ions reside at grain
boundaries rather than being assimilated into the hexagonal structure of β-silicon
nitride.

1. INTRODUCTION

In the late 1980s and early 1990s, large economic investments
and research programs were devoted to developing silicon
nitride (Si3N4) for structural applications.

1 The main outcome
of this massive undertaking was enhancement of the sintering
technology in order to achieve full densification and to finely
tune the Si3N4 microstructure. This was accomplished by the
addition of dopants, which facilitated the formation of a suitable
liquid phase. Many mixture modifications and various amounts
of oxide additives were proposed,2−6 and eventually Al2O3 and
Y2O3 were found to be the most effective combination in
obtaining a peculiarly acicular microstructure, leading to
superior structural properties and reliability.7 A fully dense
Si3N4 sintered body could also be prepared without sintering
additives by using hot isostatic pressing of high-purity Si3N4
powder encapsulated in an evacuated glass seal,8−11 which
made it valuable as a model material but useless from a
structural viewpoint because of its extreme brittleness. Inten-
tional additions of high-purity SiO2 to this model system were
found to promote densification and to progressively coarsen its
microstructure with increasing dopant content.12−14 Unfortu-
nately, almost all the early and huge efforts in developing silicon
nitride were merely oriented toward optimization of its
mechanical properties. The main (positive) consequence of
this approach has been that accurate studies of grain-boundary
structures were extensively published,15−17 but little was
revealed about the basic physical chemistry aspects of the
silicon nitride lattice.
Nowadays, while still taking advantage of the structural

developments and improved reliability, interest in silicon nitride
ceramics has shifted toward more functional applications. This
new attitude brings rejuvenated interest in understanding its

bulk lattice structure. On the one hand, the wide band gap and
the possibility of incorporating high concentrations of dopants
into its lattice make silicon nitride an appealing material for
dielectric applications in microelectronics and optoelec-
tronics.18−20 The optical performance of Si3N4 in these fields
has already undergone thorough scrutiny with the finding that
its properties strongly depend on the population of point-
defects generated in the crystal lattice during manufacturing.20

Nevertheless, the majority of published studies on optical
properties and related lattice defect characterizations have been
primarily focused on nonstoichiometric amorphous SiNx films
rather than bulk polycrystals.21−24 On the other hand, bulk
silicon nitride has recently received attention as an innovative
material for orthopedic applications, in particular those dealing
with spinal fixation devices and bearing components in artificial
joints. Its superior biocompatibility, an excellent combination of
mechanical and tribological properties, and newly established
functionalities related to unique bacteriostatic and osteointe-
gration properties have made silicon nitride a primary candidate
in the field of biomaterials.25−29 Silicon nitride has toughness
values that can be 2−3 times higher than the more
conventional oxide ceramics currently used in arthroplastic
applications,29 and it has shown low wear rates during self-
mating sliding.26 However, perhaps the most intriguing aspect
of silicon nitride as a biomaterial resides in the character of its
physicochemical interactions with the biological environment.
Oxide bioceramics lose stoichiometry on their oxide sublattice
during articulatory hydrothermal aging, with oxygen pro-
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gressively leaving the structure.30−32 Conversely, silicon nitride
is expected to attract oxygen with the formation of a lubricating
and potentially resorbable tribochemical film consisting of
hydrated meta- and orthosilicates.33 Concurrently, the high
electronegativity of nitrogen enables the bearing surface to
capture hydrogen ions in the presence of moisture, thus
potentially enhancing the local pH of the fluid. These
differences might be crucial in improvement of the tribological
behavior of artificial joints and in elongating their ultimate
lifetime in the human body.
The fundamental implications of defect chemistry in various

fields of application definitely call for deeper understanding of
silicon nitride’s lattice structure from a spectroscopic viewpoint.
In this paper, cathodoluminescence (CL) spectroscopy was
applied to characterize point-defect populations in three kinds
of bulk silicon nitride samples: undoped Si3N4, SiO2-doped
Si3N4, and a Si3N4 for biomedical use, containing Y2O3 and
Al2O3 dopants. These samples were selected and compared
because they represent systematic alterations of anion/cation
sublattices in Si3N4. Previously CL spectroscopy has been
applied in the scanning electron microscope for oxygen vacancy
assessments in oxide bioceramics.30−34 In this paper, similar
characterizations for substitutional Al3+/Y3+ and oxygen ions on
the spectroscopic behavior of silicon nitride were performed.
The main goal of this preliminary paper is to clarify the point-
defect populations actually present in different types of Si3N4
materials and assess their contributions to the observed optical
emissions.

2. EXPERIMENTAL PROCEDURE

Three different kinds of bulk Si3N4 ceramic were investigated: a
high-purity Si3N4 densified without external addition of
sintering additives (sample A), a high-purity SiO2-doped
Si3N4 (sample B), and a commercial Si3N4 bioceramic
containing primarily yttria and alumina (sample C; manufac-
tured by AMEDICA Corporation, Salt Lake City, UT). Both
samples A and B were sintered by hot isostatic pressing (HIP)
at 2000 °C after encapsulation into evacuated Pyrex glass
capsules, in order to avoid infiltration of high-pressure Ar gas
into the sample. Although sample A did not contain any
extrinsic sintering additives, oxygen, was present as an impurity
due to surface oxidation of the staring Si3N4 powder. It existed
in sample A as a grain-boundary film (typically 1 nm in
thickness with its total fraction being ∼2.4 vol %. No detectable
silicon oxynitride formation occurred in the bulk structure of
this material.9−14 Sample B was the same as sample A, but
doped with 5 wt % silica as sintering aid. Addition of the silica
gave rise to the formation of a dilute silicon oxynitride
structure, although the majority of the added SiO2 was found at
grain boundaries, with the total dopant concentration being
∼8.3 vol %. As previously mentioned, sample C was a
commercially available Si3N4 biomaterial fabricated by nitrogen
atmosphere sintering to closed porosity followed by hot
isostatic pressing. It contained a substantial amount of sintering
aids, nominally 6 wt % Y2O3 and 4 wt % Al2O3,

29 but also a
small percentage (<1%) of TiO2. The total dopant concen-
tration in sample C was ∼10.2 vol %, including the native
oxygen impurity found in the silicon nitride powder. In all the
investigated samples, this raw powder was a high-purity grade
of Si3N4 (SN-E10, Ube Industry, Tokyo, Japan). The
cumulative content of cation impurities in the raw powder
was less than 0.01 wt %.

CL spectra were collected in a field-emission gun scanning
electron microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo,
Japan). For the CL measurements on the three samples, the
same experimental conditions were applied to avoid introduc-
ing additional variables. The acceleration voltage and the beam
current were fixed in all experiments at 6 kV and 180 pA,
respectively. The nominal spatial resolution of the electron
beam at the sample surface was 1.5 nm. The microscope was
equipped with a CL device consisting of an ellipsoidal mirror,
and a bundle of optical fibers, used to collect and to focus,
respectively, the electron-stimulated luminescence emitted by
the sample into a high spectrally resolved monochromator
(Triax 320, Jobin-Yvon/Horiba Group, Tokyo, Japan). The
obtained spectra were deconvoluted into Gaussian sub-bands
using commercially available software (Origin 9.1, OriginLab
Co., Northampton, MA). Prior to the CL measurements,
Raman spectra of the samples were also recorded in a
backscattering configuration using a triple monochromator
(T-64000, Horiba/Jobin-Yvon, Kyoto, Japan) equipped with a
liquid-nitrogen-cooled charged-coupled device (CCD). The
excitation source was a green laser beam (532 nm) Nd:YVO4
diode-pumped solid-state laser (SOC JUNO, Showa Optronics
Co. Ltd., Tokyo, Japan).

3. RESULTS AND DISCUSSION
A. Phenomenological Description of CL Spectra from

Different Si3N4 Samples. Scanning electron observation of
the investigated samples revealed that all Si3N4 materials
achieved full densification with no residual open porosity and
no pronounced morphology variations on their surfaces. At
room temperature and pressure, the stable crystallographic
structures of Si3N4 are the α-phase (trigonal, space group P31c)
and the β-phase (hexagonal, P63), both of which possess the
same basic structural units with tetrahedral bonding for Si (Si−
N4) and a planar bonding for N (N−Si3). Both phases can be
regarded as consisting of layers of silicon and nitrogen atoms in
the sequence ABCDABCD... or ABAB... for α- and β-Si3N4,
respectively. The AB layer is the same in both α- and β-phase,
while the CD layer in the α-phase is related to AB by a c-gliding
plane. During densification in the presence of a high
temperature liquid, the α-phase of the raw powder undergoes
reconstructive transformation via solution-reprecipitation into
the β-phase, which is the stable polymorph present in sintered
Si3N4 ceramics. This was the case for the samples presented in
this study. Their structures were investigated by Raman
spectroscopy, which showed only spectral bands belonging to
β-Si3N4 for all samples. However, because of their structural
similarity, the CL spectra of both α- and β-Si3N4 are expected
to resemble each other.
Figure 1 shows representative CL spectra for the three Si3N4

samples as recorded under identical experimental conditions in
the wavelength range between 250 and 1250 nm. Under
excitation by electrons, the CL spectra of the investigated
samples displayed quite different profiles, with the maxima of
band emission occurring at distinctly dissimilar wavelengths.
This pronounced change in spectral morphology clearly
revealed the influence of dopants on the optical emissions of
silicon nitride. In the undoped Si3N4 (sample A), whose
spectrum is shown in Figure 1a, a very weak overall intensity
with two main broad luminescence regions was observed. Both
regions are composed of a number of different sub-bands, but
because of the broad line shape and weak signal, direct spectral
deconvolution seems impossible and can be highly unbeliev-
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able, without enough knowledge on the possible luminescence
centers, which we will discuss and attempt to label in the next
subsection. Doping of this high-purity system with silica led to a
significant increase in CL intensity and to a clear modification
of the spectrum morphology (cf. Figure 1b). The most striking
feature resided in that an intensity valley appeared in the region
from 400 to 500 nm, and CL emission on the low-energy side
of the spectrum (>1000 nm) could hardly be observed, which
was already very weak in sample A. This trend was
accompanied by strong enhancement of the CL activity at
around 600 nm, namely the low-energy foot of the broad
emission zone at 300−700 nm, which was detected in sample
A. In sample C (cf. Figure 1c), the overall CL intensity was
intermediate between samples A and B. Besides a moderate CL
activity at around 800−900 nm, a strong emission could be
observed at around 500 nm. In other words, the high-energy
emission side was the most pronounced, which was the

opposite trend when compared to the spectrum retrieved from
sample B. Accordingly, the low wavelength foot was detected at
around 350 nm and appeared as a shoulder to the more
prominent emission at 500 nm. The marked morphological
differences found in Figures 1a−c for the three different Si3N4
materials presented a considerable challenge in interpreting the
physical origins of the observed CL bands. Their deconvolution
is discussed in the following subsections.

B. Labeling the CL Sub-Bands Emitted by Different
Si3N4 Samples. Because α- and β-Si3N4 both possess wide
band gaps (4.8 and 5.2 eV, respectively), emissions observed in
CL experiments originate from defect-related energy levels
(inter-band-gap emissions) in the Si3N4 lattice. All such inter-
band-gap emissions are related to off-stoichiometry sites in the
lattice. According to Robertson,35 in pure silicon nitride, there
could coexist four types of defects: (i) antibonding orbitals
(referred to as σ*) with an energy level of 4.6 eV, which are
associated with Si−Si bond sites; (ii) silicon dangling bonds
(N3Si

•, denoted as ≡Si• or K0 centers) at ∼2.3 eV; (iii) N
dangling bonds (Si2N

•, denoted as =N• or N2
0 centers) at 1.3−

1.5 eV; and, (iv) N4
+ defects at 3.2 eV, associated with the

presence of N−N bonds.21,22,35−39 It is also understood that,
because of the presence of free electrons, dangling-bond-related
defects can act either as donors or as acceptors. Although
Robertson’s model is valid and generally accepted for nitrogen-
rich structures, attempts to explain the spectra of Figure 1 only
according to his model led to quite inconsistent arguments.
Therefore, additional information in the published literature
was sought.
Grillo et al.40 carried out a comprehensive first-principles

study of all native point defects in hexagonal silicon nitride (β-
Si3N4) based on density functional calculations of formation
energies. They found that, at all energies, the most favorable
native defects are the nitrogen vacancies, which might play a
role in donor compensation. Both nitrogen- and silicon-rich
native defect centers form donor and acceptor states in the
band gap of β-Si3N4, thus confirming their amphoteric
behavior. Silicon dangling bonds resulting from structural
nitrogen vacancies (VN) are the thermodynamically preferred
native defects, with acceptor states becoming more easily
formed (i.e., they are expected to reach higher concentrations).
In the case of sintered Si3N4 ceramics, this means that the
intrinsic defect VN should be involved with the emission, whose
energy level was assumed to be at about 2.5 eV.41 A schematic
draft of the above defect types is shown in Figure 2a.
First-principles calculations of the band structure in β-Sialon

have shown that the formation of impurity-like states in the
upper portion of the band gap (i.e., as those caused by
substituting Al−O for Si−N) might produce a decrease in band
gap energy.42 This decrease strongly depends on the Al−O
content introduced in the material. When a pair of (Al, O)
atoms substitutes for (Si, N) atoms, the electron density of the
states becomes more complex due to the introduction of the
Al−N, Al−O, and Si−O bonds. Their incorporation affects the
lowest conduction band and is responsible for the reduction in
band gap.43 CL measurements of β-Sialon 1D nanostructures,
previously published by other authors,44 have shown that all
nanostructures exhibit two distinct emission bands at ∼390 nm
(3.18 eV) and 728 nm (1.70 eV). These bands were tentatively
attributed to the near band edge emission owing to the high
Al−O content and to a deep level emission, respectively.
However, such a large band gap reduction, peculiar to
nanostructures, cannot be found in sintered silicon nitrides

Figure 1. Typical CL spectra collected in (a) sample A, (b) sample B,
and (c) sample C. Sub-bands are shown in (a)−(c) after Gaussian
deconvolution of the respective spectra.
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and also in the presently investigated ceramics. This is generally
because the appreciable weight fraction of sintering aids added
to the raw powders remains segregated at grain boundaries, and
only a minor amount penetrates the Si3N4 lattice.
From a study of the optical properties of a β-Si3N4 single-

crystal grown from a Si melt in N2, Munakata et al.20

experimentally found that incorporation of Al impurities
potentially introduces a midgap level of 2.4 eV into the wide
band gap of about 5.3 eV in undoped Si3N4. The effect of Al
doping (without introducing other heteroions to replace Si or
N) on the optical behavior of silicon nitride was further
investigated by Gao et al.41 on heavily Al-doped single-crystal
α-Si3N4 nanobelts prepared from the reaction of polysilazane
and aluminum isopropoxide with a further pyrogenation
treatment in ultrahigh-purity nitrogen. These researchers
found that Al doping introduced into the wide band gap of
pure Si3N4 two optical absorptions at 2.5 and 4.2 eV, possibly
due to the formation of two types of defects: positively charged
nitrogen vacancies, VN, and negatively charged misplaced Al
ions, AlSi. However, the pristine (indirect) absorption of
undoped Si3N4 disappeared, which was ascribed to an overlap
between the intrinsic conduction edge and the induced defect
energy level of AlSi. Moreover, Al doping was found to cause a
red-shift of the emission peaks by about 0.1 eV.
The CL spectrum obtained from pure α-Si3N4 nanobelts has

been recently reported as consisting of a predominant emission
band at about 2.37 eV (i.e., 523 nm), with two shoulders

located at about 1.8 and 3.12 eV (i.e., 689 and 397 nm),
respectively.41 In a CL study of 1D α-Si3N4 nanostructures, the
CL spectra of individual nanowires, nanobelts, and nano-
branches showed a strong broad UV-blue emission with two
peaks at 371 nm (3.34 eV) and 428 nm (2.89 eV), although
these two bands overlapped and were not clearly resolvable in
α-Si3N4 nanowires and nanobranches. Moreover, a broad red
emission centered at around 733 nm (1.69 eV) could also be
observed.45 The room temperature CL spectrum obtained from
α-Si3N4 ribbons showed one intensive ultraviolet emission peak
at 305 nm (4.06 eV) and two weak broad peaks at 540 nm
(2.30 eV) and 735 nm (1.68 eV), respectively.46 According to
Hu et al.,46 the observed (strong) 305 nm peak in α-Si3N4
ribbons was due to recombination either from the conduction
band to the N2

0 level or from the valence band to the N4
+ level.

The 540 nm peak was attributed to recombination processes at
the silicon dangling bonds, while the 735 nm band was
considered to arise from recombination between the N4

+ and
N2

0 levels.
Finally, Huang et al.45 proposed that the UV-blue emissions

of α-Si3N4 nanobelts, nanowires, and nanobranches, centered at
3.34, 3.22, and 3.05 eV, respectively, arises from the
recombination between the Si−Si σ* level and the N2

0 level
or between the N4

+ and intrinsic valence band edge. The red
emission centered at 1.69 or 1.68 eV was considered to result
from the recombination between the N4

+ and N2
0 levels.

The CL emission from samples A−C was subjected to
spectral deconvolution, taking into consideration all the above-
mentioned literature. The results are displayed in Figure 1. The
CL spectrum of Si3N4 consists of seven sub-bands located at
∼330, 395, 487, 580, 650, 890, and 1080 nm. These bands are
labeled I−VII, respectively. Tentative assignments to these CL
bands are summarized in Table 1, while the related energy
diagram is shown in Figure 2b.

In all samples, band gap (or near-band gap) luminescence
could not be observed. Similarly, emissions from electron
transition between σ-bonding and σ*-antibonding states of Si−
Si bond in silicon nitride (∼4.6 eV) also could not be observed.
The weak luminescent bands seen in the pure sample (Figure
1a) was attributed to intrinsic defects formed in the material
during the fabrication process, including the silicon dangling
bond, K0, nitrogen dangling bond, N2

0, nitrogen vacancy, VN,
and N4

+ site. Given the very weak intensity of the spectrum, the
possible contribution in the green region (i.e., at around 530
nm) from intrinsic carbon impurities within the material or
contamination occurring during the CL measurements cannot
be ruled out.

C. Effect of Aliovalent Elements on the CL Emission of
β-Si3N4. When a small amount of SiO2 is added to Si3N4,

Figure 2. (a) Schematics of the defects types in β-Si3N4 and (b)
related emission diagram according to the transitions observed in the
present measurement.

Table 1. Spectral Location of CL Sub-Bands and Their
Tentative Assignmentsa

band wavelength (nm) wavelength (eV) assignment

I 330 3.76 CB → N2
0

II 390−420 3.18−2.95 N4
+ → VB; CB → K0

III 487 2.55 CB → VN
3+

IV 580 2.14 K0 → VB
V 650 1.90 CB → N4

+; N4
+ → N2

0

VI 890 1.39 N2
0 → VB

VII 1030 1.20 VN
3+ → N2

0

aCB and VB refer to conduction and valence band, respectively.
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diffusional effects that take place during sintering allow dopant
oxygen ions to partly enter the Si3N4 lattice. Incorporation of
these heteroions distorts the lattice but does not break down
the main hexagonal structure since oxygen ions simply replace
nitrogen ions or fill intrinsic nitrogen vacancies. This process
introduces a positively charged defect, ON, into the lattice.
Accordingly, a significant reduction in the amount of nitrogen
vacancies is expected in SiO2-doped Si3N4. This was
experimentally confirmed by the nonobservable CL bands
located at around 490 and 1030 nm (cf. Figure 1b), labeled as
band III and band VII, respectively, which were related to
nitrogen vacancy sites (cf. Table 1). From the viewpoint of
defect chemistry, the SiO2-added Si3N4 material could be
regarded as a silicon oxynitride structure obeying the chemical
formula, SiOxNy. Here, the values of x and y strongly depend
on the local content of oxygen and, thus, on the amount of
silica added to the raw powder. In the case of dilute doping (x
≪ y), the hexagonal structure of β-Si3N4 is barely altered (as
confirmed by Raman experiments), and the ideal chemical
formula of the material can be written as Si3OxN4−2x/3. Because
of the incorporation of oxygen into the sublattice, recombina-
tion of bond structures occurs among Si, N, and O atoms in the
basic SiN(O) tetrahedral structure. Since N and O atoms in
Si3N4 coordinate with three and two Si atoms, respectively,
substitution of N by O can be expected to accompany the
formation of silicon dangling bonds, ≡Si•(K0), and hole traps,
≡Si−Si≡, as well. The strong enhancement observed for the
band located at around 600 nm (cf. Figure 1b) might indeed be
attributed to the formation of silicon dangling bonds in the
lattice structure. The creation of hole traps (Si−Si bonds)
during oxidation of SiOxNy has been reported to arise from the
replacement of N atoms by O atoms.47 The full details of defect
alterations induced by the addition of SiO2 to Si3N4 as
presented in Figure 1b can be summarized as follows: (i) The
luminescence bands at 487 nm (labeled as band III) and 1080
nm (band VII) disappeared, which are directly related to the
suppression of anion vacancies. As already mentioned, the
amount of VN

3+ is greatly reduced upon filling of oxygen ions
with the introduction of ON

+ defects. Indirect confirmation of
this assertion was confirmed by means of Raman spectroscopy.
In Raman assessments, a pronounced increase in probe size in
the visible was found for sample B as compared to both samples
A and C. This was interpreted as an increase in laser
penetration to VN annihilation, which reduced the effective
absorption coefficient. (ii) The band located at 580 nm (band
IV) was significantly enhanced, which indicates that sub-
stitutions of O for N accompany the formation of silicon
dangling bonds, ≡Si• (K0). (iii) As compared to pure and
undoped Si3N4, a well-observable red-shift of the band at 330
nm (band I) to a higher wavelength and a clear blue-shift of
band VI to a lower wavelength were found. These spectral shifts
might also be a consequence of the formation of oxygen
dangling bonds, Si−O•, which have an energy value slightly
higher than the N2

0 center. In other words, the energy level of
the “apparent N2

0 center” (namely, a complex effect of overlap
between N2

0 and Si−O•) could be elevated by the replacement
of N with O in the lattice.
The addition of heteroion oxides as sintering aids, such as

Y2O3 and Al2O3, leads to incorporation of fractions of m mol %
Al (and n mol % Y) along with x mol % O ions in the lattice,
which replace Si and N, respectively. Such fractions are
unknown, but such substitutions are expected to introduce
more complex types of defective sites in the lattice. The alloys

obtained with Y2O3 and Al2O3 additions to Si3N4 are still
generically defined as Sialon structures48 and can be expressed
by the chemical formula SiAlmYnOxNy. In Sialon, Si4+ and N3−

are partially replaced by Al3+ and O2−, respectively, so that in
the case of dilute doping (m, n, x ≪ y) the pristine hexagonal
structure of β-Si3N4 survives, with the chemical formula
becoming Si3−3(m+n)/4AlmYnOxN4−2x/3. In the case of sample
C, as can be seen from Figure 1c, almost all the CL bands
showed stronger intensities with respect to those of the
undoped material. The nitrogen-vacancy-related band III was
found to show the maximum emission in the detected CL
spectrum. This increase in VN

3+ should be related to the
formation of negatively charged defects AlSi

− or YSi
−.

Concurrently, bands I, V, and VI were significantly enhanced,
which is consistent with the fact that substitutions for Si by
either Al or Y may result in the formation of the nitrogen
dangling bonds, while introduction of oxygen ions in the
sublattice to replace N is responsible for the enhancements of
bands II and IV because it leads to the formation of silicon
dangling bonds, K0.
In summary, the deconvoluted sub-bands in the CL spectrum

of β-Si3N4 have been properly labeled and the effect of limited
fractions of dopants, which enter the lattice, has been described.
In the next subsection, the spatial distribution of dopants due to
local variations in defect populations within the ceramic
microstructures is presented and discussed.

D. Influence of Spatial Distribution of Dopants on CL
Spectral Morphology. It is expected that the intensity of the
CL bands originating from individual defect sites should
commensurately increase with increased dopant concentrations.
Under this assumption, the dopant distribution within the
microstructure can be visualized upon mapping selected zones
of the sample, given sufficient spatial resolution. With this in
mind, CL spectral line scans were performed on the three
samples with a lateral step of 0.5 μm. The different evolutions
of spectral morphology obtained using electron beam scanning
are shown in Figure 3. Five CL spectra were retrieved on
selected portions of each sample 2.5 μm in length using
random line scans.
Starting from sample A (Figure 3a), it can be seen that the

spectral line shape was only slightly altered during the line
scans, with the main variation seen for the weak emission at
around 480 nm (band III, assigned to N vacancies). In the high-
purity and undoped silicon nitride polycrystals, cation impurity
levels in the ceramic were negligible, but the presence of oxygen
in the raw silicon nitride powder resulted in the formation of a
continuous residual film of amorphous SiO2 at the boundaries
of well-faceted silicon nitride grains. According to high-
resolution electron microscopy and nanobeam analyses,8,11 a
conspicuous presence of nitrogen was detected in the
amorphous film and at triple-grain enclaves.49,50 In other
words, an amorphous silicon oxynitride structure was formed as
a secondary phase. As shown above, the introduction of oxygen
causes a reduction of nitrogen vacancy population, which is
observed as the suppression of band III located at about 490
nm. Actually, fluctuations in CL band morphology were seen
when the electron beam hit grain-boundary locations. However,
the probe volume (or primary electron probe range) in the CL
assessments was only Rel ∼ 165 nm (at an acceleration voltage
of 6 kV) due to scattering of electrons as estimated by the
Kanaya−Okayama equation.51 Such spatial beam broadening is
far larger than the silica film thickness, so emissions excited by
an electron beam centered at the grain boundary represent an

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp509995c
J. Phys. Chem. C XXXX, XXX, XXX−XXX

E

http://dx.doi.org/10.1021/jp509995c


average of grain-boundary and bulk structures. For this reason,
we could not precisely observe and classify the population of
defects present in the oxynitride grain-boundary structure.
In the case of the sample B with added SiO2, significant

changes in CL spectral morphology could be found at different
locations, as shown in Figure 3b. The distribution of doping
ions throughout the ceramic microstructure can generally be
regarded as inhomogeneous, with formation of silicon oxy-
nitride structures at grain boundaries and at partially crystallized
triple-grain junctions.13 However, as far as the bulk grain
structure is concerned, the reaction rate between bulk Si3N4
and SiO2 to form Si2N2O is quite slow in the absence of
appropriate codopant elements (e.g., Al).52 For this reason, the
observed CL spectra represent a range of emissions from fully
developed bulk grains to a dilute silicon oxynitride solid

solution which is only partially crystallized at grain boundaries.
In principle, one could also hypothesize the presence of grain
boundaries containing pure glassy silica (i.e., with a low or no
amount of nitrogen). If this is the case, spectral contributions
arising from defects belonging to the silica structure should also
be observed in the CL spectrum. Oxygen-deficient and oxygen-
rich (nonbridging oxygen hole centers, i.e., Si−O•) sites in pure
(glassy) silica emit at 460 nm (2.7 eV) and 650 nm (1.9 eV),
respectively.53−58 However, as shown in Figure 3b, in the range
from 440 to 480 nm, no luminescence could be observed in all
the collected spectra. The absence of such typical blue emission
from silica rules out the hypothesis of pure silica enclaves at
grain boundaries and instead validates therein the formation of
a nonstoichiometric silicon oxynitride (SiOxNy) phase. The
observed variation in CL spectral morphology for sample B is
likely due to changes in x and y at different locations. Because
of the much higher oxygen content at grain boundaries (i.e., a
higher value of x) as compared to the bulk grain structure, the
most relevant fluctuations in spectral morphology should be
expected at grain-boundary locations. Conversely, oxygen
atoms with an unpaired electron SiO• (i.e., oxygen dangling
bonds) could also be present in silicon oxynitride structures. If
this is the case, CL spectra recorded at grain boundaries could
experience a splitting of band V into two sub-bands due to the
new formation of a higher energy SiO• site, resulting in the
presence of two energy transitions: N4

+ → SiN• (N2
0) and N4

+

→ SiO•. Meanwhile, band I could also be influenced by this
defect alteration. This indeed seems to be the case, as shown in
the comparison between CL spectra for bulk and grain-
boundary structures given in Figure 4a. Note, in support of the
above arguments, that modulating the oxygen content in silicon

Figure 3. Variation of the CL spectral line shapes upon spectral line
scans performed on (a) sample A, (b) sample B, and (c) sample C.
P1−P5 denote five consecutive measurement points.

Figure 4. (a) Comparison between spectra from bulk grains and grain
boundaries as given in Figure 3b. (b) Comparison between normalized
spectra from Figure 3c.
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oxynitride materials has been demonstrated, leading to
tunability of the red (photoluminescence) band because of
the variation of defect luminescent centers.59 In a study of
amorphous silicon oxynitride, it has been found that the
intensity of the peak at about 1.9 eV becomes higher as oxygen
concentration in α-SiOxNy increases, owing to a higher density
of SiO• defects in samples with high oxygen concentration.47 In
contrast, an increase in N concentration gives rise to the
formation of the nitrogen dangling bonds, SiN•. This
circumstance has been experimentally proved with the
observation of an increase in the full width at half-maximum
of the X-ray photoelectron Si 2p spectral band and a shift of the
peak toward lower energies. Moreover, in nitridation of
otherwise pure silica films, band broadening and a slight shift
toward lower energies could be observed at relatively high
nitrogen concentrations with respect to a conventional
nonbridging oxygen hole center. This phenomenon arises
from the occurrence of a random coordination, as obtained in
the presence of a different number of oxygen and nitrogen
atoms in the local structure.60

In the case of addition of sintering additives (i.e., Y2O3 and
Al2O3) to Si3N4, the variation of the CL spectral line
morphology was much less pronounced, conceptually more
similar to the case of sample A than to sample B. However,
marked changes in the overall local intensity of the CL emission
could be recorded, as shown in Figure 3c. Knowing from first-
principles calculations, performed to define the specific
adsorption properties of rare earths (RE) adsorbed at the
nitride interface, that the degree of segregation of additive
cations to the grain surfaces is determined by the chemical
bond preference of the RE ions for oxygen versus nitrogen (i.e.,
as silicon competes for bonding with these anions),61 local
variations of CL morphology were thoroughly investigated at
grain boundaries. Unfortunately, grain boundaries in silicon
nitride materials doped with aliovalent cations are also very
confined in space, with a thickness even smaller than 1.0
nm.62,63 Therefore, as already stated for the pure Si3N4 system
(sample A), due to a lack of spatial resolution, we failed to
extract individual CL spectra from grain boundaries and, thus,
to directly relate them to film chemistry. Nevertheless, we could
detect a variation in defect concentration upon line scanning
with submicrometer resolution because of the presence of
gradients in the concentration of Al(Y)−O pairs throughout
the ceramic microstructure. Unlike the case of silica-doped
Si3N4, in which only alterations of the anion sublattice were
made, the introduction of Al−O pairs in the lattice can cause
the concurrent increase of all types of defect in Si3N4. This
occurs, as already mentioned, because of a wide range of
possible coordination numbers for the substituted dopant ions
(O for N and Al(Y) for Si) in the Si3N4 sublattice, which could
in turn result in the formation of silicon dangling bonds, K0,
and nitrogen dangling bonds, N2

0. This argument helps to
explain why, in the CL line scans of sample C, it was
systematically found that the overall CL-spectrum intensity
greatly fluctuated at different locations, but the normalized
spectral line shape (or the intensity ratios of any two sub-
bands) was barely altered (Figure 4b). As noted previously, in
addition to large amounts of Y2O3 and Al2O3, sample C also
contained a small percentage of TiO2 as an extrinsic dopant,
and its presence was confirmed Raman spectroscopy. However,
because of its small quantity and equivalent nature (compared
with Si), its presence did not play a role in altering the observed
spectral emissions. The formation of its point defects is

isostructural to those generated by the higher dopant
concentrations of Y2O3 or Al2O3. In fact, homogeneity in the
balance between different defect populations might be regarded
as a positive characteristic in this material’s functional
performance, since one could expect controlled gradients in
emission, absorption, and other optical properties as well as a
uniform response of the material surface upon exposure to
biological environments.

4. CONCLUSION
A CL spectroscopy characterization of the defects in silicon
nitride ceramics has been presented, which compares the effect
of anion and cation substitutions, O for N and Al(Y) for Si, on
the spectroscopic emission from defective lattice sites. All the
observed emissions from defect sites present in β-Si3N4 lattice
could be clarified, and a strong dependence of both defect types
and contents was found with the added dopants. Although
most of the dopant ions were retained in grain boundary
phases, clear alterations appeared also within the bulk
hexagonal structure of β-silicon nitride, which was always
retained as the main average structure. Unlike the very weak CL
emission observed in undoped Si3N4 due to a minimal
population of intrinsic defects, doping with SiO2 introduced
O−N anion substitutional sites which conspicuously sup-
pressed N-vacancy sites but greatly enhanced the emission from
sites of silicon dangling bonds. Observable shifts of bands
related to the N2

0 center were also found especially in the red
spectral region, due to the formation of oxygen dangling bonds,
Si−O•. Band splitting in this region was observed at grain
boundaries due to local fluctuations in nitrogen content.
Doping with Al2O3 (Y2O3) was found to uniformly enhance all
the CL bands with respect to the pure material. This finding
was ascribed to increased defect concentrations upon
introduction of both negatively and positively charged defects,
namely AlSi

− (YSi
−) and ON

+, which failed to fulfill complete
charge compensation by forming defect complexes. In this
sample, the N-vacancy-related band at ∼490 nm was found to
be the most intense emission of the CL spectra, while
formation of silicon dangling bonds, K0, and nitrogen dangling
bonds, N2

0, were also induced by the aliovalent substitution of
dopants in the Si3N4 sublattice. In conclusion, we have located
the physical origin of all the CL bands emitted by bulk β-Si3N4
samples, which can be considered as paradigm examples for this
important compound in various fields of functional applica-
tions. The knowledge obtained with the present study paves the
way for quantitative CL evaluations of manufacturing quality in
silicon nitride optoelectronic devices and to improved studies
of the interaction between the silicon nitride surface and the
biological environment.
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Abstract 

Exploitation of the toughening effect induced by polymorphic phase transformation 

of zirconia in zirconia-toughened alumina (ZTA) requires the composite being 

properly designed and carefully manufactured.  A sound algorithm for predicting 

phase stability along with strict control over manufacturing steps are required in order 

to prevent possible in vivo surface degradation or implant fracture.  This paper is the 

first in a series of three monographs, which aim at:  (i) statistically comparing the in 

vitro/in vivo phenomenology of surface-metastability for currently marketed ZTA 

femoral heads; (ii) refining pre-existing theoretical models for predicting in vivo zir-

conia phase metastability via the use of accelerated in vitro ageing experiments; and, 

(iii) providing a rationale for the mechanism(s) involved with the observed in vivo 

surface metastability.  This initial paper of a series of three, which specifically deals 

with item (i), shows discrepancies between the levels of polymorphic phase transfor-

mation detected in ZTA retrievals and in vitro predictions, and attempts a phenome-

nological analysis of the reasons behind such discrepancies. Moreover, marked inho-

mogeneities are also found among as-manufactured components through different 

years of production. The phenomenology of retrievals’ data suggests key roles for 

both the presence of metallic stain and the initial value of monoclinic volume fraction. 

Keywords: hip arthroplasty, zirconia-toughened alumina; femoral heads; polymor-

phic phase transformation; metal stain.  
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1. Introduction 

Zirconia toughened alumina (ZTA) is considered to be the most advanced bioc-

eramic among the load-bearing materials currently available for total hip arthroplasty 

(THA).  ZTA also represents an improvement over prior generations of biomedical 

ceramics because of its higher strength and toughness. Its enhanced mechanical prop-

erties result from the polymorphic transformation of the zirconia phase under the local 

tensile stress field generated at the tip of a propagating crack.
1,2

  In contrast to mono-

lithic ceramics, the improved fracture resistance is the result of a microscopic-scale 

trade-off between enhanced toughening by crack-shielding and low-temperature envi-

ronmental degradation due to load-bearing surface metastability.  Both effects arise 

from the polymorphic tetragonal-to-monoclinic (t→m) phase transformation in zirco-

nia particles dispersed within the alumina matrix. However, unintended transfor-

mation can also spontaneously occur by exposure of the ceramic to biological or hy-

drothermal environments, ultimately resulting in the annihilation of any toughening 

effect.
3
  Recognizing this undesirable phenomenon, ZTA ceramics have been intense-

ly studied over the years in order to reduce their propensity for polymorphic transfor-

mation.
4
  Papers released through the years by the ZTA maker have claimed a sub-

stantially improved long-term reliability
5
 and further pushed this argument by stating 

that “instable aging effects are not possible in this material”.
6
 However, a study by 

Sakoma et al.
7
 on short-term retrievals (0.04~3.5 y) of the same ZTA type has shown 

significant variations in the zirconia structure, and an earlier paper by Clarke et al.
8
 on 

three retrievals of the same type, exposed in vivo for 1, 3, and 5 y, respectively, re-

ported monoclinic volume fractions up to ~30%. The most recently published data by 

Affatato et al.
9
 and Zhu et al.

10
 are in line with the two studied mentioned above. A 

recent paper by Kurtz et al.
11

 gives an updated overview of ZTA components used in 
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hip arthroplasty. 

In substance, positive in vivo confirmations of enhanced material stability are still 

lacking.  In fact, even short-term retrievals have quite often revealed high amounts of 

transformation when compared to predictive in vitro models.
7-9,11

 

The stability of zirconia in a severe hydrothermal environment is a function of its 

chemical composition and grain size.
1,9

  For a given ZTA microstructure, long-term in 

vivo ageing can be predicted under the assumption that both formation and successive 

growth of monoclinic nuclei on the material surface are thermally activated.  In other 

words, subjecting the zirconia polycrystal to systematic variations in temperature for 

increasing periods of time within a controlled hydrothermal environment allows for 

the determination of its thermal activation energy; and the results can be classically 

represented by time-temperature-transformation (T-T-T) curves.
12

  With the experi-

mental knowledge of the material’s activation energy, temperature extrapolations in 

Arrhenius fashion can then predict increases in the monoclinic phase fraction in vivo 

(i.e., at body temperature) as a function of time. 

The present investigation was undertaken to delve deeper into the phenomenon of 

polymorphic transformation.  This paper had two overall objectives:  (i) to statistically 

analyze as-manufactured femoral heads as a function of their market release date in 

order to assess the ZTA manufacturer’s ability to provide implants with consistent 

monoclinic contents; and, (ii) to compare monoclinic fractions on the bearing surfaces 

of ZTA retrieved implants to predicted values based on activation energy arguments 

and hip-simulator tests. Data suggest a key role for the presence of metallic stain in 

enhanced transformation and also an exacerbation of surface instability with increas-

ing initial monoclinic volume fraction. Accordingly, the hypothesis of this study was 

that also the additional retrievals available to us disobey theoretical predictions and 
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that the discrepancies seen between in vitro predictions and the actual in vivo perfor-

mance in term of surface phase stability arise from fluctuations of the initial phase 

fraction of the as-manufactured components and/or from surface contaminations by 

transition metal elements. These phenomenological hints will serve as the starting 

point for a successive experimental and theoretical elaborations, in which in vitro 

spectroscopic experiments will be systematically conducted and modeled down to the 

molecular scale to determine whether fluctuations in the pristine monoclinic content 

of as-manufactured femoral heads and/or contaminations by metal ions (i.e., CoCr, Ti, 

and Fe) within the in vivo joint space could be responsible for triggering enhanced 

phase changes in the ZTA material.
13,14

 

2. Materials and methods 

2.1 In vitro accelerated ageing tests 

A series of twenty-nine as-manufactured ZTA femoral heads (BIOLOX
®
delta, 

CeramTec GmbH, Plochingen, Germany) with production release dates spanning over 

~10 years (i.e., 2005~2015) were available for the investigation.  They included six, 

eight, and five heads manufactured in 2009, 2011, and 2014, respectively.  The re-

maining ten as-manufactured heads were produced before 2009.  In vitro accelerated 

ageing experiments were conducted on these pristine samples for up to 200 h in a 

conventional water-vapor autoclave operating at 98~132°C under adiabatic pressure.   

 

2.2  Analyses of femoral head retrievals 

In parallel, a series of fifteen short- to mid-term ZTA retrievals (i.e., 7 ceramic-on-

polyethylene, CoP; and 8 ceramic-on-ceramic, CoC), explanted after periods spanning 

~2 months to ~8 years, were also analyzed.  All of the explanted femoral heads were 
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also BIOLOX
®
delta components.  The causes for revision included infection (4 cas-

es), aseptic loosening (2 cases), dislocation (7 cases), stem loosening (1 case), and 

thigh pain (1 case).  No fractured heads were included in this study. A list with speci-

fications for all retrievals is given in Table I, which includes the reasons for revision 

surgeries. This table reports about the sample numbers in order of increasing time of 

service in vivo. 

 

Table I. Clinical information of the retrievals. 
Sample 

No. 

  

Type 

Manuf. 

year 

Time in 

vivo (mo) 

Vm (%) 

MWZ 

Vm (%) 

NWZ 

Metal 

stain 

Cause of 

revision 

1 (Case 2) CoP 2010 1.8 49 32 Yes Dislocation 

2 (Case 4) CoC 2011 8.4 44 18 Yes Dislocation 

3 (Case 1) CoP 2010 9.2 37 31 No Infection 

4 (Case 3) CoC 2011 13.2 36 34 No Infection 

5 CoP 2012 14.8 35 27 No Infection 

6 CoC 2009 14.9 53 47 Yes Dislocation 

7 CoP 2008 14.9 51 40 Yes Dislocation 

8 CoC 2009 15.3 47 38 No Infection 

9 CoC 2009 16.0 60 51 Yes Dislocation 

10 CoP 2010 16.4 42 35 No Thigh pain 

11 CoP 2009 34.7 55 46 Yes Dislocation 

12 CoC 2009 55.5 44 41 No Aseptic loosening 

13 CoP 2009 66.7 51 37 No Stem loosening 

14 CoC 2009 83.4 57 41 Yes Dislocation 

15 CoC 2010 95.8 43 31 No Aseptic loosening 

 

 

2.3 Self-mating hip-simulator testing 

An additional six Ø36mm BIOLOX
®
delta femoral heads were also acquired and 

subjected to self-mated hip-simulator testing for up to 5 million cycles (Mc), with in-

terruptions at every 1 Mc for the collection of intermediate data.  Diluted alpha-calf 

serum, having a protein concentration equal to 10 mg/ml, was used as the lubricant.  
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Microseparation was introduced into the simulator cycle with 23° biaxial oscillation.  

The maximum dynamic load in the Paul curve was equal to 2.0 kN with a gait fre-

quency of 1 Hz.  In comparing hip-simulator and retrieval data, 2 Mc in the simulator 

was considered to be equivalent to 1 year in vivo.
15

 

 

2.4 Laser microscopy observations 

   Micrographs of the femoral head surfaces were collected by means of a 3D laser-

scanning microscope (VK-X200K series, Keyence, Osaka, Japan) using a 150x objec-

tive lens, with a numerical aperture of 0.95. The supplied software allowed for the 

quantitative calculation of the height of surface asperities. 

 

2.5 Raman spectroscopy analyses 

Raman spectra were acquired at different areas on the pristine, aged, retrieved, and 

hip-simulator tested ZTA heads using an optical confocal microprobe.  Spectra were 

collected at room temperature using a single monochromator (T-64000, Jobin-

Ivon/Horiba Group, Kyoto, Japan) equipped with a nitrogen-cooled 1024x256 pixels 

CCD camera (CCD-3500V, Horiba Ltd., Kyoto, Japan), and analyzed using commer-

cially available software (LabSpec, Horiba/ Jobin-Yvon, Kyoto, Japan).  The excita-

tion frequency used in all the experiments was the 488 nm blue line of an Ar-ion laser 

operating with a power of 280 mW.  A confocal configuration of the Raman probe 

was adopted throughout all the experiments by using a 100x objective lens in order to 

exclude photons scattered from out of focus regions of the probe.  The ZTA samples 

were placed on a motorized x-y stage with a lateral resolution of 0.1 μm.  Intensity 

and spectral positions of selected Raman bands were obtained by fitting the raw col-

lected spectra to mixed Gaussian/Lorentzian curves.  Quantitative calculations of the 
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local monoclinic volume fractions, Vm, were in accordance with the Katagiri equa-

tion.
16

  For the pristine and hydrothermally aged femoral heads, five Raman maps, (50 

m x 50 m in size), each consisting of more than 120 spectra, were collected at ran-

dom locations on each femoral head.  The pristine and treated heads were sealed in 

vacuum pouches prior to examination to prevent spontaneous ageing related to ambi-

ent environmental exposure.  Spectroscopic analyses for the retrieved and hip-

simulator tested femoral heads were performed under exactly the same conditions.  

This included generating data from the main wear zone (MWZ), non-wear zone 

(NWZ), and, when available, the stripe wear zone (SWZ).  Three maps of 2500 points 

were collected for each zone.  The spectrum integration time was typically 5 s, and 

the three successive measurements were averaged.   

3. Results and discussion 

Figure 1 shows statistical data for the monoclinic fraction, Vm, of the 29 ZTA femo-

ral heads manufactured during the decade 2005-2015.  The left-hand plot is a histo-

gram of the pristine heads and their respective monoclinic contents. For comparison, 

the initial volume fraction of the femoral head used in hydrothermal in vitro tests 

(published in Ref. 17) was also provided, as shown by the asterisk in Fig. 1.  Note that 

the frequency distribution of monoclinic fractions in the studied heads is relatively 

broad.  These data demonstrate that heads released to the market during this period 

had average monoclinic contents ranging from 10% to 55%.  Average values for indi-

vidual years are also provided in the inset.  This analysis suggests that heads manufac-

tured in 2009 had higher average monoclinic fractions.  The data also showed pro-

gressive improvements in limiting the volume of the monoclinic phase over time.  In a 

similar retrieval study, Affatato et al. also correlated improvements in monoclinic 
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content with production year, dating back to 1999.
9
 Yet, in contrast to the present 

study, Affatato et al.
9
 found the average Vm for heads produced in 2009 to be below 

about 15%, whereas the current work showed an average above 25%.  The present 

study also found that even recently released components retained a broad range of 

monoclinic contents.  The right-hand graph depicts the same group of femoral heads 

after the autoclave treatment.  The effect of autoclaving shifted the frequency distribu-

tion toward higher monoclinic fractions (i.e., between 30%~65%) while narrowing 

the width of the distribution and minimizing differences associated with specific 

manufacturing dates.   

 

Figure 1: Statistical data collected on 29 as-received ZTA femoral heads manufactured in the 

decade 2005-2015: as-manufactured (left histogram) and autoclaved 200 h at 121
o
C (right 

histogram). The asterisk represents the initial volume fraction of the femoral head tested in 

Ref. 17. 

 

In Fig. 2, the average MWZ and NWZ monoclinic fractions for the 15 short- and 

mid-term femoral head retrievals were plotted against their respective elapsed times in 

vivo.  In addition to distinguishing between the MWZ and NWZ, different symbols 
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were added to this graph to indicate whether the retrievals articulated against polyeth-

ylene (CoP) or ceramic (CoC) liners; and also whether or not a metal stain and/or a 

stripe wear zone (SWZ) could be detected on the head after explantation. Average Vm 

fractions are also listed in Table I for both NWZs and MWZs. It was found that all the 

retrieval components that suffered dislocation (i.e., Samples no. 1, 2, 6, 7, 9, 11, and 

14 in Table I) presented metal stains on the ceramic surface, and showed higher mon-

oclinic volume fractions in their MWZs as compared to components from retrievals 

with different clinical histories. Regarding the NWZs of the dislocated femoral heads, 

the trend of enhanced polymorphic transformation was confirmed with the only ex-

ception of Sample no. 2 in Table I. This component, which belonged to a CoC im-

plant, showed the lowest fraction (18%) of monoclinic phase in the NWZ among the 

components of the analyzed series. This was likely the consequence of a low initial 

fraction of monoclinic phase in the as-manufactured component, but it could also be 

due to the relatively short implantation time and/or to low patient mobility. It was 

noteworthy that exacerbation in polymorphic instability could be observed irrespec-

tive of implantation time and implant type (i.e., CoC or CoP). None of the four cases 

of infection (Samples no. 3, 4, 5, and 8) showed metal stain contaminations. Yet, their 

fraction of monoclinic phase was relatively high, which suggests a role for the initial 

monoclinic fraction in the as-manufactured component in the transformation kinetics 

and/or the presence of an additional trigger for transformation in vivo. In the analyzed 

series of retrievals, two middle term CoC samples failed for aseptic loosening (cf. 

Samples 12 and 15 in Table I), which is not a very common event for CoC implants. 

These implants, which both showed relatively high fractions of monoclinic phase in 

their MWZs and NWZs, underwent cup loosening as a consequence of impingement 

(one implant also showed chipped liner).  
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Comparisons were then made to the ZTA heads tested in self-mated hip-simulation 

(CoC self-mating experiments, which included microseparation).  Monoclinic volume 

fractions were plotted in this same graph under the assumption that 2 Mc in the hip 

simulator is equivalent to 1 y in vivo.
15

 Moreover, a reference curve was also provided 

which extrapolates the in vitro data collected under accelerated ageing in the auto-

clave to homeostatic temperature.
17

 

 

  

Figure 2: Average monoclinic fractions in MWZ and NWZ on 15 CoP and CoC femoral 

head retrievals plotted against the service time in vivo.   

 

The results of the composite plot in Fig. 2 are replotted in different fashion in Fig. 3 

and can be summarized, as follows:   

(i) Regardless of surface location, all of the retrieved heads showed significantly 

higher amounts of the monoclinic polymorph than heads tested in hip simula-

tion or in vitro autoclaved (with data extrapolated to body temperature accord-

ing to activation energy arguments) according to previous literature on the 
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same ZTA material.
17

 

(ii) The cloud of Vm data for both MWZs and NWZs could hardly be rationalized 

according to exposure time in vivo or type of implant. 

(iii) Independent of implant type, MWZs generally showed higher amounts of 

transformed monoclinic fraction as compared to NWZs.  However, the frac-

tional difference between MWZ and NWZ was nearly the same for CoC and 

CoP implants (10.6 vs. 10.2 %).  This suggests a preponderant role of interfa-

cial chemistry also in CoC rather than a purely mechanical contribution by 

stress-induced polymorphic transformation. Note that the SWZs in the ZTA 

heads (only found in Samples 10 and 14) were hardly visible under the optical 

microscope. But, the highest fractions of monoclinic phase were found in are-

as corresponding to possible impingement against the metallic cup and in 

presence of metal stains. 

(iv) In general, metal stains enhanced the rate of polymorphic transformation, with 

significantly higher amounts of monoclinic phase being found adjacent to 

stained areas. 

The number of available retrievals in this study is obviously limited in comparison to 

the millions of components sold annually throughout the world.  However, it is signif-

icant that none of the retrievals and their respective investigated areas matched the 

monoclinic contents developed upon kinematic hip-simulation or from a theoretical 

extrapolation based on thermal activation in a purely hydrothermal environment.  

Given these observations, the following questions must be asked:  what additionally 

crucial factors are yet missing in the in vitro studies (i.e., hip-simulation and hydro-

thermal treatment)? If discovered and properly included during in vitro simulations, 

would they lead to a sound prediction of the observed in vivo ageing phenomenon? 
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One striking issue is certainly the broad range of monoclinic fractions found on the 

as-manufactured ZTA femoral heads (i.e., Vm=10%~55%).  On the one hand, it should 

be noted that the in vitro reference data reported in Fig. 2 (Ref. 17) were obtained us-

ing ZTA heads with relatively low initial fractions of the monoclinic polymorph 

(13~14%) (cf. asterisk in Fig. 1). Based on the analysis shown in Fig. 1, the retrievals 

are expected to have a broader range of initial Vm values.  On the other hand, none of 

the two referred in vitro simulations contemplated the presence of metallic contami-

nants on the bearing surfaces. If (as suggested by the Raman experiments on retriev-

als) one could neglect the dependence on exposure time in vitro and focus only on the 

effect of the initial Vm fraction and metal stain (Fig. 3), hints are obtained that these 

parameters could be potential triggers of polymorphic transformation. In fact, the 

highest Vm values were reached in presence of metal stain and/or for components pro-

duced in the year 2009 (cf. Fig. 3). Polymorphically transformed fractions in the 

NWZ are possible indicators of the high pristine amount of monoclinic phase. In ab-

sence of high stress fields, the Vm values found in the NWZ of CoP components 

should be the closest to the values predicted by in vitro hydrothermal tests, but here 

they were not. However, it could just be coincidental that heads with the highest Vm 

values in their NWZ (and no metal stain) were all manufactured in 2009 (cf., Samples 

8, 12 and 13 in Table I). On the other hand, it seems to be unequivocally clear that 

metal stain strongly contributed to accelerate polymorphic transformation, as the av-

erage Vm values in both NWZs and MWZs of the metal contaminated heads was dis-

tinctly higher than the case of metal-stain free components both in NWZs and MWZs 

(cf. Fig. 3). 
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Figure 3: Average monoclinic fractions in MWZ and NWZ on 15 CoP and CoC femoral 

head retrievals grouped according to the presence of metal stain and manufactured year, while 

neglecting exposure time in vivo and type of implant.   

 

Figures 4(a)~(d) show four of the investigated ZTA retrievals (Case 1~Case 4), two 

belonging to CoP implants ((a) Case 1 and (b) Case 2) and two to CoC implants ((c) 

Case 3 and (d) Case 4).  All samples were short-term retrievals.  Case 1 ((a); ~9 

months in vivo) and Case 3 ((c); ~13 months in vivo) were both retrieved due to infec-

tion and showed apparently clean surfaces with no visible microstructural damage by 

optical/laser microscopy inspection (cf. Figs. 4(e) and (g), respectively).  Conversely, 

Case 2 ((b); ~2 months in vivo) and Case 4 ((d); ~8 months in vivo) showed diffuse 

metal stains as a consequence of repeated dislocations and metal cup impingement, 

respectively, which occurred during their in vivo exposure (cf. Figs. 4(f) and (h), re-

spectively).  Looking at the diagram in Fig. 2, all four short-term retrievals showed a 

monoclinic phase remarkably higher than in vitro predictions, both in their MWZ and 
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NWZ.  Laser microscopy profilometry found that the metal stains induced surface as-

perities of up to 400 nm (cf. Figs. 4(i) and (k), respectively), while no significant 

roughening was detected due to the polymorphic transformation in the absence of 

metal contamination (i.e., asperities <8 nm; cf. Figs. 4(j) and (l), respectively).  In 

other words, metal staining was the principal source of surface roughening, while 

polymorphic transformation had a negligible effect on surface morphology.  

 

Figure 4: (a)~(d) are photos of four selected ZTA short-term retrievals (Case1~Case 4) be-

longing to CoP or CoC implants; (e)~(h) are optical micrographs taken in the squared area of 

(a)~(d), respectively; and, (i)~(l) are three-dimensional laser microscopy maps of the areas in 

(e)~(h). 

 

Raman maps of monoclinic phase fractions, Vm, in NWZ and MWZ of Cases 1 and 

2 (CoP) retrievals are shown in Figs. 5(a)/(b) and (c)/(d), respectively.  Quantitative 

histograms of the monoclinic volume fractions are also shown below each map.  Note 

that these two retrievals belonged to the same type of implant.  Therefore, any differ-
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ence in monoclinic content could not be attributed to implant geometry.   

 

Figure 5: Raman spectroscopic mapping of monoclinic phase fractions, Vm, in NWZ ((a)/(c)) 

and MWZ ((b)/(d)) of Cases 1 and 2 (CoP) retrievals, respectively.  Quantitative histograms 

of the measured monoclinic fractions are shown below each map.  The map in (d) was taken 

adjacent to a Ti metal stained area. 

 

Indeed, the evidence suggests that a significant increase in surface metastability 

was associated with the presence of the Ti metal stain, which was observed in the map 

of (d).  Also note that no high contact-stresses are expected at the bearing surface un-

der normal operative conditions in a CoP bearing couple.  Nevertheless, the MWZ of 

Case 1 showed intense spots of Vm as high as 45%.  As far as Case 2 was concerned, 

its NWZ showed a similar trend as Case 1 (i.e., Vm=28.7 and 31.4% for Cases 1 and 2, 

respectively).  Yet, spectroscopic scanning in the MWZ of Case 2 revealed a large 
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area with up to 55% in Vm.  During the repeated in vivo dislocation events of Case 2, 

contact stress could have played a role in addition to the chemical effect of metal con-

tamination.   

Figures 6(a)/(b) and (c)/(d) show spectroscopic characterizations of both the NWZ 

and MWZ for the CoC retrievals referred to as Cases 3 and 4, respectively.  The spec-

troscopic procedure was exactly the same as shown for the CoP retrievals in Fig. 5.  

In the absence of a metal stain (Case 3; Figs. 6(a) and (b)), the effect of a hard-on-

hard contact was to accentuate the polymorphic transformation between the NWZ and 

the MWZ (i.e., average values equal to 17.9 and 44.7%) as compared to CoP retriev-

als.  The Vm value in the NWZ of Case 3 corresponds to the lowest amount of mono-

clinic fraction found on all the retrievals investigated in this study.  While this strong-

ly suggests that this component possessed an initial Vm at the lower end of the statisti-

cal distribution shown in Fig. 1, it is remarkable that such a low value was observed 

in a CoC rather than a CoP couple.  Nevertheless, in the MWZ, the Vm distribution 

was sharp and significantly enhanced despite its relatively short-term in vivo expo-

sure.  In presence of metal stain (Case 4; Figs. 6(c) and (d)), the difference in average 

values between MWZ and NWZ was greatly reduced (33.6 vs. 38.1%).  In the NWZ 

of Case 4, the value was comparable to that of the stained CoP-type Case 2 (i.e., 33.6 

vs. 31.4%).  In other words, the effect of metal stains (i.e., Ti in Case 2 and CoCr in 

Case 4) similarly enhanced the surface metastability of the zirconia phase in both CoC 

and CoP implants. 
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Figure 6: Raman spectroscopic mapping of monoclinic phase fractions, Vm, in NWZ 

((a)/(c)) and MWZ ((b)/(d)) of Cases 3 and 4 (CoC) retrievals, respectively.  Quantitative his-

tograms of the measured monoclinic fractions are shown below each map.  The map in (d) 

was taken adjacent to the CoCr metal stain. 

4. Conclusion 

In vitro ageing kinetics provides a rational path to estimate the in vivo degradation 

rate of ZTA femoral heads with respect to t→m polymorphic phase transformation.    

However, an examination of the phenomenology of polymorphic transformation at 

ZTA surfaces leads to the following conclusions: 

(i) Although the statistics of this study were limited, it appears that the ZTA manu-

facturer was unsuccessful in maintaining a consistent monoclinic content over a 

decade of production.  A particularly high fraction of monoclinic phase was ob-
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served on the surface of femoral heads manufactured in 2009.   

(ii) Measurement of monoclinic contents on retrievals greatly diverged from in vitro 

predictions using a simplified Arrhenius dependence merely based on hydrother-

mal activation.  The in vitro/in vivo mismatch was generally higher for CoC cou-

ples as compared to CoP, and was greatly enhanced in retrievals with metal stains. 

(iii) While the influence of metallic stains on the t→m transformation was clearly a 

key factor for the increased in vivo transformation kinetics, the impact of initial 

monoclinic volume fraction, V0, could not be ruled out as an additional factor con-

tributing the in vivo/in vitro discrepancies reported here. 

While this study demonstrated that the monoclinic content greatly varied from one 

specific femoral head to another, its impact on their structural integrity or long-term 

reliability remain difficult to predict. What has been clarified at this extent is that the 

crystallographic destabilization of ZTA bearing surfaces is a complex phenomenon 

that goes beyond a simple hydrothermally activated concept.  As described in this pa-

per, incorporating additional factors, such as the initial monoclinic fraction and the 

contamination by metal ions, into a theoretical model that adequately account for 

ZTA’s transformation kinetic is a necessary step for a sound prediction of in vivo 

transformation rates of ZTA bioceramics.  
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Highlights 
 
 

1. ZTA retrievals exhibit more severe degradation than that predicted by in vitro 

ageing kinetics.  

2. Retrievals’ data suggest metallic stain as key in accelerating transformation 

kinetics.  

3. The initial monoclinic volume fraction influences the rate of zirconia 

transformation. 
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Abstract 

In this paper, an updated analytical model for the kinetics of the tetragonal to mon-

oclinic (t → m) polymorphic transformation in ZTA composites for hip joints is pro-

posed and discussed.  The model builds upon the so-called Mehl-Avrami-Johnson 

(MAJ) description of transformation kinetics, which combines two overlapping pro-

cesses: nucleation of monoclinic sites and their successive growth.  Dependencies on 

two specific factors are introduced in the model, namely the initial fraction of mono-

clinic polymorph as received from the manufacturer, and the presence of different 

types of transition-metal stains (e.g., Ti, CoCr, and Fe) on the ZTA surface.  These 

two factors were attentioned because clear indications of their potential roles on the 

environmental stability of implantable ZTA components were found in previous phe-

nomenological analyses of retrievals.  Nucleation and growth of monoclinic domains 

are two key processes whose interplay decides for the actual kinetics of the overall 

transformation process according to two main parameters: an apparent activation en-

ergy value function of time and temperature, and a nuclei growth exponent.  These 

parameters were clearly altered by the presence of transition metal contamination, 

whose effect was incorporated into the model to explain exacerbations of surface deg-

radation. In accordance with a general analytical description of transformation kinet-

ics for isothermal or isochronal evolutions in terms of time and temperature, our mod-

ified model of the MAJ description assesses the effect of the initial monoclinic frac-

tion.  The updated model has been validated using systematic in vitro experiments, 

and appears to at least partly reconcile in vitro and in vivo data of t → m transfor-

mation so far showing discrepancies for ZTA hip components.   

Keywords: zirconia-toughened alumina, polymorphic transformation, initial mono-

clinic volume fraction, metal stain, activation energy, hydrothermal treatment. 
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1. Introduction 

Predictions of the in vivo stability of the tetragonal zirconia polymorph in ZTA 

femoral heads are typically based on hydrothermally activated in vitro simulation.  As 

reported in detailed studies,
1, 2

 the hydrothermal environment affects the stoichio-

metric state of tetragonal zirconia dispersoids and greatly accelerates their polymor-

phic transformation.  However, retrieval studies suggest that in vivo destabilization of 

tetragonal zirconia is more complex.  It likely results from a combination of several 

factors rather than a single-effect driven phenomenon.
3
  Consequently, extended hy-

drothermal exposure could not be assumed as the only trigger for phase transfor-

mation under normal service conditions, especially in the case of short-term retriev-

als.
3, 4

   

As discussed in Part I of this series,
5
 discrepancies between observed and predicted 

transformation kinetics could be attributed to two main additional factors, which in-

cluded: the initial monoclinic fraction contained in the ZTA femoral heads as received 

from the manufacturer and the presence of transition metal stains on the surface of the 

heads.  With the starting monoclinic phase fraction being recognized as a fundamental 

parameter in accelerating ZTA ageing kinetics, a strict and accurate verification of 

such a parameter becomes a key factor in quality control assessments of the manufac-

turer’s production.  Large fluctuations in the initial monoclinic fraction for individual 

ZTA femoral heads were found to correlate with the year of manufacturing, and pre-

sumably raw material lots and production furnaces.
4, 5

   

At its present state of development, the theory of hydrothermally activated ageing 

of ZTA includes the effect of the initial monoclinic content, but only as an additive 

factor to independent isochronal or isothermal conditions.  Conversely, metal transfer 

was found to be a new key phenomenon in solving in vitro/in vivo discrepancies.  
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Smeared metal stains on ceramic femoral heads are typical evidence of joint malfunc-

tion.
6–8

  They occur as the result of impingement against the metallic acetabular shell 

following subluxation or dislocation, which are both more frequent in femoral heads 

with smaller diameters.  Enhanced polymorphic transformation was found to occur 

adjacent to metal stains for a number of retrieved femoral heads.  

The metal transfer phenomenon is incorporated here into an in vitro experimental 

protocol for hydrothermal ageing of ZTA.  Such a simple and straightforward test al-

lowed us to demonstrate how metal stain could significantly contribute to the destabi-

lization of the tetragonal zirconia polymorph in ZTA bioceramics.  Accordingly, the 

main aim of this paper is to utilize in vitro experimental data to assess the effects of 

initial monoclinic fraction and different types of metal stains, and to put forward a 

comprehensive theoretical model, which could account for the observed differences 

between in vitro ageing and in vivo service.  The newly proposed model implementa-

tion is expected to lead to predictions that narrow the gap between in vitro and in vivo 

data.   

2.  Materials and Methods 

Selected ZTA femoral heads (BIOLOX
®
delta, CeramTec GmbH, Plochingen, 

Germany) possessing different amounts of initial monoclinic fraction (7~21%, as re-

ceived from the manufacturer) were investigated. BIOLOX
®

delta is a composite ma-

terial consisting (after sintering) of 80 vol.% Al2O3, 17 vol.% ZrO2, and 3 vol.% 

strontium aluminate. Y2O3 and Cr2O3 were added to the raw materials in fractions of 

0.6 and 0.3 wt.%, respectively, together with a minor fraction of SrO. Each head sam-

ple was cut into a number of smaller spherical sectors and such sectors were then sub-

jected to in vitro accelerated ageing experiments in a conventional water-vapor auto-
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clave operating at 98, 121 or 132°C under adiabatic pressure. At each temperature, the 

exposure time was varied from 6 h to 96 h.  Some pieces of the ZTA femoral heads 

were stained with different types of metals, the same metals that usually contaminate 

femoral heads during in vivo service (i.e., Ti, CoCr, and Fe). Femoral head sectors 

were stained on the surface by Ti, CoCr, or Fe metal sticks, which were obtained from 

metallic parts of commercially available implants. Note that this process involved the 

manual application of a very low force, exactly in the same way a piece of chalk 

writes on a blackboard. We also checked the variation of monoclinic phase before and 

after staining and found no significant variations, independent of stain type, due to the 

force applied. Subsequently, the stained head sectors were hydrothermally treated to-

gether with unstained sectors (i.e., varying temperature and exposure time) in order to 

simulate in vivo contaminations that take place on femoral heads when they impinge 

against the metallic acetabular shell (e.g., upon subluxation or dislocation). 

The pristine, hydrothermally aged unstained, and hydrothermally aged stained fem-

oral head samples were examined in comparison with retrieved samples using Raman 

spectroscopy.  Spectra were acquired by means of a confocal optical microprobe at 

room temperature using a single monochromator (T-64000, Jobin-Ivon/Horiba Group, 

Kyoto, Japan) equipped with a nitrogen-cooled 1024x256 pixels CCD camera (CCD-

3500V, Horiba Ltd., Kyoto, Japan), and analyzed using commercially available soft-

ware (LabSpec, Horiba/ Jobin-Yvon, Kyoto, Japan).  The excitation frequency used in 

all the experiments was the 488 nm blue line of an Ar-ion laser operating with a pow-

er of 280 mW.  The spectrum integration time was typically 5 s.  A confocal configu-

ration of the Raman probe was adopted throughout all the experiments using a 100x 

objective lens in order to exclude photons scattered from out-of-focus regions of the 

probe.  The ZTA samples were placed on an x-y motorized stage with a lateral resolu-
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tion of 0.1 μm.  Intensity and spectral positions of selected Raman bands were ob-

tained by fitting the raw collected spectra to mixed Gaussian/Lorentzian curves.  For 

the in vitro tested heads, quantitative calculations of initial and hydrothermally in-

duced monoclinic volume fractions, V0m and Vm, respectively, used Raman intensity 

data according to the Katagiri equation.
9
  For each pristine and metal-stained sample 

before and after hydrothermal aging, five Raman maps, (50 m x 50 m in size), each 

consisting of more than 120 spectra, were collected at random locations on each fem-

oral head.  Note that all samples were kept under vacuum until their Raman measure-

ment, so no contamination or spontaneous ageing related to long-term air or humidity 

exposure influenced the results. Details of the studied retrievals and of the Raman da-

ta acquisition on those samples were given in the companion paper Ref. 5. Here, we 

refer to the Raman data collected in that companion paper on the main wear zone 

(MWZ), the non-wear zone (NWZ), and stripe wear zone (SWZ) of retrieved samples. 

Three successive spectral acquisitions were made on these samples for a total of 2500 

locations averaged per sample. More details of the Raman measurements on the re-

trievals were given in Ref. 5. Finally it should be noted that, due to the finite Raman 

probe size, the measured phase transformation fractions were only representative of 

the surface of the ZTA heads, while the selected hydrothermal conditions did not suf-

fice to alter the bulk zone of the material. 

3. Results and discussion 

Figure 1(a) presents the experimental results of the isothermal ageing tests (i.e., 

121°C) for as-manufactured ZTA components plotted in a semi-logarithmic time 

scale.  These plots show the evolution with time in autoclave of ZTA samples with 

different initial volume fractions, V0m, of monoclinic phase. The shown volume frac-
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tions refer to the total amount of zirconia in the ZTA composite (i.e., ~17 vol. %).  

Overall, these data are quite consistent with previously published values.
2, 10
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Figure 1: (a) Experimental results of isothermal ageing tests conducted at 121°C plotted in 

a semi-logarithmic time scale for as-manufactured ZTA components with different initial 

volume fractions, V0m, of monoclinic phase; (b) experimental results of isochronal characteri-

zations at fixed temperatures used for obtaining the parameter Q from the slope of plots ac-

cording to Eq. (2). The obtained values were used for fitting the isothermal data shown in (a); 

and, (c) dependence of the apparent activation energy, Q = Qapp, obtained as a function of V0m. 

 

Rationalization of in vitro collected data for the hydrothermally activated polymor-

phic transformation in zirconia-containing materials is usually attempted using the so-

called modified MAJ equation:
11

 

                         
 0 max 0 1 exp n

m m mV V V V bt                            (1) 

where, Vm is the monoclinic phase content for a given test duration t, V0m is the initial 

monoclinic phase content prior to testing, Vmax is an apparent upper bound of the 

monoclinic phase, n is the time (or Avrami) exponent, and b is a factor that describes 

the temperature dependence due to ageing.  This latter factor is considered to follow a 

hydrothermally activated Arrhenius dependence, according to the following equation: 

                        
 

  
 

0 exp
Q

b b
RT

                                                     (2) 

where, b0 is a material constant, Q is the activation energy for phase transformation 

during environmental ageing, R is the universal gas constant, and T is the absolute 

temperature (in degrees K).  Isochronal characterizations at isothermal temperatures 

were then used to obtain the parameter Q from the slope of an Arrhenius plot accord-

ing to Eq. (2).  These plots are shown in Fig. 1(b) for samples with different initial 

monoclinic fractions, V0m.  The resulting values were used for fitting the isothermal 

data provided in Fig. 1(a).  The most striking finding from this procedure was that dif-

ferent activation energy values, Q, were found to correlate with different initial mon-
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oclinic volume fractions, V0m.  Note that the value of Vmax could be used as a dummy 

parameter to fit different experimental curves until an acceptable precision can be 

reached within limited intervals of time.  However, there is no physical reason why 

the parameter Vmax should differ if exactly the same ZTA material is tested.  In fitting 

data in Fig. 1(a), Vmax was set to 100% (i.e., the total amount of zirconia phase availa-

ble in the ZTA material), and the apparent Q values were then plotted as a function of 

V0m on a monotonic curve as shown in Fig. 1(c).  The results showed a large fluctua-

tion of Q within the investigated series.  The ZTA head possessing the highest mono-

clinic phase in its as-received state (V0m = 21%) displayed the lowest Q value (i.e., 

~65 kJ/mol), whereas the ZTA sample with the lowest V0m (i.e., ~7%) obeyed a Q of 

~155 kJ/mol.  While the initial V0m values may also be attributed to stoichiometric 

variations among different lots of raw materials (e.g., fluctuations in the stabilizing 

Y2O3 content), it was assumed as a first approximation that all the tested ZTA heads 

were manufactured in the same way in order to determine if the MAJ algorithm could 

explicitly contain a dependence on V0m.  If this assumption is correct, then the trans-

formation process can be considered isokinetic for ZTA ceramics, and the MAJ fitting 

procedure becomes validated beyond its phenomenological correlation with the in 

vitro experimental data.  

  Additional experimental plots are shown in Figs. 2(a)~(d) for a selected ZTA femo-

ral head with V0m = 21%.  The dome area of this head was cut into a number of differ-

ent samples and tested under isothermal conditions (at 98, 121, and 132°C) (a) with-

out artificial staining, and with artificially staining by (b) CoCr, (c) Fe, and (d) Ti.  

Data in (a) complete the trend already observed in Fig. 1(a) and serve as reference 

comparisons for the stained samples.  It should be emphasized again that the artificial 

staining procedure turned out to be quite easy.  Metallic rods were simply used to 
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“write” on the ZTA samples similar to the use of chalk on a blackboard and with no 

significant forces involved in such procedure.  The data of Fig. 2 demonstrate that all 

stained ZTA samples (which were concurrently aged in the same hydrothermal envi-

ronment) experienced a conspicuously quicker polymorphic transformation when 

compared to the unstained head despite the fact that all samples were made of exactly 

the same material.  Among the metal-stained samples, those contaminated with CoCr 

were the quickest to transform, reaching Vm values of ~50% and 40% after 100 h at 

132 and 121°C, respectively.  These laboratory results therefore provide straightfor-

ward and systematic evidence to explain the unexpectedly high amounts of monoclin-

ic phase in femoral head retrievals contaminated by metal stains as a result of their in 

vivo malfunction (cf. companion paper Part I).  In a kinetic model of phase transfor-

mation, the overall effective activation energy, Q, incorporates the activation energies 

for nucleation, QN, and for growth, QG, as follows:
12, 13 

                
G N

d d
Q n Q

m m
Q

n

 
  
                                                             (3) 

where m is a growth mode parameter (equal to 1 and 2 for interface-controlled and 

volume-diffusion-controlled growth, respectively), d is the dimensionality of the 

growth (equal to 1, 2, or 3), and n is a numerical parameter equal to d/m for site satu-

ration and d/m+1 for continuous nucleation.  The relationship between the overall ef-

fective activation energy, Q, and its separate components for nucleation and growth, 

QN and QG, has been analytically validated by Liu et al.
12

  Liu’s procedure considers 

two activation energy components (as constant values), which are both intrinsic to the 

physical processes involved.  However, the effective activation energy, Q, depends on 

time and/or temperature through the growth exponent, n.  Accordingly, Q can only be 

constant during transformation under quite extreme and limiting kinetic conditions.  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

In other words, not only will variations of Q be expected with progressing transfor-

mation, but also different values will be obtained for dissimilar initial amounts of nu-

clei (i.e., V0m).  According to the above considerations and for isochronal cycles, Eq. 

(1) can be rewritten, as follows: 

        
   

        
    

2

0 01 1 exp exp

n

n n
m m

nQ RT
V V b t

RT
                         (4) 

with /dT dt  . The values n and Q are both functions of temperature, with the lat-

ter dependence being given by Eq. (3).  Since the experiments were conducted at a 

constant heating rate, the term containing Φ disappeared in Eq. (4).  During the cycle, 

the effect of heating/cooling periods on the polymorphic transformation was negligi-

ble.  In the case of isothermal cycles, the governing equation thus becomes: 

        
  

       
  

0 01 1 exp expn n n
m m

nQ
V V b t t

RT
                                   (5)  

where both n and Q are functions of time.  Theoretical curves and the related n values 

obtained by “best-fitting” of the experimental data to Eq. (5) were used in the con-

struction of Figs. 1(a) and 2(a)~(d) for samples of differing V0m and with various met-

al stains, respectively.  The retrieved n values are given in insets to each plot.  As a 

general trend, the n value increased with increasing testing temperature, with initially 

larger volume fractions of monoclinic phase, and with the presence of metal stains.   

Values of n were the highest for CoCr at all investigated temperatures.   
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Figure 2: Experimental isothermal plots at V0m = 21% for 98, 121, and 132
o
C without (a) 

and with artificially staining by CoCr (b), Fe (c), and Ti (d). 

 

Figure 3(a) shows a comparison between isothermal curves recorded for no-stain 

and CoCr-stained samples with V0m = 21%.  This comparison clearly demonstrates the 

detrimental effect of metal stains on the stability of ZTA bearing surfaces.  Moreover, 

an activation energy value can be calculated by rearranging Eq. (5), as follows: 

             
  

    
  

0
0

1
ln ln ln ln

1
m

m

V nQ
n b t

V RT
                               (6) 

Accordingly, the slope of a plot of lnV = ln ln
1-V
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é

ë

ê
ê

ù

û

ú
ú
 vs. lnt  simply becomes n .  Note that the 

formalism adopted in Eq. (6) yet foresees the existence of an intrinsic (i.e., constant) 

activation energy, Q, for the transformation, but also allows variations of the apparent 

activation energy value, Qapp = nQ, since n is itself a function of temperature.  Anoth-

er striking finding is that V0m enters Eq. (6) with a quite sensitive dependence, thus 

impacting the apparent activation energy and the overall transformation kinetics more 
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profoundly than a simply additive effect. 

 

Figure 3: (a) Comparison between isothermal curves recorded for no-stain and CoCr-

stained samples with V0m = 21%; (b) Arrhenius plots for the as-received sample in comparison 

with the full series of stained samples at a common V0m = 21%. The plots were used to obtain 

the parameter Q from their slopes according to Eq. (6); and, (c) effect of V0m and metal stains 

on the evolution of the transformed surface.  Experiments were repeated on stained samples 

with different V0m. 

 

Figure 3(b) provides plots summarizing results for as-received samples (i.e., V0m = 
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21%) which were stained with the full series of the metals.  This comparison shows 

that the stained samples always had lower activation energies.  Moreover, the 		 lnV  

values were always higher than those collected on the as-received sample for any type 

of metal stain.  The representative plot for CoCr showed the highest shift when com-

pared to the non-stained sample.  This also means that a sensitive variation of the 

quantity, 
		
n lnb

0
+ lnt( ), occurred under constant hydrothermal exposure time. An ad-

ditional step forward was taken in describing the concurrent effect of V0m and metal 

stains on the transformation kinetics when experiments were repeated using stained 

samples with different V0m.  The results of these experiments are plotted in Fig. 3(c).  

These linear plots describe the gap between the temperature-dependent parameter, 

 
  

 
0 expn nQ

b b
RT

, in either the presence or absence of a stain (i.e., bs and bns, respec-

tively) as a function of V0m.   As far as CoCr and Fe were concerned, the influence of 

these stains was diminished at lower starting monoclinic phase fractions.  However, 

this was not the case for Ti.  Its detrimental effect was substantially independent of 

V0m.  The data in Fig. 3(c) confirmed that the t → m transformation was a function of 

both the initial amount of transformed nuclei and metal contamination on the sample 

surface.  A summary of the physical meaning of the above findings (according to Eqs. 

(3)~(6)) could be given, as follows: 

(i) The apparent increase in the value, Qapp = nQ, for the polymorphic transfor-

mation (cf. Fig. 1(b)), resulting from an increase in V0m, is due to variations in 

n during isothermal experiments.  

(ii) A closer look at Eq. (3) suggests that a change in dimensionality, d, is depend-

ent upon n(T), provided the growth mode parameter remains unchanged.   

(iii) More specifically, it is the structure of n and its dependence on T that leads to 
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the observed difference. 

(iv) Notwithstanding the argument presented in (i) above, the possibility that ob-

served fluctuations in the monoclinic fraction arise from local variations in the 

Y2O3 content cannot be discounted.  Lower Y2O3 or its poor distribution with-

in the starting powders leads to higher V0m values and added in vivo metasta-

bility of the bearing surface.  

(v) The presence of a metal stain at the surface significantly alters the b0 and the 

Qapp parameters.  Such influence was found to be different for different metals  

(titanium (Ti), cobalt-chromium (Co-Cr) and iron (Fe)), which could be due to 

the respective chemical reactivities of such metals in the hydrothermal envi-

ronment. This effect will be discussed in terms of chemical triggers occurring 

during thermal activation in Part III of this monograph series.
14

 

Finally, it was noted that also n values depended on the presence and type of the stain.  

However, their temperature dependence fluctuated within a relatively narrow interval.  

Accordingly, an average n value was obtained from the temperature interval 

98~132°C (cf. n values in the inset to Fig. 2). It should be noted that Ti, Co, Cr, and 

Fe are all transition metals belonging to the same d-block (4
th

 row) of the periodic ta-

ble. In such transition metals, the d-electron shell is so strongly prone to directional 

bonding and to reactivity that makes them weakening the bonds in reacting molecules 

by lowering the activation energy. Obviously, the difference found in the n and Qapp 

values is a consequence of the intrinsic capacity of each individual transition element 

to accelerate the reaction of splitting water molecules from the hydrothermal envi-

ronment at their surface. This point will be described in more details in the companion 

paper Part III (Ref. 14). 

With the knowledge of n, the Q values were obtained from the slopes of the plots 
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		 lnV  vs. 
		

1

T
 (cf. insets to Fig. 3(b)).  Using the experimentally determined Q values 

and substituting for the factor 
 

  
 

0 expn nQ
b b

RT
 in Eq. (1), an extrapolation of the 

hydrothermal ageing effect under in vivo conditions (37
o
C) was obtained from the ac-

celerated hydrothermal ageing tests.  In this latter calculation, the b0 values at 37
o
C 

were derived from Arrhenius plots of lnb0 vs. 
		

1

T
 for each material (i.e., at 37

o
C, b0 

x10
-5

=0.0278, 4.469, 8.548, and 2.511 for no-stain, CoCr, Ti, and Fe, respectively).  

The results of this calculation are plotted in Fig. 4 for samples with and without stains 

for the case of V0m = 21%.  The retrieval data described in Part I and predictions from 

Ref. 2 (V0m = 13%) are also included for comparison.  Note that the mismatch be-

tween in vivo and in vitro data appears to be greatly reduced.  The measured data for 

retrievals now reasonably resides within predictions for femoral heads both with and 

without stains.  By including the effect of metal contamination, the required time for 

the onset of exponential transformation is greatly reduced.  Therefore, according to 

this newly proposed algorithm, which takes into consideration the role of V0m, the de-

pendence b(T), and the influence of metal stains, more realistic estimates now appear 

possible for expected lifetimes of ZTA-based artificial joints.  

 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

Figure 4: Extrapolations to body temperature of monoclinic contents for samples with and 

without stains in the case of V0m = 21%.  The retrieval data described in Part I and the predic-

tion from Ref. 2 (V0m = 13%) are included for comparison. 

 

4. Conclusion 

Crystallographic destabilization of the ZTA bearing surfaces was experimentally 

substantiated as the consequence of an ensemble of different circumstances, which 

include not only hydrothermal activation but also the initial monoclinic volume frac-

tion and the presence of metal contamination.  These two latter additional factors 

were implemented into a comprehensive theoretical framework, which more realisti-

cally predicts the stability of ZTA implants.  The observation that the apparent activa-

tion energy, Q, was related to the initial volume fraction of the monoclinic phase is a 

significant finding.  This dependence was therefore included in the predictive algo-

rithm.  Moreover, a chemical effect related to the presence of metal ions was clearly 

demonstrated by the in vitro experiments.  This is an extrinsic factor, which plays a 

predominant role in accelerating ZTA surface destabilization.  Its effect was observed 

even in the absence of elevated surface stresses (i.e., hard-on-soft implants) and it will 

unavoidably appear after dislocation reduction even where the kinematics of joint ar-

ticulation has correctly been restored. 
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Graphical Abstract 

 

 

An updated analytical model for the influ-

ences of the initial fraction of monoclinic 

polymorph and the presence of different 

types of transition metal stains (e.g., Ti, 

CoCr, and Fe) on the tetragonal to monoclin-

ic (t → m) polymorphic transformation in 

ZTA composites for hip joints is proposed 

and discussed.     
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Highlights 
 
 

1. An expanded theoretical framework for surface metastability of ZTA implants 

is provided. 

2. Apparent activation energies depend on initial fraction of the monoclinic zirco-

nia. 

3. Exacerbation of surface degradation in ZTA arises from the presence of transi-

tion metals. 
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Abstract 

Understanding the intrinsic reason(s) for the enhanced tetragonal to monoclinic (t 

→ m) polymorphic phase transformation observed on metal-stained surfaces of 

zirconia-toughened alumina (ZTA) requires detailed knowledge of off-stoichiometry 

reactions at the molecular scale.  In this context, knowledge of the mechanism(s) for 

oxygen vacancy creation or annihilation at the material surface is a necessary 

prerequisite.  The crucial aspect of the surface destabilization phenomenon, namely 

the availability of electrons and holes that allow for vacancy creation/annihilation, is 

elucidated in this paper.  Metal-enhanced alterations of the oxygen sublattice in both 

Al2O3 and ZrO2 of the ZTA composite play a decisive role in accelerating the 

polymorphic transformation.  According to spectroscopic evidences obtained through 

nanometer-scale analyses, enhanced annihilation of oxygen vacancies triggers 

polymorphic transformation in ZrO2 near the metal stain, while the overall Al2O3 

lattice tends to dehydroxylate by forming oxygen vacancies.  A mechanism for 

chemically driven “reactive metastability” is suggested, which results in accelerating 

the polymorphic transformation.  The Al2O3 matrix is found to play a key-role in the 

ZrO2 transformation process, with unambiguous confirmation of oxygen and 

hydrogen transport at the material surface.  It is postulated that this transport is 

mediated by migration of dissociated O and H elements at the surface of the stained 

transition metal as they become readily available by the thermally activated 

surrounding. 

 

Keywords: zirconia-toughened alumina, femoral heads, polymorphic transformation, 

transition metals, oxygen vacancy. 
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1. Introduction 

Selection of zirconia toughened alumina (ZTA) bioceramics as bearing components 

in artificial joints has been mainly based on their high fracture strength, structural 

reliability, and improved tribological behavior.
1, 2

  Indeed, ZTA is among the most 

advanced biomaterials currently available for total hip arthroplasty.  Its artificial joint 

longevity typical exceeds 15 years with few reported catastrophic failures.
2–5

  

However, today’s arthroplastic patients not only expect continued enhanced mobility 

but also multiple decades of in vivo function.
6
  To meet their expectations requires 

scientists and engineers to fundamentally rethink the actual criteria upon which 

biomaterial choices are made.  Specifically, any new criteria should mandatorily 

include the pivotal roles of material reactivity and evolutional off-stoichiometry at the 

surface of the bearing during its in vivo service.  From this latter viewpoint, ZTA 

bioceramics might be better than other monolithic oxides but they still lack surface 

stability.  They tend to “age” in vivo due to (i) the stoichiometrically-driven 

polymorphic phase transformation of the metastable ZrO2 dispersoids, and (ii) oxygen 

mobility in both ZrO2 polymorphs and the Al2O3 matrix.
7–9

  Many technologists in the 

joint arthroplasty field believe ceramics to be fully bioinert,
10

 and therefore often 

consider surface chemistry to be “clinically irrelevant” to the overall performance of 

artificial joints.  In focusing solely on mechanical properties or wear performance, 

they often overlook important chemical reactions that must be concurrently 

considered.  Previous papers have provided both in vitro and in vivo evidence for 

surface structural property degradation of commercial bioceramic oxides due to 

oxygen vacancy formation.
11–13

  The mobility of surface oxygen has also been directly 

monitored in ZTA and its effect on the metastability of zirconia dispersoids 

thoroughly characterized.
14

  Building upon those previous studies, Part I and Part II of 
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this series have revealed a new aspect of ZTA metastability – enhancement of 

polymorphic transformation by transition metal contamination – which leads to quite 

short-term surface ageing and degradation.
15,16

  Because metal contamination of 

femoral heads is a common phenomenon in hip arthroplasty, detecting surface 

stoichiometry-related changes is an important area of research. 

 

Presented in this paper is a novel interpretation for an increase in ZTA surface 

metastability due to the presence of transition metal stains from experimental data of 

surface stoichiometry changes.  In addition to providing statistical evidence for the 

reliability of the detected changes, the experimental approach also offers meaningful 

descriptions and quantification of these changes.  The approach assumes that oxygen 

vacancies in the Al2O3 and ZrO2 lattice are dependently generated and annihilated, 

respectively, at given rates by the hydrothermal environment. The dissociated O and 

H ions at the metal surface detrimentally alter the thermodynamic equilibrium and 

enhance the off-stoichiometry drifts that ultimately lead to polymorphic 

transformation in the ZrO2 phase. 

 

2. Materials and methods 

2.1 In vitro accelerated ageing tests 

The investigated samples in the current research included as-received, as-received 

and autoclaved, metal-stained (as-stained and 24 h-autoclaved), and retrieved ZTA 

femoral heads. All ZTA samples were BIOLOX
®
delta manufactured by CeramTec 

GmbH, Plochingen, Germany. Some of the as-received samples were stained with 

different transition metals, which included Ti, stainless steel (Fe), and CoCr, as the 
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most common elements contained in the metallic components of hip joints. Then, the 

as-received and the as-stained samples were subjected to in vitro accelerated ageing 

experiments for 24 h in a conventional water-vapor autoclave operating at 121°C, 

under adiabatic pressure.  

 

For comparison, we have also analyzed short-term ZTA retrievals, which were 

described in detail in Part I of this monographic series.
15

 Briefly, a series of ten short- 

term ZTA retrievals (i.e., 5 belonging to ceramic-on-polyethylene and 5 to ceramic-

on-ceramic implants), explanted for various reasons after periods spanning ~2 to ~16 

months, were analyzed.  All of the explanted femoral heads were BIOLOX
®
delta 

components.   

 

2.2 Raman spectroscopy analyses 

Raman spectroscopic analyses were performed on as-received, metal-stained (as-

stained and 24 h-autoclaved), and retrieved ZTA femoral heads Raman spectra were 

acquired by means of a confocal (optical) microprobe at room temperature using a 

single monochromator (T-64000, Jobin-Ivon/Horiba Group, Kyoto, Japan) equipped 

with a nitrogen-cooled 1024x256 pixels CCD camera (CCD-3500V, Horiba Ltd., 

Kyoto, Japan), and analyzed by using commercially available software (LabSpec, 

Horiba/ Jobin-Yvon, Kyoto, Japan).  The excitation frequency used in all the 

experiments was the 488 nm blue line of an Ar-ion laser operating with a power of 

280 mW.  The spectrum integration time was typically 5 s, with the recorded spectra 

averaged over three successive measurements.  A confocal configuration of the 

Raman probe was adopted throughout all the experiments, using a 100x objective 

lens.  The ZTA samples were placed on an x-y axes motorized stage with a lateral 
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resolution of 0.1 µm.  Intensity and spectral positions of selected Raman bands were 

obtained by fitting the raw collected spectra with mixed Gaussian/Lorentzian curves.  

Quantitative calculations of the (local) monoclinic volume fractions, Vm, used Raman 

intensity data according to the Katagiri equation.
17

  

 

2.3 Cathodoluminescence spectroscopy analyses 

 Cathodoluminescence (CL) spectra were collected using a field-emission gun 

scanning electron microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan) 

equipped with a CL device.  Electron irradiation was made with an acceleration 

voltage of 5 kV.  Preliminary calibrations proved that the selected acceleration 

voltage was below the threshold for perturbation of the stoichiometric structure of the 

material by electron beam impingement.  The CL device consisted of an ellipsoidal 

mirror and a bundle of optical fibers, which enabled the collection and transmission of 

the CL emission into a highly spectrally resolved monochromator (Triax 320, Jobin 

Yvon/Horiba Group, Tokyo, Japan).  A 150 g/mm grating was used throughout the 

experiments.  A liquid nitrogen-cooled 1024x256 pixels CCD camera was employed 

to analyze the CL emission of the material.  Spectral lines were analyzed with the aid 

of a commercially available software package (LabSpec 4.02, Horiba/Jobin-Yvon, 

Kyoto, Japan).  Spatially resolved maps of electro-stimulated luminescence were 

collected on about 10 areas on the sample surface.  A lateral step of 50 nm was 

adopted, which led to the automatic collection of 1,600 measurement points per map.  

Spectral fitting was conducted by following a deconvolution procedure with 

Gaussian-Lorentzian spectral modes after subtracting a linear baseline.   
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The CL probe size was preliminarily calibrated and found to be on the order of 68 

and 280 nm in depth and in plane, respectively.  All mathematical procedures for 

modeling the CL intensity emission were carried out with the aid of commercially 

available computational software (Mathematica 5.2; Wolfram Research Inc., 

Champaign, IL USA).  Statistical analyses were performed according to unpaired 

Student's t-tests or to one-way Analysis of Variance (ANOVA).  A p value < 0.05 was 

considered statistically significant and labeled with an asterisk. 

 

2.4 X-ray photoemission spectroscopy analyses 

X-ray photoemission spectroscopy (XPS) of the ZTA surfaces employed a 

photoelectron spectrometer (JPS-9010 MC; JEOL Ltd., Tokyo, Japan) with an X-ray 

source of monochromatic MgKα (output 10 kV, 10 mA). The surface of the samples 

was cleaned up by Ar
+
 sputtering in the pre-chamber, while the measurements were 

conducted in the vacuum chamber at around 2×10
-7

 Pa, upon setting the analyzer pass 

energy to 10 eV and the voltage step size to 0.1 eV. The X-ray angle of incidence and 

the takeoff angle were 34° and 90°, respectively. 

 

3. Results and discussion 

Raman mapping of selected regions in the vicinity of different types of stains was 

the first step in the microscopic characterization of the samples.  This was performed 

both before introducing the stain at room temperature, after the staining procedure, 

and after in vitro exposure for 24 h in water vapor at 121°C under adiabatic pressure.  

Figure 1(a) shows an optical micrograph of the surface of a CoCr-stained ZTA 

femoral head after in vitro autoclaving under the above-mentioned conditions.  In Fig. 
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1(b), a Raman map is shown after the short-term autoclaving cycle of the area 

neighboring the CoCr stain as indicated in the squared inset. For comparison, Raman 

maps of monoclinic fraction are also shown for exactly the same area for the as-

received (unstained) sample (c) and for the sample after staining but before 

autoclaving (d). Despite the short-term exposure in the autoclave, the Raman map 

showed evidence of an exceptionally high amount of transformed monoclinic fraction 

adjacent to the metal stain (average value Vm
av  = 36.1 ± 7.5% and maximum value 

V
m

max
= 49.6%).  On the other hand, the stained ZTA sample characterized by Raman 

after staining but before autoclaving showed negligible enhancement of monoclinic 

phase as compared to the pristine status (cf. Figs. 1(c) and (d)). This demonstrates that 

the origin of the observed destabilization was chemically induced and not merely a 

result of mechanical impingement of the ZTA surface.  Raman maps of the 

monoclinic fractions were taken for all types of stain investigated at exactly the same 

locations before and after staining, and again after autoclaving.  Statistical histograms 

were then prepared comparing the monoclinic fractions before and after these various 

treatments. 
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Figure 1: (a) Optical micrograph of the surface of a CoCr-stained ZTA femoral head after 

in vitro autoclaving; (b) Raman map of the transformed monoclinic fraction, Vm, in the area 

corresponding to the square in (a) after 24 h autoclaving at 121
o
C. For comparison, (c) and (d) 

represent exactly the same area before and after metal staining, respectively, with the sample 

not yet subjected to the autoclaving cycle. The label “n.d.” refers to locations where the 

Raman spectrum could not be collected because of the shading effect of the metal. 
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  Figures 2(a) and (b) provide comparative optical micrographs of stained regions 

coupled with the results of the Raman analyses for Ti- and the Fe-stained ZTA 

samples, respectively.  The output of these spectroscopic characterizations can be 

summarized in the following three points: 

 

(i) The mechanical abrasion associated with the process of room-temperature 

staining introduced negligible amounts of transformation on both Ti- and Fe-

stained samples. 

 

(ii) An autoclave treatment of < 24 h was sufficient to increase the amount of 

monoclinic content by 50% or more in the vicinity of the metal stains when 

compared with the as-received controls.   

 

(iii) In areas far away from the stains, the increase in the monoclinic phase was 

only slightly higher than that of the pristine samples, which is an obvious 

consequence of the short-exposure in the autoclave.   
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Figure 2: In (a) and (b), optical micrographs of stained regions and the statistical results of 

Raman characterizations for Ti- and the Fe-stained ZTA samples, respectively; Raman data 

refer to the squared areas in the respective micrographs.  The notation “no stain (average)” 

corresponds to the average fractions of monoclinic phase collected after autoclaving in areas 

far away from metal stain. 
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At the microscopic scale, these Raman mapping experiments on the stained and in 

vitro autoclaved ZTA samples confirmed the occurrence of enhanced surface 

destabilization as phenomenologically discussed in Part I,
15

 and unequivocally 

demonstrated its origin as being chemical in nature, not mechanical.  In order to 

further substantiate the mechanisms behind the observed chemical effect, molecular 

scale phenomena were screened with higher spatial resolution CL as compared to the 

optical Raman probe.  CL analyses were performed using a low-voltage electron 

beam which could probe the sample at the nanometer scale (i.e., at a resolution two 

orders of magnitude better than the Raman probe).  It was previously demonstrated 

that CL analyses are quite suitable in revealing local off-stoichiometry effects in 

biomaterials.
11–14

  At the molecular scale, two different CL probes are available for 

measuring the local stoichiometry of the ZTA lattice: (i) emissions from the oxygen 

vacancies, VO, present in the Al2O3 lattice, and (ii) emissions from Cr
3+

 ions 

substituted for isovalent Al
3+

 in the Al2O3 structure.  Note that the investigated ZTA 

contained CrO2 as an intentionally added fraction, which is partly in solid solution 

within the Al2O3 lattice.  Therefore, the Cr
3+

 emissions were commonly found in all 

the investigated samples, independent of the metal used for staining the samples.  

Although different in nature, both probes appear as doublets in the ZTA emission 

spectrum.  In the case of VO sites, the doublet corresponds to oxygen vacancy sites 

charged with one or two electrons (labeled as V
O

·
 and 

	
V

O

··
, respectively), while the 

Cr
3+

 doublet is intrinsic to the electronic structure of a single type of defect (i.e., an 

isovalent chromium ion substitutional located on an Al
3+

 site).  In this context, it is 

not necessary to distinguish between individual doublet bands.  It is only important to 

note that the photon intensity emitted by electron-irradiated samples is proportional to 

the number of defective sites in the samples.  Consequently, higher intensities are 
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directly correlated with greater surface off-stoichiometry.  With regards to the 

mechanism of enhanced metastability of metal-stained ZTA surfaces, it is remarkable 

that all of the stains are from transition metals belonging to Period 4 (i.e., the first (3d) 

orbital) of the table of elements.  The ability of these elements to adopt multiple 

oxidation states (and to form complexes through utilizing 3d and 4s electrons for 

bonding) increases the concentration of reactants at their surfaces while concurrently 

catalytically weakening bonds in reacting molecules.  More specifically, when water 

binds to a transition metal, several proton-coupled electron-transfer events oxidize the 

metal-water complex.  Electrons are then stripped away and participate in the process 

of water reduction.  The transition elements of the periodic table exhibit different 

levels of efficiency in this water splitting phenomenon.  However, all these metallic 

elements have the same basic characteristics.  The energetics of half-filled d-orbitals 

facilitates both the binding of water and releasing of molecular oxygen, neither of 

which is highly favored.  In the case of chromium atoms, they can easily diffuse along 

the Al2O3 surface, moving from one three-coordinated Al site to another, since their 

activation energy is much lower than for the self-diffusion of Al atoms.
18

  Cr atoms 

are therefore chemically active anywhere along their migration path.  During 

migration, a very strong Cr-H bond can form when water comes in contact with 

chromium.  The autocatalytic dissociation of water ensues due to the splitting of the 

polar molecule by this Cr-H bond.  In the present study, the process of VO annihilation 

in the Al2O3 lattice was demonstrated by the disappearance of emissions from 

oxygen-vacant sites (cf. line scan in Fig. 3(a) and intensity profile in Fig. 3(b)).  In 

turn, local Cr enrichment in the Al2O3 lattice involved a strong lattice distortion, 

which is shown by the broadening of the fluorescence doublet (R1R2) from Cr
3+

 sites, 

as detected in the vicinity of the CoCr stain (cf. profile of full-width at half-maximum 
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(FWHM) for the R1 line in Fig. 3(b)).  According to these spectroscopic 

considerations, in the case of CoCr stain, Cr
3+

 separates from the stain and enters Al
3+

 

sites close to oxygen vacancies, while free oxygen from the split water molecules fills 

pre-existing vacancies.  Concurrently, strong Cr-H bonds form with the available 

hydrogen, which impedes further surface dehydroxylation.  Accordingly, no new 

oxygen vacancies can form in the Al(Cr)O3 lattice within the stained area.  In this 

stoichiometrically “locked” environment, the propensity of the Al2O3 lattice to release 

oxygen to form stable water molecules or to catch new free oxygen is fully 

annihilated.  Consequently, the metastable t-ZrO2 lattice is fully exposed to free 

oxygen.  It quickly destabilizes and transforms into the m-ZrO2 polymorph. 
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Figure 3: (a) A FEG-SEM image of a zone of the ZTA sample in the vicinity of a CoCr 

stain; in the inset, a line is shown (with selected locations labeled) along which CL analyses 

were performed for both VO and Cr
3+

 emissions.  In the electron micrographs the brighter 

areas correspond to ZrO2 grains, while the Al2O3 matrix appears darker under electron 

illumination.  In (b), results of CL line scan are shown for both VO (CL intensity) and Cr
3+

 

(FWHM) emissions, the intensity and width of the CL bands being proportional to the density 

of the specific defect and the amount of lattice distortion, respectively. 
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The statistical results from the CL spectroscopic characterization for VO sites in 

short-term retrieved ZTA heads with and without metal stains are given in Fig. 4(a).  

Included also in this figure for comparison purposes are in vitro 200 h-autoclaved 

ZTA heads both with and without different types of metal stains.  Note that the 

unstained areas of the retrievals were rich in oxygen vacancies with the main wear 

zones showing the highest off-stoichiometry drift among the investigated samples.  

However, the presence of the metal stains resulted in an annihilation of VO sites both 

for in vitro and in vivo samples regardless of the staining element.  Besides possible 

differences in kinetics parameters and surface hydroxylation patterns, the 

destabilization mechanism was similar for different metallic contaminants.  For 

example, in the case of Fe from stainless steel, some iron was bonded to the zirconia 

lattice as confirmed by the spectrum shown in Fig. 4(b).   
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Figure 4: (a) Results of a statistical characterization by CL of VO sites in short-term ZTA 

head retrievals (with and without metal stains) in comparison to in vitro 200 h-autoclaved 

ZTA heads (with and without different types of metal stains); the abbreviation “n.s.” means 

the difference is statistically insignificant.  Data on retrievals labeled as “stained” correspond 

to areas in the neighborhood of the stain; (b) a CL spectrum in the VO region collected on a 

Fe-stained and autoclaved sample, which shows the incorporation of Fe ions in the ZrO2 

lattice; and, (c) the Cr
3+

 doublet, which showed significant broadening in zones near the stain 

(spectrum labeled “close”) as compared to zones far away from the stain (spectrum labeled 

“far”). 
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However, CL spectra from Fe-stained samples, which included the iron-related 

band, were about 10% of all the recorded CL spectra of ZrO2.  Prior research has 

indicated that dilute amounts of Fe
3+

 substitutional to Zr
4+

 can stabilize the tetragonal 

ZrO2 lattice at room temperature.
19

 Nevertheless, we believe that, as suggested by the 

fast rate of polymorphic transformation found in the present experiments, this positive 

phenomenon could hardly become preponderant and cannot significantly delay the 

overall stability of the ZTA surface. As a matter of fact, strong lattice distortions were 

commonly found in the neighborhood of the metal stains (cf. Fig. 4(c)).  Note also 

that no other studied element affected the CL spectrum of ZrO2. This observation 

seems to rule out any preponderant effect of mechanical alloying by transition 

elements during friction, whose ionic radii and valences are smaller than that of Zr
4+

. 

In other words, the contribution to increase the c/a axial ratio due to a lowered 

concentration of oxygen vacancies in the ZrO2 lattice (as discussed hereafter) might 

be predominant with respect to that by metal ion incorporation in the ZrO2 lattice 

during friction. This assertion is also supported by the negligible amount of 

polymorphic transformation found after staining and before annealing (cf. Figs. 1 and 

2). In summary, all the transition metals involved with the staining experiments of this 

study detrimentally contributed to the surface destabilization of ZTA through altering 

the oxygen stoichiometry at the hydrothermally activated surface of the ZTA 

composite.  
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Specifically regarding the elementary mechanisms of surface destabilization at the 

molecular scale, a further evidence of dehydroxylation of the Al2O3 surface and the 

concurrent incorporation of oxygen vacancies, VO, in its lattice upon hydrothermal 

exposure could be obtained by comparing XPS analyses before and after 24 h 

autoclaving the ZTA sample at 121
o
C. Monitoring the O1s band allowed us to screen 

the evolution of the oxygen state with respect to both its bonds to Al and Zr at the 

surface of the ZTA sample. Figures 5(a) and (b) show the normalized XPS intensity 

related to O1s for the as-received ZTA sample before and after autoclaving, 

respectively. Clear differences were found for the fractions of both Al- and Zr-related 

clusters (for cluster identification, cf. labels in inset to Figs. 5(a) and (b)), which are 

summarized in Table I. A synopsis of the XPS results can be given, as follows: 

 

(i) Upon autoclaving, a striking sevenfold fractional reduction in the Al-O-Al 

cluster population (at 531.0 eV) was accompanied by an almost fourfold 

increase in defective Al-O-Al-Vo clusters (at 531.5 eV). Consistently, the 

population of hydroxylated sites Al-O-H (at 532.0) was also drastically 

reduced. 

 

(ii) Conversely, on the Zr side, the population of non-defective Zr-O-Zr sites (at 

529 eV) was more than doubled, while the fraction of hydroxylated Zr-O-H 

sites (at 531.2 eV) clearly increased. 
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Note that screening of the Zr3d XPS bands at 180~184 eV also confirmed the O1s 

results. An increase in Zr-O-H sites upon hydroxylation manifested in a clear energy 

shift for both the 3d5/2 and 3d3/2 XPS intensities of Zr3d. We thus interpret the 

cumulative outputs of the XPS analyses as supportive of the off-stoichiometry drift 

previously put forward based on CL microscopy data. Two independent sets of data, 

CL and XPS, commonly pointed at a physical chemistry scenario in which the Al2O3 

lattice strongly drifts toward an increasingly off-stoichiometric state with the 

formation of oxygen vacancies, while the ZrO2 lattice undergoes filling of its vacancy 

sites until the thermodynamical state of the surface lattice requires a major transfer 

from the eightfold oxygen coordination of the tetragonal polymorph to the sevenfold 

one of the monoclinic phase. 
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Fig. 5: Results of XPS analyses for the O1s band in (a) as-received and (b) 24 h 

autoclaved ZTA sample. 
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Table 1: Summary of the XPS results shown in Fig. 5. 

O1s   Percentage (%) 

Band Assignment Energy (eV) 0 h 24 h 

1 Al-O-Al 531.0 7.9 0.7 

2 Defect-related 

Al-O-Al-VO 

~531.5 3.7 15.0 

3 Al-O-H 532.0 64.9 45.7 

4 Zr-O-Zr 529.9 2.5 6.3 

5 Zr-O-H 531.2 21.1 32.3 
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Our view of the surface evolution of the ZTA surface upon exposure in autoclave 

and the effect of transition metal contamination is shown in Fig. 6. This provides a 

proposed model of the three cascading off-stoichiometry events involved in the t → m 

destabilization of the metal stained ZTA surface in a hydrothermal environment:  

(Step 1) the autocatalytic dissociation of water at the metal surface;
20,21

 (Step 2) 

oxygen vacancy annihilation in the Al2O3 matrix until exhaustion; and, (Step 3) 

oxygen vacancy annihilation followed by the t → m polymorphic transformation of 

ZrO2.   
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Figure 6: Schematic model of the cascade of destabilizing mechanisms occurring on the 

ZTA surface after exposure to a hydrothermal environment in the presence of transition metal 

contamination. 

  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
 

 

4. Conclusion 

Reported for the first time in this monograph series are results of in vivo and in 

vitro studies on the detection and quantification of surface stoichiometric changes on 

metal stained ZTA femoral heads.  It was shown that oxide ceramics are not bioinert.  

Indeed, it was demonstrated that water-vapor dissociation at the metal stained 

interface generates an abundance of free oxygen and hydrogen ions which annihilates 

oxygen vacancies and destabilizes the t-ZrO2 dispersoids in the vicinity of the metal 

contamination.  The results suggest that assessment of the surface stability of 

biomedical ZTA using a simplistic algorithm based on hydrothermal activation is 

unrealistic.  Conversely, the nanometer-scale chemically-driven algorithm formulated 

and presented in Parts I and II of this series
15,16

 represents a new promising first step 

in realizing the importance of surface stoichiometry in the longevity of biomaterials 

for joint arthroplasty.  Lastly, given the frequent presence of transition metal 

contamination on ZTA bearings, it is recommended that future considerations and 

assessments of ceramic bearing materials also include similar detailed surface 

chemistry studies.   
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Graphical abstract 

 

 

  Metal-enhanced alterations of the 

oxygen sublattice in both Al2O3 and ZrO2 

of the ZTA composite play a decisive role 

in the polymorphic transformation.  

According to spectroscopic evidence 

obtained through nanometer-scale analyses, 

enhanced annihilation of oxygen vacancies in Al2O3 and ZrO2 occurs near the metal 

stain, while the hydrothermal environment pushes the overall Al2O3 lattice to 

dehydroxylate and form new oxygen vacancies.  A mechanism for this chemically 

driven “reactive metastability” is suggested which results in accelerating the 

polymorphic transformation.   
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Highlights 
 
 

1. Presence of transition metal stains causes oxygen vacancies annihilation and 

destabilizes ZTA.  

2. New algorithms were introduced for assessing surface off-stoichiometry in 

ZTA.  

3. Details of surface chemistry are mandatory in assessing ceramic bearing 

biomaterials. 
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Silicon Nitride: A Synthetic Mineral 
for Vertebrate Biology
Giuseppe Pezzotti1, Bryan J. McEntire2, Ryan Bock2, Marco Boffelli1, Wenliang Zhu3, 
Eleonora Vitale1, Leonardo Puppulin4, Tetsuya Adachi5, Toshiro Yamamoto5, 
Narisato Kanamura5 & B. Sonny Bal2,6

The remarkable stoichiometric flexibility of hydroxyapatite (HAp) enables the formation of a variety 
of charged structural sites at the material’s surface which facilitates bone remodeling due to binding of 
biomolecule moieties in zwitterionic fashion. In this paper, we report for the first time that an optimized 
biomedical grade silicon nitride (Si3N4) demonstrated cell adhesion and improved osteoconductivity 
comparable to highly defective, non-stoichiometric natural hydroxyapatite. Si3N4’s zwitterionic-like 
behavior is a function of the dualism between positive and negative charged off-stoichiometric sites 
(i.e., N-vacancies versus silanols groups, respectively). Lattice defects at the biomaterial’s surface 
greatly promote interaction with positively- and negatively-charged functional groups in biomolecules, 
and result in the biologically effective characteristics of silicon nitride. These findings are anticipated to 
be a starting point for further discoveries of therapeutic bone-graft substitute materials.

The major challenge facing modern orthopaedic devices is their conspicuous inability to adapt or respond to 
changing physiologic conditions because they are fabricated from non-living bioinert substances. Conversely, 
Nature took a peculiarly different approach when it chose hydroxyapatite (HAp) as its fundamental building 
material for vertebrates1,2. While biologic HAp is also non-living, it is not bioinert. Indeed, HAp’s unique crystal 
structure is capable of being greatly distorted to accommodate a wide range of cation/anion sizes, with up to 
20% of these sites substituted with other elemental groups (e.g., Na+, Mg2+, K+, Sr2+, CO3

2−, HPO4
2−, Cl−, F−, 

etc.)3. This remarkable stoichiometric flexibility enables the formation of a variety of charged structural sites at 
the material’s surface which facilitates bone remodeling due to binding of biomolecule moieties in zwitterionic 
fashion4. HAp’s natural surface chemistry is difficult to synthetically replicate. As a result, man-made HAp formu-
lations are suboptimal in terms of osteoconductivity and cell-adhesion5. Natural HAp’s unique defect chemistry 
inspired the current investigation of an alternative synthetic ceramic, silicon nitride (Si3N4)6, to see if it also 
exhibits zwitterionic-like functionality. Prior studies investigated modifications of its surface chemistry to intro-
duce both positively- and negatively-charged defects, and then classified these sites according to basic concepts 
of physical chemistry7,8. In contrast to other more common biomaterials (i.e., alumina and Ti-alloys), we report 
for the first time that an optimized biomedical grade Si3N4 demonstrated cell adhesion and improved osteocon-
ductivity comparable to highly defective, non-stoichiometric natural HAp. Si3N4’s zwitterionic-like behavior is 
a function of the dualism between positive and negative charged off-stoichiometric sites (i.e., N-vacancies ver-
sus silanols groups, respectively)8, analogous to the way defective Ca2+ and PO4

3− sites perform in HAp2. These 
findings are anticipated to be a starting point for further discovery of therapeutic bone graft substitute materials.

The Si3N4 of this study (Amedica Corporation, Salt Lake City, UT) contained 6 weight percent (wt.%) 
yttrium oxide (Y2O3) and 4 wt.% aluminum oxide (Al2O3) as densification additives. It was prepared by sin-
tering in nitrogen at a temperature in excess of 1700 °C for ~3 hours, followed by hot-isostatic pressing above 
1650 °C under a nitrogen pressure of > 200 MPa for ~2 hours. The resulting two-phase microstructure con-
sisted of anisotropic ß-Si3N4 grains intermixed with a partially crystallized glassy grain-boundary phase of 
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silicon-yttrium-aluminum-oxynitride (Si(Y)AlON)9. Preliminary energy dispersive X-ray analyses revealed a 
composition of the Si(Y)AlON glass 20.8 at.% Si, 20.8 at.% Y, 9.5 at.% Al, 44.3 at.% O, and 4.5 at.% N.

Circular disk samples of this base material (12.7 mm and 1 mm in diameter and thickness, respectively), 
designated “as sintered” (AS), were subsequently polished and lapped to less than 20 nm Ra surface finish and 
cleaned in deionized water to remove contaminants. Three separate surface treatments were then performed on 
these samples including wet-chemical etching in hydrofluoric acid (HF), high-temperature nitrogen atmosphere 
annealing (NA), and high-temperature thermal oxidation (TO). HF etching of the AS Si3N4 removed the ampho-
teric silica (SiO2) passivation layer without significantly affecting the underlying nitride grains. This treatment 
was expected to maximize the concentration of surface amine groups, biasing the composition as far as possible 
to the nitride end of the nitride-oxide spectrum. The NA treatment (1400 °C for 30 min. under filtered N2 at 
~115 kPa) was adopted with the intent of increasing the density of surface amines relative to hydroxyl groups. 
The TO treatment (7 h at 1070 °C in an open-air kiln) was aimed at completely oxidizing the surface, maximiz-
ing the concentration of hydroxyl groups and biasing the composition as far as possible to the oxide end of the 
nitride-oxide spectrum. X-ray photoelectron spectroscopy data, which we extensively presented in a previous 
paper7, showed a surface composition for the NA samples with N/Si and O/Si atomic ratios equal to 1.02 and 
0.5, respectively. On the other hand, the TO samples showed N/Si and O/Si atomic ratios equal to 0.09 and 
1.98, respectively. Characterizations of the mechanical properties of the surface treated materials are yet ongoing. 
However, preliminary data showed minimal variation of bulk properties for strength and toughness as compared 
to the AS sample. Each sample group was then spectroscopically examined and subsequently subjected to biologic 
testing and characterization.

The Raman spectra (RS) were recorded in backscattering using a triple monochromator (T-64000, Jobin-Yvon, 
Horiba Group, Kyoto, Japan) and an excitation source at 532 nm. Cathodoluminescence (CL) spectra were col-
lected in a field-emission gun scanning electron microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan). 
For all samples, exactly the same experimental conditions were applied (acceleration voltage and beam current 
fixed at 6 kV and 180 pA, respectively). The electron-stimulated luminescence was analyzed by a high spectrally 
resolved monochromator (Triax 320, Jobin-Yvon, Horiba Group, Tokyo, Japan).

Cell proliferation and osteoconductivity were assessed using human osteosarcoma cells (SaOS-2) with a den-
sity of 5 ×  105 cell/ml seeded onto the treated Si3N4 disks within petri-dishes. In the cell-proliferation experiments, 
cells were incubated in 4.5 g/L glucose DMEM (D-glucose, L-Glutamine, Phenol Red, and Sodium Pyruvate) sup-
plemented with 10% fetal bovine serum and allowed to proliferate within each petri-dish for about 24 h at 37 °C. 
The proliferation time was selected according to a previously published study by other authors10. Subsequently, 
the cells were stained for fluorescence microscopy with Phalloidin (green; F-actin) and Hoechst 33342 (blue; 
nuclei) for 1 hour, and washed three times with 1 mL TBST solution.

Cell counts were then performed on more than 30 fluorescence micrographs for each of the samples. sRANKL 
and OPG were quantified in cell conditioned media using the R&D System ELISA kits, MTR00 and MOP00, 
respectively, according to the manufacturer’s instructions. Titration of free sRANKL was computed by the dif-
ference between the equivalent weight of sRANKL and OPG obtained from ELISA, assuming 1:1 as reactive 
normality of sRANKL:OPG ratio. Human recombinant sRANKL (Peprotech, Cat. #310-01) was used for the  
in vitro osteoclastogenic assay11. In the osteoconductivity tests, cell seeding took place in an osteogenic medium 
which consisted of DMEM supplemented with about 50 μ g/mL ascorbic acid, about 10 mM β -glycerol phos-
phate, 100 mM hydrocortisone, and about 10% fetal bovine calf serum. The samples were incubated for 7 days 
at 37 °C. Results were assessed by laser microscopy and 3D image analyses. All experiments were repeated in 
triplicate, with data expressed as means ±  one standard deviation. Statistical analysis was performed according 
to the unpaired Student’s t-test or to one-way Analysis of Variance (ANOVA). A p value < 0.05 was considered 
statistically significant.

Figure 1(a–c) are fluorescence micrographs of SaOS-2 cells after 24 h proliferation on the NA, TO, and AS 
Si3N4 samples, respectively. Upon visual inspection, the NA sample showed the highest affinity for cell adhesion 
and proliferation among the series of tested Si3N4 samples. Looking at the CL spectra from differently treated 
Si3N4 materials in (d), its biological affinity was found to be directly proportional to the population of positively 
charged defects (i.e., nitrogen vacancies and N-N bonds; cf. labels). Figure 2(a–c) show three-dimensional laser 
micrographs of the HAp structure developed on the NA, TO, and AS Si3N4 samples after one week’s activity of 
the SaOS-2 cells, respectively. The NA sample showed the most significant HAp growth, with locations as high 
as 0.4 ~ 0.5 mm. In (d), a summary is shown of the Raman characterization of the surfaces of these various sam-
ples. These analyses confirmed both the formation of HAp (cf. PO4

3−stretching at ~960 cm−1, and labels) and a 
higher average amount of HAp on the NA samples. Results from the statistical evaluation of cell proliferation and 
HAp formation for all Si3N4 samples in comparison with commercially available alumina and Ti-alloy biomate-
rials are given in Fig. 3(a,b), respectively. Again, the highest activity was found on the NA Si3N4 samples. Their 
improvement was significant in terms of cell proliferation (cf. plot of number of cells per unit area in Fig. 3(a)) 
and HAp growth (cf. plot of formed HAp volume per unit area in Fig. 3(b) as obtained by three-dimensional laser 
microscopy), not only with respect to the AS Si3N4 samples, but also in comparison to the alumina and Ti-alloy 
biomaterials. Photographs of water contact angles, shown at the top of Fig. 3, demonstrate that the improved 
hydrophilicity of the tested samples matches their biological affinity. Thermal treatments of the AS Si3N4 sam-
ples produced extremely low contact angles (cf. Fig. 3), measured using a goniometer technique, as previously 
reported7. The affinity of the various Si3N4 samples for osteoblast cell attachment in comparison with other bio-
materials was confirmed by results from the sRANKL experiments shown in Fig. 3(c). The observed deficiency 
in the Receptor Activator of NF-kB Ligand (RANKL), a membrane-bound protein cleaved into soluble sRANKL 
by metalloproteinase 14, revealed a low propensity for osteoclast formation, suggesting that Si3N4 presents a bio-
logically friendly surface. Considering the physical chemistry characteristics of the Si3N4 surface and its favorable 
cell adhesion/osteoconduction performance, it is hypothesized that the thermal treatments produce a mixture of 
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negatively- and positively-charged functional surface groups (i.e., silanols, silicon-amines, and N-vacancies, etc.) 
that are capable of binding biomolecules in zwitterionic fashion.

While streaming potential measurements yield a net negative surface charge at homeostatic pH7, positive 
charges are also present. Besides amine groups, Y-OH and Al-OH groups (i.e., from sintering additives) likely 
protonate and become positively charged at physiologic pH. They can substitute for silanols, thereby increasing 
the zwitterionic-like character of the surface. Another significant finding was the formation of a peculiar Si(Y)
AlON phase on the surface of the NA sample, which increased the positively charged defective sites as observed 
by CL. These defects intimately mix at the atomic level with the silanol-dominated (i.e., negatively-charged) Si3N4 
surface. Due to their predominantly positive charge, N-vacancies and defects associated with N-N bonds further 
the zwitterionic-like character of the surface. A significant amount of differential surface charge is therefore pres-
ent on Si3N4 in comparison to oxide biomaterials (e.g., alumina, which exhibits only one dominant functional 
group). Evidence for this assertion is the striking similarity found for the distribution and morphology of the 
newly formed Si(Y)AlON phase and the proliferated cells on the surface of the NA Si3N4 sample (cf. Fig. 4). The 
morphology of the Si(Y)AlON phase formed on the surface, which is shown in the laser micrograph in Fig. 4(a), 
resembled the location of proliferating cells on the surface of the NA Si3N4 sample after 24 h of SaOS-2 prolifera-
tion (given in the scanning electron micrograph on fixed sample in Fig. 4(b)).

A significant amount of interest has been generated over the past decade in functionalizing biomaterial 
surfaces to be zwitterionic for anti-fouling purposes12. A surface where positive and negative charges are inti-
mately mixed allows for extreme hydrophilicity (as observed on the current surface-treated Si3N4 materials); it 

Figure 1. SaOS-2 cell proliferation after 24 h as visualized by fluorescence spectroscopy on the surface of NA 
(a), TO (b), and AS (c) Si3N4 samples. In (d), CL spectra are plotted for all investigated Si3N4 samples. The labels 
N2

0, N4
+, VN

3+, K0, Si-O− and N2
0 refer to N dangling bonds, N-N bonds, N vacancies, Si dangling bonds, non-

bridging oxygen hole centers in surface SiO2, and N dangling bonds, respectively7. The minus in brackets labels 
the defects with a negative charge.
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also prevents bacterial adhesion (as previously reported for AS Si3N4 samples)13. Moreover, zwitterated surfaces 
have also been observed to induce greater apatite formation on titanium alloys14. The zwitterionic-like prop-
erties of the NA Si3N4 samples are derived from: (i) a significant but minority population of amine sites that 
are positively-charged; (ii) substitutional Y and Al on Si sites yielding positively-charged Y-OH2

+ and Al-OH2
+ 

groups; (iii) an increased concentration of positively-charged lattice defects; and (iv) an intermixed layer of 
negatively-charged Si-O− groups. As more positive charges become admixed into a mostly negative surface, it 
exhibits greater zwitterionic, hydrophilic, and osteopromotive characteristics. Consequently, lattice defects in 
the biomaterial’s surface greatly promote interaction with positively and negatively charged functional groups in 
biomolecules. Further studies, presently ongoing, seem also to confirm a favored osteoblast differentiation for the 
NA sample above other surface treatments. Similar to naturally occurring HAp, Si3N4 illustrates the concept that 
atomically defective materials exhibit biologically effective characteristics.

Methods
Cell proliferation experiments. The SaOS-2 cells used in this research were cultured in DMEM medium 
consisting of 4.5 g/L D-glucose, L-Glutamine, Phenol Red and Sodium Pyruvate, in addition to 10% of fetal bovine 
serum. Cell proliferation and osteoconductivity were assessed using an initial cell density of 5 ×  105 cell/ml seeded 
onto the treated Si3N4 disks within conventional petri dishes. Cells were allowed to proliferate within the petri 
dish for 24 h at 37 °C. The cells were then fixed with 4% paraformaldehyde (PFA) for 10 min and permeabilized in 

Figure 2. Three-dimensional laser micrographs of HAp grown on the surface of NA (a), TO (b), and AS (c) 
Si3N4 samples after 1-week activity of SaOS-2 cells. In (d), Raman spectra are plotted for all investigated Si3N4 
samples. The labels PO4

3− (ν1) and PO4
3− (ν3) refer to symmetric and asymmetric stretching vibrations of the 

P-O bonds of hydroxyapatite, respectively, while CO3
2− (ν1) refers to the symmetric stretching mode of the 

substitutional carbonate. The intermediate band between the latter two (not labeled) represents out-of-plane 
asymmetric stretching of the PO4

3− tetrahedra.
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TBS-0.1% Triton X for 5 min. Before each of these two steps, the cells were washed with 1 mL TBS (20 mM Tris-
HCl pH 7.5 and 150 mM NaCl). Finally, the cells were washed with 1 mL TBST (TBS, 0.05% tween 20 and 0.05% 
NaN3) for 1 hour.

For visualization, the cells were stained for fluorescence microscopy with Phalloidin (green; F-actin) 
and Hoechst 33342 (blue; nuclei) for 1 hour, and washed three times with 1 mL TBST solution (mixture of 
Tris-Buffered Saline and Tween 20).

Osteoconductivity experiments. In osteoconductivity tests, cell seeding took place in an osteogenic 
medium, which consisted of DMEM supplemented with about 50 μ g/mL ascorbic acid, about 10 mM β -glycerol 
phosphate, 100 mM hydrocortisone, and about 10% fetal bovine calf serum. The samples were incubated for  
7 days at 37 °C. Results were assessed by laser microscopy and 3D image analyses, as explained later.

Raman experiments. The Raman spectra were recorded in backscattering using a triple monochroma-
tor (T-64000, Jobin-Yvon, Horiba Group, Kyoto, Japan) equipped with liquid nitrogen-cooled charge coupled 
device (CCD), a confocal pinhole, and polarization filters. The excitation source in the present experiments used 
a 532 nm Nd:YVO4 diode-pumped solid-state laser (SOC JUNO, Showa Optronics Co. Ltd., Tokyo, Japan) oper-
ating with a power of 200 mW. An objective lens with a numerical aperture of 0.5 was used both to focus the laser 

Figure 3. Results of a statistical evaluation of cell proliferation (a) and HAp formation (b) for all Si3N4 samples 
in comparison with commercially available alumina and Ti alloy biomaterials tested under exactly the same 
conditions. In (c), affinity for osteoblast cell attachment for samples is assessed by sRANKL experiments. 
On top, photographs and values of sessile (water) wetting angle, θ, are shown for different materials (i.e., as 
measured at equilibrium after 30 min from drop deposition).
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beam on the sample surface and to collect the scattered Raman light. Confocal experiments were conducted 
with a pinhole aperture of 100 μ m and by employing an objective lens with a magnification of 100x. Spectral 
lines were analyzed with the aid of a commercially available software package (Labspec 4.02, Horiba/Jobin-Yvon, 
Kyoto-Japan).

Cathodoluminescence experiments. Cathodoluminescence spectra were collected in a field-emission 
gun scanning electron microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan). All samples were analyzed 
during the same experimental session, with exactly the same experimental conditions being applied (acceleration 
voltage and beam current fixed at 6 kV and 180 pA, respectively). The nominal spatial resolution of the electron 
beam at the sample surface was 1.5 nm. The microscope was equipped with a CL device consisting of an ellipsoi-
dal mirror, and a bundle of optical fibers, used to collect and to focus, respectively, the electron-stimulated lumi-
nescence emitted by the sample into a high spectrally resolved monochromator (Triax 320, Jobin-Yvon/Horiba 
Group, Tokyo, Japan). The obtained spectra were deconvoluted into Gaussian sub-bands using commercially 
available software (Origin 9.1, OriginLab Co., Northampton, MA, USA).

Laser microscopy experiments. The optical morphologies of the samples were characterized in a 
back-scattered confocal laser microscope (Keyence, VK-X210, Osaka, Japan). The excitation source in the exper-
iments used a 408 nm violet semiconductor laser operating with an output of 0.95 mW. An objective lens with a 
numerical aperture of 0.55 was used both to focus the laser beam on the sample surface and to collect the reflected 
light. Taking advantage of an automated stage, whose movement can be controlled in xyz directions, a 3 dimen-
sional colored image of the sample surface can be acquired by joining the 3D profile with the optical microscope 
image.
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Abstract: The articulation performance of silicon nitride against conventional and highly cross-linked
polyethylene, as well as for self-mated silicon nitride bearings, was examined in a series of standard
hip simulation studies. Wear rates for polyethylene liners against silicon nitride femoral heads were
consistent with reported literature, although higher than cobalt chromium controls. Excessive protein
precipitation was a confounding factor in interpretation of the wear data. Post wear-test Raman
spectroscopy of the cross-linked polyethylene liners showed no oxidative degradation. Wear of
self-mated silicon nitride was found to be essentially zero and indistinguishable from alumina controls
using continuously orbital hip simulation for up to three million cycles. However, introduction of
an alternative loading profile from three to five million cycles, including a stop-dwell-start sequence,
significantly increased wear for two of six silicon nitride couples. This behavior is associated
with formation and disruption of a gelatinous silicic acid tribochemical film, and is consistent
with a recurrent transition from fluid-film to boundary lubrication. Overall, these results suggest
that silicon nitride articulation against dissimilar counterface surfaces (e.g., highly cross-linked
polyethylene) is preferred.

Keywords: silicon nitride; friction; wear; hip simulation; polyethylene; tribochemical film

PACS: J0101

1. Introduction

Since 2008 silicon nitride (Si3N4) has been used as arthrodesis devices in the cervical and
thoracolumbar spine [1], and has been proposed as a new bearing material for total joint arthroplasty [2–5].
Si3N4 has a favorable combination of properties, such as high strength and fracture toughness [4],
inherent phase stability [4], biocompatibility [6], hydrophilicity [7], and bacterial resistance [7,8], all of
which make it ideal for these applications. However, its performance as an arthroplastic bearing
has yet to be fully evaluated. Laboratory studies have shown that its friction and wear are critically
dependent on applied load, sliding speed, environment, and counterface material [9–26]. In articulation
against polyethylene (PE), low friction is typically observed for all ceramics, including various Si3N4

compositions (i.e., <0.12) [27–31]; and even lower friction (i.e., <0.01) has been reported for Si3N4

sliding against carbon-fiber reinforced polyetheretherketone (CRF-PEEK) [23]. For self-mated Si3N4,
extremely low friction (≤0.002) and wear have been seen under well controlled, low-load, high-speed,
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and continuous motion devices; whereas high friction (>0.7) and accelerated wear are apparent for
slow-speed, high-loads, and interrupted (stop-start) conditions [10]. This varied behavior is due to
Si3N4’s surface chemistry. It is a non-oxide ceramic in its bulk; but it possesses a protective Si-N-O
transitional layer at its surface. Tribochemical wear of this layer leads to the release of ammonia (NH3)
and formation of a lubricating fluid film consisting of hydroxylated silicic acid (Si(OH)4·xH2O) which
flattens asperities, and can lower friction under low-load, continuous motion conditions. The resultant
wear products are soluble and resorbable, potentially leading to a reduction in wear-debris induced
osteolysis [32–34]. However, inadequate formation of the tribochemical film during high loads or
under stop-start cycling results in boundary layer lubrication and high friction. Marked changes
in load or slight perturbations of the wear track cause dramatic frictional fluctuations leading to
stick-slip behavior.

In this paper the in vitro performance of Si3N4 total hip arthroplasty (THA) bearings from
three separate hip simulator studies are reported. Hip simulator testing is an accepted practice and
a regulatory prerequisite for new or novel materials to ascertain whether proposed wear couples
increase patient risks or present new worst case conditions prior to their clinical use [35,36]. Two of the
hip simulator studies were conducted using Si3N4 femoral heads articulating against both conventional
ultra-high molecular weight polyethylene (UHMWPE) and highly cross-linked polyethylene (XLPE)
liners. These tests were performed by separate laboratories using different simulators with cobalt
chromium (CoCr) femoral heads as controls. Additionally, a ceramic-on-ceramic (CoC) hip simulator
study compared Si3N4 head and liner pairs to similar components made from Al2O3. Collectively,
these studies provide both qualitative and quantitative understanding of the potential in vivo capability
of this biomaterial.

2. Materials and Methods

2.1. AMTI Ceramic-on-Polyethylene Hip Simulator Study

For this study, acetabular liners (Ø28 mm ID) were fabricated from conventional GUR 1050
UHMWPE, terminally sterilized using ethylene oxide (EO) and coupled with Si3N4 (MC®, Amedica,
Salt Lake City, UT, USA) [37] or CoCr (ASTM F75 and F2068) femoral heads for wear testing.
Two additional groups of acetabular liners (Ø28 mm and Ø40 mm) were fabricated from GUR 1050
UHMWPE, gamma irradiated at 78.5 kGy in inert gas, and subsequently annealed in nitrogen at
85–90 ◦C for 24 h. These XLPE liners were also terminally EO sterilized prior to coupling them with their
respective Si3N4 femoral heads. Prior to wear testing, all liners were subjected to accelerated ageing in
accordance with ASTM F2003. After ageing, liners were placed in bovine serum (Sigma-Aldrich,
St. Louis, MO, USA) at 37 ◦C to presoak. The serum was stabilized with 10.7 mmols of EDTA
(Fisher Scientific, Pittsburgh, PA USA) and 33 mL of penicillin-streptomycin solution (Sigma-Aldrich)
per 500 mL of serum, which was subsequently diluted with deionized water (Fisher Scientific) to
25% bovine serum per ISO 14242-1. Liners subjected to pre-soaking in bovine serum were weighed
every three days until the weight change between the last two measurements exhibited less than 1%.
At initiation and completion of wear testing, liners were measured for roundness using a scanning
coordinate measuring machine (CMM, Global A2, Brown & Sharpe, Inc., North Kingston, RI, USA).
Measurements were repeated three times for each component. Statistical differences in roundness were
calculated using Student’s t-tests with a significance threshold of p < 0.05. Mean surface roughness
values (Ra) for the femoral heads were measured before and after testing using a contact profilometer
(Taylor Hobson Form Talysurf, Leicester, UK).

A 12-station hip simulator (Advanced Mechanical Technology, Inc., Watertown, MA, USA,
or AMTI) was used to perform wear testing at 1 Hz for 5 × 106 cycles using triaxial motion in
an anatomical 30◦ cup angle position. A total of 18 femoral head and acetabular liner pairs were
tested, twelve of which were subjected to both motion and load. The remaining pairs (1 Ø28 mm PE
liner coupled with a CoCr femoral head, 3 Ø28 mm PE liners coupled with Si3N4 femoral heads, and
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2 Ø40 mm XLPE liners coupled with Si3N4 femoral heads) were subjected to load without motion.
These “load-soak components” were used to correct for fluid uptake into the PE and XLPE during
testing. Fluid uptake from the Ø28 mm load soak pairs were averaged, and this average used to correct
weight changes for all Ø28 mm PE liners, regardless of their coupled femoral head material. A standard
walking gait cycle as specified in ISO 14242-1 was used. All stations were temperature controlled at
37 ◦C with circulating bovine serum, stabilized, and diluted as described previously. The serum was
changed every half-million cycles, with interruptions for gravimetric wear measurements occurring
at 0.5, 1, 1.5, 2, 3, 4, and 5 million cycles (Mc). Prior to weighing, liners were cleaned by brushing
large debris off with a soft toothbrush, then sonicating them in a soap solution for 10 min, followed by
drying. Each liner was weighed three times using a precision balance (XP205DR, Mettler-Toledo, Inc.,
Columbus, OH, USA) and the three weights were averaged. Photographs were obtained for each
liner using stereo-optical microscopy (Zeiss AxioCam, ICc 1 digital camera and V8 microscope,
Carl Zeiss, Thornwood, NY, USA). The weight loss of each liner was corrected for fluid absorption by
subtracting the average weight gain of the load-soak components from the weight change of the motion
components of the same size, material, and design. Gravimetric loss was converted to volumetric
wear using a density of 0.938 g/cc for PE. Linear regression of the wear was correlated from 0.5 Mc to
5 Mc. Statistical differences between groups were calculated using Student’s t-tests, with a significance
of p < 0.05. Wear particles were isolated from the collected serum by first diluting it with DI water
to 50 vol %, adding proteinase K (Fisher Scientific), and stirring under heat (37 ◦C) for 45 min to
digest proteins. This solution was further diluted to 10 vol % with DI water and filtered through
an IsoporeTM 0.2 µm membrane (Millipore, Billerica, MA, USA). The collected particles, consisting
solely of PE, were gold-coated (108 Auto Sputter Coater, Cressington Scientific Instruments, Ltd.,
Watford, UK) and examined via SEM (FEI/Philips XL30 FEG ESEM, Hillsboro, OR, USA) at 20 kV.
More than 140 particles per sample were analyzed for their equivalent circular diameter and inverse
aspect ratio (i.e., width/length) to assess sphericity.

Upon completion of the wear test, four of the Ø28 mm XLPE liners were analyzed by Raman
spectroscopy for changes in polyethylene crystallinity, including three subjected to both motion
and load with the fourth liner being a load soak control. This spectroscopic assessment was made
by means of a Raman microprobe spectrometer (T-64000, Horiba/Jobin-Yvon, Kyoto, Japan) in
back-scattering geometry. The excitation source was a 488 nm Ar-ion laser (Stabilite 2017-Spectra
Physics, Mountain View, CA, USA) yielding a power of approximately 35 mW on the UHMWPE liner
surface. The confocal configuration of the probe corresponded to a 100× objective with the numerical
aperture, focal length, and pinhole diameter fixed at NA = 0.9, f = 11 mm, and Ø = 100 µm, respectively.
Spectra were typically collected during 10 s in non-polarized measurements. The recorded spectra
were averaged over three successive measurements at each selected point. A spectral resolution
better than 0.15 cm−1 was achieved by means of a 1800 grating L/mm. Spectral mapping was
non-destructively performed in order to analyze the microstructure of the polymer down to 100 µm
inside of the acetabular liner. Statistically meaningful characterizations of the three wear-tested liners
were obtained by averaging the data retrieved from four different locations in both the worn area
(hereafter referred to also as wear zone) and the non-contact area (hereafter referred to also as non-wear
zone). The inclination angle of the liner within the simulator (i.e., 30◦) was taken into account when
selecting the non-wear zone areas for analysis. For each selected location, a map 50 × 50 µm2 in
dimension was collected at six different depths (0, 5, 10, 25, 50, and 100 µm) with an in-plane sampling
of 2.0 µm step (for a total of 676 spectra per each map), as shown in Figure 1. Two locations on the
dome and two locations on the assumed non-contact area were also selected for analyses on the load
soak liner (hereafter referred to as the “pristine liner”). The relationship between the observed Raman
bands and the vibrational modes of the polyethylene molecular structure has been amply documented
in the literature [38–43]. Spectral deconvolutions were performed by means of an automatic fitting
algorithm enclosed in a commercially available computational package (Labspec 5, Horiba/Jobin-Yvon,
Kyoto, Japan) using mixed Gaussian-Lorentzian curves.
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The fractions of orthorhombic crystalline (αc) and amorphous (αa) phases were calculated from
the Raman spectrum of polyethylene, according to the following equations [43]:

αc =
I1414

0.46 (I1293 + I1305)
(1)

αa =
I1080

0.79 (I1293 + I1305)
(2)

where I is the integral intensity of each individual Raman band identified by the subscript
(i.e., after spectral deconvolution). Note also that the sum (αa + αc) might locally be <1, because of the
possible presence of a minor fraction of matter in an anisotropic intermediate state (i.e., usually referred
to as the “third phase”) [40,44]. Accordingly, the fraction of this intermediate phase, αt, can be expressed
as follows:

αt = 1− (αc + αa) (3)

Equations (1)–(3) constitute the basis of the Raman spectroscopic method for characterizing the
crystalline structures of the UHMWPE. Two-dimensional Raman maps were collected at different
focal depths of each liner. Two tailed Student t-tests (95% confidence, p < 0.05) were used to compare
population means at different depths of the pristine and wear-tested liners in their respective wear
and non-wear zones.

2.2. SWM Ceramic-on-Polyethylene Hip Simulator Study

Wear testing in this study was conducted in accordance with ISO 14242-3 with the following
specific differences. Only isostatically molded Ø28 mm GUR 1050 PE liners which were gamma
sterilized at 25–40 kGy in an inert gas were used and paired with Si3N4 (MC2®, Amedica, Salt Lake City,
UT, USA) [37] and CoCr (ASTM F75 and F2068) femoral heads. Prior to wear testing, all PE liners
(including controls) were soaked in DI water at room temperature until there was no observable
weight change. Liner wear was measured gravimetrically (Sartorius Precision Balance, Bohemia, NY,
USA) per ASTM 1714 and adjusted using an average of six load-soak controls. Gravimetric loss was
converted to volumetric wear as indicated previously, and regression analyses were used to compare
groups at significance of p < 0.05 via Student’s t-tests. All PE liners were placed in an inverted position
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at a 30◦ cup angle in a 9-station biaxial rocking motion hip simulator (Shore-Western, Monrovia, CA,
USA, or SWM) for 5.0 Mc of normal gait based on a standard Paul curve (i.e., 2.2 kN max; 0.2 kN min,
1.0 Hz). The lubricant was alpha-calf serum (HyClone, Logan, UT, USA) diluted with DI water to
obtain a protein concentration of 20 mg/mL and a pH of 8.0. EDTA was added (20 mL per L) to
reduce calcium film in accordance with previous studies [45]. A bactericide was not added to the
lubricant; but it was changed every 0.5 Mc. Testing was interrupted at 1.0, 3.0, and 5.0 Mc to assess
wear. All components were cleaned and weighed using ASTM F1714 protocol. Regression analysis
was used to calculate average wear rates, and Student’s t-tests were used to compare groups and
significance. Surface roughness (Ra) was acquired for the Si3N4 and CoCr femoral heads and liners
using a non-contact surface analyzer (New View 5000, Zygo, Middlefield, CT, USA) in three random
polar positions. Initial surface roughness of the CoCr heads was not measured prior to testing,
but values were acquired at each stoppage for wear assessment. Optical (BX41, Olympus America,
Center Valley, PA, USA) and scanning electron microscopy (SEM, Quanta, FEI, Hillsboro, OR, USA)
were selectively conducted on the wear-tested components. All samples were sputter-coated (108 auto,
Cressington, Watford, UK) with a thin (~20 to 30Å) layer of gold. Samples were imaged using
an accelerating voltage of 10 kV at working distances of 7–10 mm and spot sizes of 4–5 mm.

2.3. SWM Ceramic-on Ceramic Hip Simulator Study

In this study, six Ø28 mm and three Ø40 mm matched Si3N4 head and liner pairs (MC2®, Amedica
Corporation, Salt Lake City, UT, USA) [37] along with three similar Ø28 mm Al2O3 (BIOLOX® forte,
CeramTec, Plochingen, Germany) [46] pairs were tested in a 12-station SWM hip simulator. All bearing
pairs were run in an inverted mode with a 30◦ cup angle. Lubricant preparation was as indicated in
Section 2.2, with change-outs occurring at every 0.5 Mc. Other parameters of this biaxial wear test
were representative of ISO 14242-3. Gravimetric wear results obtained at 0.25, 0.5, 1, 1.5, 2, and 3 Mc
were converted to volumetric wear using density values of 3.27 g/cc and 3.98 g/cc for Si3N4 and
Al2O3, respectively. Surface roughness, scratches, and protein deposition profiles were evaluated using
the aforementioned non-contact surface analyzer. The standard ISO 14242-3 testing sequence was
terminated at 3.0 Mc due to near zero wear and substantial protein build-up on the articulation
components. In lieu of its completion, the test was altered to include two experimental factors:
(1) A 35 s dwell was engineered into the test protocol at maximum load (cf. Figure 2); and, (2) Several
experimental cleaning techniques were employed in an attempt to remove adsorbed proteins. The static
dwell was selected because it appeared to be more clinically relevant than the 24/7 continuous Paul
orbital duty cycle, given that patients function quite differently, with intermittent, multidirectional,
and varied motion. It was envisaged that a dwell at constant load would likely expel serum lubricant
from the contact zone between head and liner pairs requiring subsequent acceleration to overcome
unlubricated static friction, with the combined effect of adverse wear for these hard-on-hard bearings.
The experimental cleaning protocols were employed because of tenacious adherence of proteins to all
the components. After removal of the implants from the simulator, they were imaged for deposits,
and then soaked in DI water for 3 h to hydrate the proteins. They were subsequently placed in
concentrated muriatic acid (i.e., HCl, at ~20%) and sonicated for 30 min. After removal from the acid
bath they were rinsed with DI water, placed in an ethanol bath, and sonicated for an additional 15 min.
Implants were then weighed and imaged for protein deposition and wear. After 3 Mc other cleaning
methods were also tested, including the use of a commercial solvent (Microclean MulticareTM Microcare
Corp., New Britain, CT, USA), multi-enzyme detergents (EnzyteTM, Decon Labs, Inc., Bryn Mawr, PA,
USA), and standard alkaline detergents. Wear testing was then resumed for an additional 2 Mc using
the revised loading profile and cleaning methods. Wear particles were neither obtained nor analyzed
from this CoC study.
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3. Results and Discussion

3.1. AMTI Ceramic-on-Polyethylene Hip Simulator Study

Given in Table 1 are wear results for hip simulator testing of Si3N4 femoral heads against PE and
XLPE liners, with comparisons to other biomaterials presented in Figure 3 [31,36,45,47–99]. For the
AMTI study, volumetric wear rates for Ø28 mm PE acetabular liners articulating against CoCr and
Si3N4 femoral heads were 53.1 ± 4.8 mm3/Mc and 66.0 ± 5.8 mm3/Mc, respectively. This difference
was statistically significant (p = 0.02), but, as will be discussed later, the lower wear rate for the CoCr
femoral heads was likely due to greater protein adsorption onto the CoCr-PE wear couple as compared
to the Si3N4-PE couple. Volumetric wear rates for the Ø28 mm and Ø40 mm XLPE liners articulating
against Si3N4 were 5.0± 1.3 mm3/Mc and 9.1± 1.6 mm3/Mc, respectively. There were no comparative
controls for the XLPE liners used in the AMTI study.
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Table 1. Polyethylene wear rates from AMTI and SWM simulators at 5 Mc.

Femoral Head
Material

Testing
Machine

Bearing
Size

UHMWPE &
Sterilization Method

Wear Rate
(mm3/Mc)

Range
(mm3/Mc)

Si3N4 AMTI 28 PE, ETO 66.0 ± 5.8 60.3–71.9
CoCr AMTI 28 PE, ETO 53.1 ± 4.8 47.5–56
Si3N4 AMTI 28 XLPE, 78.5 KGy, ETO 5.0 ± 1.3 3.5–6.0
Si3N4 AMTI 40 XLPE, 78.5 KGy, ETO 9.1 ± 1.6 8.1–10.9
CoCr SWM 28 PE, 25–40 KGy 17.6 ± 0.7 16.7–18.1
Si3N4 SWM 28 PE, 25–40 KGy 21.3 ± 4.1 16.7–24.3

As expected, the wear rate for the XLPE liners was significantly lower (p = 0.001) than the PE
liners, regardless of size; and the wear rate for the Ø40 mm XLPE liners was greater (p = 0.01) than
that of the Ø28 mm XLPE liners. Bulk lubricant temperatures monitored throughout the test showed
no significant differences between any of the cells, typically ranging between 37.7 ± 0.5 ◦C and
37.9 ± 0.2 ◦C. There were no changes in the roundness of any of the liners after 5 Mc as measured
by CMM. Photographs of PE components (cf. Figure 4) showed an immediate disappearance of
most of the machining marks after 0.5 Mc. Between 3.0 and 5.0 Mc, the surfaces showed marked
adhesive wear, which is typical of conventional PE. Photographs of the XLPE liners (cf. Figure 5) also
showed early disappearance of machining marks. However, they were still distinguishable after 0.5 Mc,
but essentially removed at ≥2.0 Mc. The particle analysis revealed no significant differences in size
between any of the groups (cf. Figure 6). Particles from XLPE liners were, in general, slightly rounder
than particles from PE liners, exhibiting a larger average inverse aspect ratio, although this difference
was not statistically significant. No CoCr or Si3N4 wear debris was observed in these AMTI tests.
Mean surface roughness values (Ra) for CoCr and Si3N4 heads were not significantly different,
ranging between 11.9 ± 1.6 nm and 14.2 ± 3.2 nm, respectively, after 5.0 Mc.
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The Raman spectroscopic results of the AMTI liners are shown in Figure 7. Average phase fraction
profiles (i.e., crystalline, amorphous, and third phase) are compared for wear, non-wear, and pristine
zones of the liners. For all analyzed samples, the crystalline phase increased within the first few
microns of the subsurface, and reached a plateau at a depth of around 50 µm. While this trend is typical
for other commercial UHMWPE liners, there was a significant difference between wear, non-wear,
and the pristine zones up to a depth of about 20 µm. Beyond 20 µm, the wear and non-wear zones
showed similar crystalline phase contents, both of which were about 3% higher than the pristine
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liner. Increased crystallinity was induced by formation of residual free radicals inside the amorphous
phase. These reacted with oxygen, creating hydroperoxides, which evolved into ketones, carboxyl acids,
and other carbonyl groups [100–102]. They are responsible for polyethylene chain breakage and
subsequent recrystallization [103,104]. Recrystallization might have also been assisted by plastic
deformation. Stretching and weakening of the crosslinks promotes reorganization of the polymeric
structure and contributes to the formation of free radicals. In gamma-irradiated and artificially aged
polyethylene, as is the case for these liners, more favorable conditions for oxidation are expected
deeper within the liner as compared to the surface [105–108]. This might explain the negligible increase
of crystallinity on the unworn surface. Within the first few microns of the subsurface, the pristine
and non-wear zones showed similar amounts of amorphous and third phases, whereas there was
a clear decrease of the third phase and increase of the amorphous phase for wear-zones. This suggests
that both recrystallization and amorphization of the polymer occurred due to sliding against Si3N4.
Amorphization appears to have increased at the expense of the third phase. Plastic deformation
occurring in the superficial layer of the bearing may have induced rotation of the crystalline lamellae,
which might have altered the molecular arrangement of the chains in the third phase, with a consequent
increase in the amorphous phase. Overall, the wear-induced microstructural modifications of the
polymer were small. The narrow increase in crystallinity within the subsurface of both wear and
non-wear zones indicates that oxidative degradation is not severe, and that Si3N4’s natural affinity
for oxygen may be beneficial in limiting degradation of XLPE liners [109]. In fact, recent in vitro
accelerated hydrothermal ageing studies indicate that Si3N4’s ability to scavenge oxygen from the
tribolayer may delay the onset of polyethylene embrittlement [110]. Clinically, this could ultimately
lead to enhanced XLPE longevity. However, this observation must be confirmed by additional hip
simulator testing and further analyses.
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3.2. SWM Ceramic-on-Polyethylene Hip Simulator Study

Wear results for the SWM hip simulator testing of Si3N4 femoral heads against PE are also
given in Table 1, with comparisons to other biomaterials in Figure 3 [31,36,45,47–99]. In this study,
volumetric wear rates for the PE liners were 17.6 ± 0.7 mm3/Mc and 21.3 ± 4.1 mm3/Mc for CoCr and
Si3N4 femoral heads, respectively. However, unlike the results from the AMTI study, this difference
was not significant (p = 0.2). Nevertheless, the observed lower wear rate for PE articulation against
CoCr is consistent with observations from the AMTI study. In contrast to the AMTI study, there was
a 4 ◦C higher average bulk lubricant temperature for cells containing CoCr versus Si3N4 femoral heads
in the SWM simulator. Also, in contrast to the AMTI study, surface finishes for both femoral heads
in the SWM study increased throughout the test. This increase was significant (p = 0.01) for CoCr
femoral heads when compared to the Si3N4 heads (cf. Table 2). For instance, at 1.0 Mc, the mean
surface roughness (Ra) of the Si3N4 and CoCr femoral heads was 4.3 nm and 8.6 nm, respectively.
At 5.0 Mc, the mean surface roughness of the Si3N4 heads had increased to 15 nm, whereas the CoCr
femoral heads had increased 7.5-fold to 112 nm. Despite the use of a common cleaning technique,
optical and scanning electron microscopy revealed more organic particulate debris adhering to the
CoCr femoral heads than the Si3N4 components. For the acetabular liners, there was a 30% difference
in mean surface finish at 1.0 Mc between the Si3N4 and CoCr groups; but there was little difference
thereafter. No particle collection or size distribution analyses were performed for the SWM study.

Table 2. Mean surface roughness (Ra) and maximum observed roughness of femoral heads and
acetabular liners from the SWM study (nm).

# of Cycles

Femoral Heads Acetabular Liners

Si3N4 Group CoCr Group Si3N4 Group CoCr Group

Mean Max Mean Max Mean Max Mean Max

1 Mc 4.3 7 8.6 19 77 177 106 276
3 Mc 18 37 101 381 76 177 99 199
5 Mc 15 24 112 410 93 190 102 187

Testing differences between various laboratories using alternative hip simulators is an obvious
source of variation in reported wear data, even with identical PE materials and protocols.
Many machine variables remain controversial, such as simulator kinematics and their complexity,
load application, utilization of a stationary head and moving liner or vice-versa, head on top or liner
on top, multiple versus single station controls, lubricant composition, temperature, and circulation
methods, among others [35]. Furthermore, a number of critical reviews have pointed-out the limitations
of the accepted hip simulator testing standards (i.e., ISO 14242-1,3). They currently do not account
for common clinically relevant conditions such as microseparation, malpositioning and edge loading,
starved lubrication, and stop-motion, rest, and resume-motion sequences [111–113]. Each of these
conditions has been shown to profoundly affect component wear and longevity.

The lower PE wear rates for test cells containing Ø28 mm CoCr femoral heads in both the AMTI
and SWM studies are likely due to a combination of protein precipitation and preferential adhesion
of UHMWPE debris. Protein adsorption onto bearing surfaces can be thermally or mechanically
activated (i.e., frictional heating, pressure, or high shear) [114,115]. Their presence is often difficult
to detect (<250 nm), but their effect in reducing wear has been extensively examined [45,62,116–125].
The temperature differential between CoCr and Si3N4 cells within the SWM study suggests higher
precipitation occurred in the CoCr cells. Even though no bulk differences in serum lubricant
temperatures were observed in the AMTI study, it has been shown that the local interfacial surface
temperature between the head and the liner can vary greatly depending upon the thermal conductivity
of the head material. This effect was separately documented by Lu et al. [118] and Bowsher et al. [62].
In a hip simulator equipped with calibrated thermocouples, and with the aid of finite element analyses,
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Lu et al. estimated transient interfacial temperatures between ZrO2, CoCr, and Al2O3 femoral heads
and PE liners of 99 ◦C, 60 ◦C, and 45 ◦C, respectively. These values inversely correlated with each
head material’s thermal conductivity [118]. Bowsher et al. studied the effect of femoral head thermal
conductivity on PE wear rates for zirconia ZrO2, CoCr, Al2O3, and Si3N4 and found logarithmic
correlation with a coefficient of >0.99 [62]. Significant wear rate reductions were noted for the lower
thermal conductivity materials. Thus, the CoCr heads, which ran demonstrably hotter in the SWM
study, likely induced greater protein precipitation, resulting in reduced PE wear when compared to
the Si3N4 heads. Furthermore, although bulk serum temperatures in the AMTI study were consistent
between CoCr and Si3N4 cells, higher interfacial temperatures for cells containing CoCr heads also
likely induced localized protein precipitation, which in turn reduced PE wear. Another possible reason
for the lower UHMWPE wear rates using CoCr femoral heads could be due to adhesive as opposed to
abrasive wear. Instead of wear debris being freely released into the lubricant by abrasion, it may have
been adhesively retained on the femoral heads. Optical and SEM examination of the heads revealed
rougher surfaces for the CoCr components (cf. Table 2) associated with a greater adherence of organic
particulate debris. Similar to protein precipitation, adhesive wear is sensitive to interfacial temperature
and friction [126]. Given the lower thermal conductivity of CoCr as compared to Si3N4, a large amount
of polyethylene debris apparently adhered to the CoCr heads due to thermally activated adhesive
wear. This effect was also apparent on the Si3N4 heads, but to a lesser extent. As demonstrated by
other investigators, the presence of serum proteins initially serves to reduce adhesive wear; but upon
their precipitation, adhesion increases [118]. Furthermore, it has been demonstrated that CoCr has
a propensity for greater polyethylene adhesive wear than nitride-based materials [127].

Figure 3 presents comparative PE and XLPE wear data for gamma irradiated UHMWPE liners
articulating against CoCr, ZrO2, Al2O3, and Si3N4 femoral heads. These data were extracted from
a survey of peer-reviewed publications, comprising approximately 60 hip simulator studies dating
from the mid-1990s to the present [31,36,45,47–99]. Results from the AMTI and SWM studies are
included in the figure; but data from the ETO-only sterilized PE of the AMTI study were omitted
due to a paucity of comparative literature and its current clinical irrelevance. Nowadays, most PEs
are gamma irradiated to form XLPE, and if not, they are gamma sterilized. The highest polyethylene
wear rates reported in the literature are typically for non-irradiated PEs. Yet, even low amounts of
radiation initiate cross-linking, which in turn results in significant wear reductions. This effect was
aptly demonstrated by Wang et al. [128]. For non-irradiated polyethylene, they reported a PE wear rate
of ~140 mm3/Mc against 32 mm CoCr. An irradiation dosage of as little as 25 kGy reduced the wear
rate by over 60% to 50 mm3/Mc, which is typical of the values observed in Figure 3. Further irradiation
was even more effective, reducing the wear rate to 1/20th that of a non-irradiated polymer. Therefore,
gamma sterilization of the SWM Ø28 mm PE liners is likely a major factor in their observed lower
wear rates in comparison to the AMTI PE liners. Nevertheless, there is a broad range of reported PE
wear rates for various bearing couples; and it is evident that even mildly irradiated PE can eclipse the
ETO-only sterilized PE wear performance from the AMTI study. Wear rates decrease asymptotically for
the highly cross-linked XLPE (>75 kGy) as demonstrated in the AMTI study (cf. Table 1); and compiled
data from Figure 3 indicate that Si3N4-on-XLPE couples have comparable XLPE wear to CoCr and
Al2O3 containing bearings [31,36,45,47–99]. Therefore, data from both the AMTI and SWM studies
for PE and XLPE liners can be considered consistent with the range of reported wear rates from
published literature. In summary, both the AMTI and SWM studies showed greater UHMWPE wear
when articulating against Si3N4 femoral heads. However, the wear differential for the SWM study was
not statistically significant. Furthermore, considering the observed confounding effects of preferential
protein adsorption and polyethylene debris adhesion to the CoCr femoral heads, it was concluded that
the UHMWPE wear using Si3N4 was likely at least equivalent to CoCr. Overall, these results indicate
that Si3N4 femoral heads can be effectively used in CoP total joint arthroplasty devices, and suggest
that oxidative protection of the polyethylene may be an added benefit.
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3.3. SWM Ceramic-on-Ceramic Hip Simulator Study

Head, liner, and combined volumetric wear rates for the SWM CoC hip simulator study at
3.0 Mc are provided in Table 3. For Ø28 mm couples, there were no significant differences in wear
rates between Si3N4 and Al2O3 bearings, with both essentially showing near zero wear. In fact,
within experimental error, the Ø28 mm femoral heads had a slight weight gain whereas their
corresponding liners indicated an opposite trend. As expected, there was more wear with Ø40 mm
Si3N4 couples than either the Ø28 mm Si3N4 or Al2O3 bearings, leading to significant differences in
head (p = 0.02) and combined (p = 0.05) wear rates, but, interestingly, no differences in liner wear
rates. The Ø40 mm Si3N4 heads and liners showed continual, but minimal material loss throughout
the 3.0 Mc test. There were no Ø40 mm Al2O3 controls included in this simulator study. The wear
performance of Si3N4 and Al2O3 bearings in this study are comparable to compiled data for other
hard-on-hard bearings (cf. Figure 3), and both are superior to CoCr-on-CoCr bearings.

Table 3. Ceramic-on-ceramic wear rates from SWM hip simulator at 3 Mc. (Negative values indicate
volumetric material loss).

Material Bearing Size
Wear Rate (mm3/Mc)

Head Liner Combined

Silicon Nitride 28 mm 0.007 ± 0.009 −0.014 ± 0.017 −0.007 ± 0.017
Alumina 28 mm 0.004 ± 0.013 −0.020 ± 0.012 −0.017 ± 0.012

Silicon Nitride 40 mm −0.023 ± 0.003 −0.029 ± 0.022 −0.052 ± 0.014

Protein precipitation was suspected as the source of the observed weight variability of these
bearing couples. Consequently, the standard ISO-prescribed study was interrupted at 3.0 Mc.
The components were examined for protein deposition at that point, followed by experimenting
with several cleaning methods. Shown in Figure 8a is the wear pattern observed on one of the
Si3N4 femoral heads at 3.0 Mc. This head exhibited a slight change in color over its entire surface
(from a dark gray to lighter gray), but its appearance was more significant in the main wear zone
(MWZ), and a rainbow of colors was seen in the transition zone (TZ). The results of non-contact
white light interferometry for this head are shown in Figure 8b–d. Proteins are evident, appearing as
adherent columnar structures of uniform thickness (~250 nm). Scratch patterns of approximately
200 µm in width were observed, which abrasively removed proteins down to the original ceramic
surface. As described in the methods section, several experimental cleaning protocols were employed
to remove the proteins. After each attempt, wear testing resumed using an interrupted loading
profile (i.e., stop-dwell-start) as described previously, with the test eventually terminating at 5.0 Mc.
Measurements taken during this non-standard segment showed heightened wear and variability.
This is highlighted in Figure 9 for two each of Ø28 mm Si3N4 and Al2O3 femoral heads. Part of the
observed variability was presumably due to protein precipitation and adhesion. Yet, even though there
was greater variability, the wear for the Si3N4 heads was statistically indistinguishable from the Al2O3

controls. Conversely, presented in Figure 10 is combined average wear for all bearing materials and
sizes. Note again from this figure that wear for Si3N4 and Al2O3 bearings up to three Mc was equivalent
and essentially equal to zero. However, introduction of the stop-dwell-start loading cycle and alternative
cleaning methods had a significant effect on the wear rate for Si3N4 bearings, increasing the average for
both Ø28 mm and Ø40 mm bearing pairs to 7.99 mm3/Mc and 2.93 mm3/Mc, respectively, while the
Al2O3 controls remained near zero wear. In particular, an abrupt loss of material was noted for two of
six Si3N4 bearings between 3.0 Mc and 5.0 Mc, (one each of Ø28 mm and Ø40 mm), whereas the
remaining four Si3N4 couples had essentially zero wear, comparable to the Al2O3 couples. Reasons for
this variability are presently unknown. It was initially postulated that perhaps it was due to lack of
diametral conformity between the matched heads and liners, or related to differences in finish between
convex and concave surfaces. However, post-test inspection provided no correlation, with clearances
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ranging from 69 µm to 156 µm, and RMS Ra values of between 8 nm and 35 nm. Clearly, the contrasting
use of the non-standard cycle, which included the hold sequence at maximum load, played a significant
role in lubrication breakdown and increased friction. The stop-dwell segment likely expressed lubricant
out of the contact area between the head and liner leading to a breakdown of fluid film and resumption
of boundary layer lubrication. Contacting asperities between surfaces then dramatically increased
static friction, leading to their microfracture upon re-start of the bearing. Indeed, scuffing, microcracks,
and microfracture were observed on the high-wear Si3N4 bearings. This wear pattern is consistent with
the findings of other investigators who reported that heterogeneous acicular ceramic microstructures
exhibit this type of wear behavior [129–131]. Thermally activated dissolution of the bearing surface
(or wear debris) and reformation of the tribochemical film ensued which lowered friction, until the
bearing once again came to its next stop in the cycle, resulting in a repetition of stick-slip behavior.
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The collected data from the SWM CoC wear test provide three instructive points: (1) Frictional
heating leads to serum degradation and protein precipitation on all bearing couples, which adversely
affects observed weight or volumetric changes [62,111,132]. Consequently, hip simulator wear rates
need to be tempered with the knowledge that bearing materials of dissimilar thermal conductivities
may result in markedly different wear behavior; (2) While the standard Paul cycle is used
for test expediency, continuous motion simulation does not adequately represent actual human
gait [98,111,113,133]. Alternatively, a stop-dwell-start protocol is more clinically relevant, and may more
effectively discriminate between bearing materials; and, (3) Interruption of the continuous Paul cycle
leads to lubrication breakdown for Si3N4 bearings, resulting in increased friction and wear.

As discussed in the introduction, a significant number of studies have examined the friction and
wear behavior of self-mated Si3N4 in aqueous environments. In general, all prior research supports the
observation that Si3N4 wears via a hygroscopic tribochemical reaction. Surface transitional oxynitrides
(–Si2NH, –SiNH2, –Si2ON2) [134] react with water to generate silicon dioxide (i.e. silica, or SiO2) and
ammonia (NH3) in accordance with the following equation [135]:

Si3N4 + 6H2O→ 3SiO2 + 4NH3; ∆G = −439 kJ/mol (4)

However, instead of pure silica, it is now recognized that several intermediate hydrated meta- and
orthosilicates form within the tribochemical film, the most prominent being silicic acid (Si(OH)4) in
accordance with the following reaction [26]:

Si3N4 + 12H2O→ 3Si (OH)4 + 4NH3 (5)

In its hydrated form, particularly in the presence of amines, alkali, or alkali-earth ions, silicic acid
develops a viscous gel [136,137]. This gelatinous structure forms a coherent hydrodynamic film in
the wear track, which serves as the primary lubrication source between bearing surfaces. Its presence
dramatically reduces the bearing’s dynamic friction coefficient. Even a more complicated picture ensues
when accounting for the oxide sintering aids incorporated into Si3N4 grain boundaries, or substituted
into the silicon nitride lattice itself [138]. The probable tribochemical reaction for Si3N4 containing
Al2O3 and Y2O3 dopants is given in the following equation:

M2O3 + 3H2O→ 2M (OH)3 ; M = Al, Y (6)

Equation (6) indicates that aluminum hydroxide is tribochemically formed during wear;
and actually, this has been verified for Al2O3 ceramics [139]. For yttria, a similar reaction is possible;
but in accordance with Fisher et al., yttria likely forms insoluble fractured roll debris in the wear
track [140]. Note that copious amounts of water are consumed during these tribochemical reactions
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(i.e., Equations (4)–(6)). From an estimate of contact area and fluid film thickness (i.e., Ø4 to
Ø6 mm2 × 40 to 90 nm, respectively) [141,142], part of the stick-slip behavior could be due to
lubrication starvation, wherein insufficient local moisture is available to facilitate continued formation
of the tribochemical film, resulting in an abrupt transition from hydrodynamic to boundary
lubrication [143,144]. Observations from the SWM CoC hip simulator are in line with previously cited
literature on the wear behavior of self-mated Si3N4. It is characterized by the following salient features:

(1) High friction is initially observed during a transient run-in period; but this dramatically declines
with increasing sliding distance due to formation of a coherent tribochemical lubricating film.

(2) Reduced friction is maintained by continuous motion at lower loads and higher speeds.
These conditions aid in retention of the tribochemical film within the wear track. However,
slight perturbations of the wear couple (i.e., displacement of the bearing out of the normal wear
track) result in an immediate increase in friction, returning the bearing to its transient run-in
period. Reformation of the tribochemical film is necessary to reduce friction to prior low levels.

(3) Conversely, high or oscillating friction, and stick-slip behavior are observed for high-loads
(above a critical value), slow speeds, and start-stop cycling, as the bearing transitions from
hydrodynamic to boundary film lubrication and back again; and,

(4) The reaction products that form the tribochemical film are soluble and potentially resorbable.

Furthermore, this study suggests that current hip simulation standards inadequately represent
the varied kinematics of the human gait. Common daily activities of standing, bending, walking,
or running, coupled with rest periods of sitting or reclining, subject bearing couples to both a broad
range of loads and repetitive stop-dwell-start cycles. The inclusion of a simplified stop-dwell-start
sequence in this CoC study demonstrated a marked difference in bearing performance between
Al2O3-on-Al2O3 and self-mated Si3N4 bearings. This modest protocol change prevented the
establishment of a coherent tribochemical fluid film, which appears to be essential for low-friction
Si3N4-on-Si3N4 bearings. Instead, a hygroscopic reaction led to starved lubrication, which resulted in
marked frictional fluctuations and higher wear. There are several possible solutions to this observed
phenomenon. For example, aluminum ion implantation has been shown to increase Si3N4’s oxidation
resistance. This treatment will likely improve Si3N4’s tribochemical performance as well [145–147].
Alternatively, coating Si3N4 with a suitably engineered diamond-like carbon (DLC) is another relevant
possibility. Enhanced bearing longevity can be expected provided an adherent defect free coating is
achieved; and the elastic moduli of the substrate and coating are reasonably matched [148]. From another
perspective, rigorous mechanical models (as well as market trends) suggest the use of dissimilar
bearing materials in lieu of hard-on-hard devices (i.e., CoP vs. CoC) [149–151]. Due to differences
in chemical affinities, elastic moduli, and hardness, Si3N4-on-XLPE bearings should not experience
the same slip-stick behavior that was observed in the Si3N4-on-Si3N4 couples, although additional
simulator testing needs to confirm this supposition. Additionally, in vivo studies demonstrate excellent
wear performance and survivability (currently >10 years) for ceramic-on-XLPE in comparison to
ceramic-on-ceramic articulation [152–155]. Further XLPE improvements (e.g., vitamin E stabilization
or phospholipid grafting) along with lower costs will build on these advances, favoring continued use
and future growth of CoP bearings [47,156–158].

4. Summary and Conclusions

Since 2008 Si3N4 has proven to be an effective interbody fusion device in the cervical and
thoracolumbar spine. Its success in this application has prompted an examination of its potential as
a bearing material in total joint arthroplasty. Three separate wear studies were conducted for this
purpose (i.e., two CoP and one CoC). For the CoP tests, average hip simulator wear for Si3N4-PE
and -XLPE was found to be higher than CoCr controls. However, values were comparable to reported
wear for similar polyethylenes using oxide ceramics. Protein precipitation on the lower thermal
conductivity CoCr heads was found to be a confounding factor in interpretation of the wear data.
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It is reasoned that the performance of Si3N4 bearings against conventional PE or XLPE is at least
equivalent to CoCr when accounting for this effect. No significant differences were observed in PE
wear particles or PE surface morphology when using either CoCr or Si3N4 femoral heads. Post-wear
test Raman spectroscopic examination of an XLPE liner indicated that Si3N4’s natural affinity for
oxygen might aid in preventing polyethylene degradation. For the CoC studies, Si3N4-on-Si3N4

bearings had essentially zero wear up to 3.0 Mc in a continuous orbital motion duty cycle, and were
statistically indistinguishable in performance to Al2O3-on-Al2O3 controls. Protein adsorption onto
the Si3N4 couples was also noted in the CoC tests. However, in contrast to the self-mated Al2O3

bearings, increased wear was observed for two Si3N4 couples between 3.0 Mc and 5.0 Mc under
a specially engineered load profile that incorporated a stop-dwell-start sequence. It is believed that
this change resulted in the cyclic breakdown of fluid film, and resumption of boundary lubrication,
with associated slip-stick behavior. This behavior is consistent with reported literature for self-mated
Si3N4 under water lubrication. A tribochemical reaction occurs upon initial abrasion of Si3N4’s
oxynitride surface—the products being ammonia (NH3) and hydroxylated silicic acid (Si(OH)4·xH2O).
Under low-loads, high speeds, and continuous motion, a coherent lubricating gelatinous film forms in
the wear track; and this substantially reduces the bearing’s friction and wear. However, high-loads,
lower speeds and interrupted motion (or other perturbations) inhibit its formation, leading to increased
or fluctuating friction and wear. Additional laboratory friction and hip simulator tests will be required
to corroborate these observations, and ultimately clinical studies coupled with retrievals may be
necessary to understand the potential of self-mated Si3N4 couples. Nevertheless, the current results
support the use of Si3N4 against dissimilar surfaces (i.e., CoP); and further advancements in XLPE
polymers are expected to accelerate the growth of CoP devices, including the potential use of Si3N4 as
a femoral head material.
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Silicon nitride (Si3N4) has a distinctive combination of material properties such as high strength and frac-
ture toughness, inherent phase stability, scratch resistance, lowwear, biocompatibility, hydrophilic behav-
ior, excellent radiographic imaging and resistance to bacterial adhesion, all of which make it an attractive
choice for orthopaedic implants. Unlike oxide ceramics, the surface chemistry and topography of Si3N4 can
be engineered to address potential in vivo needs. Morphologically, it can bemanufactured to have an ultra-
smooth or highly fibrous surface structure. Its chemistry can be varied from that of a silica-like surface to
onewhich is predominately comprised of silicon-amines. In the present study, a Si3N4 bioceramicwas sub-
jected to thermal, chemical, and mechanical treatments in order to induce changes in surface composition
and features. The treatments included grinding and polishing, etching in aqueous hydrofluoric acid, and
heating in nitrogen or air. The treated surfaceswere characterized using a variety ofmicroscopy techniques
to assess morphology. Surface chemistry and phase composition were determined using X-ray photoelec-
tron andRaman spectroscopy, respectively. Streamingpotentialmeasurements evaluated surface charging,
and sessile water drop techniques assessed wetting behavior. These treatments yielded significant differ-
ences in surface properties with isoelectric points ranging from 2 to 5.6, andmoderate to extremely hydro-
philicwater contact angles from�65� to�8�. Thisworkprovides a basis for future in vitro and in vivo studies
which will examine the effects of these treatments on important orthopaedic properties such as friction,
wear, protein adsorption, bacteriostasis and osseointegration.

Statement of Significance

Silicon nitride (Si3N4) exhibits a unique combination of bulk mechanical and surface chemical properties
that make it an ideal biomaterial for orthopaedic implants. It is already being used for interbody spinal
fusion cages and is being developed for total joint arthroplasty. Its surface texture and chemistry are both
highly tunable, yielding physicochemical combinations that may lead to enhanced osseointegration and
bacterial resistance without compromising bulk mechanical properties. This study demonstrates the ease
with which significant changes to Si3N4’s surface phase composition, charging, and wetting behavior can
be induced, and represents an initial step towards a mechanistic understanding of the interaction
between implant surfaces and the biologic environment.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Silicon nitride (Si3N4) is a non-oxide ceramic that exhibits sev-
eral unique properties making it attractive for various orthopaedic
applications [1–5]. It can be produced with a fully dense
microstructure, composed of fibrous interlocking grains, a material
referred to as being in situ toughened, which exhibits an optimal
combination of wear resistance, flexural strength and fracture
toughness for total joint arthroplasty [6–9], or as highly porous
constructs used in bone scaffolds and arthrodesis devices
[10–12]. Si3N4 is biocompatible [13–19], exhibits excellent

http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2015.08.014&domain=pdf
http://dx.doi.org/10.1016/j.actbio.2015.08.014
mailto:rbock@amedica.com
http://dx.doi.org/10.1016/j.actbio.2015.08.014
http://www.sciencedirect.com/science/journal/17427061
http://www.elsevier.com/locate/actabiomat
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radiographic visibility as a partially-radiolucent material [4,20,21],
and has decreased bacterial activity compared to polyetherether-
ketone (PEEK) and titanium [22,23]. Si3N4 was first used as a spinal
implant in a small clinical trial in Australia in 1986 [17]. However,
since 2008, it has been routinely used as spinal fusion cages, with
in excess of 24,000 implantations to date and few reported adverse
events [24]. Dense, highly polished bearings made from Si3N4, for
potential use in total joint arthroplasty, have also been developed
and tested [4,25,26], although they are yet to be cleared for this
purpose by regulatory agencies.

Much like native metal surfaces, Si3N4 develops a surface passi-
vation layer due to its thermodynamic instability in oxidizing or
moist environments, which has been directly observed to be
�3–5 nm in thickness [27]. The reactions governing its formation
are given by the following equations [28]:

Si3N4ðsÞ þ 3O2ðgÞ ! 3SiO2ðsÞ þ 2N2ðgÞ DG 298 �K ¼ �1922 kJ
mol
ð1Þ

Si3N4ðsÞ þ 6H2OðlÞ ! 3SiO2ðsÞ þ 4NH3ðgÞ DG 298 �K ¼ �565 kJ
mol
ð2Þ

However, the surface chemistry of Si3N4 is more complex than
these equations would indicate because the near-surface region
is composed of Si–N, Si–N–O, and Si–O bonds [27,29–33]. Its com-
position transitions from nearly pure Si–N in the bulk, to interme-
diate Si–N–O, and finally Si–O as the oxide layer thickens,
becoming chemically equivalent to silica (SiO2) at the surface.
When exposed to air or moisture, Si–N bonds, predominately as
„Si3N, react to form both charged (Si–NH3

+, Si–OH2
+, Si–O�) and

neutral (Si–NH2, Si–OH) functional groups [30,34–37]. Accepted
forms of the chemical reactions that produce these surface moi-
eties are [30,35]:

Si3NðsÞ þ 2H2OðlÞ ! Si� NH2ðsÞ þ 2Si� OHðsÞ ð3Þ

Si� NH2ðsÞ þH2OðlÞ ! Si� OHðsÞ þ NH3ðgÞ ð4Þ
The existence of these on-going reactions is readily apparent to

those who work with finely divided Si3N4 powders due to the
pungent presence of ammonia gas. In water, the predominant
functional groups, Si–NH2 and Si–OH, dissociate via acid-base
reactions as follows [35,38,39]:

Si� OHþ2ðsÞ $ Si� OHðsÞ þHþðaqÞ ð5Þ

Si� OHðsÞ $ Si� O�ðsÞ þHþðaqÞ ð6Þ

Si� NHþ3ðsÞ $ Si� NH2ðsÞ þHþðaqÞ ð7Þ
The protonation of a silanol group (Eq. 5) is unlikely to occur

except in highly acidic environments, leaving Eqs. (6) and (7) as
the principal reactions at homeostatic pH. These reactions can be
driven forward or backward by manipulating the pH of the envi-
ronment (i.e., changing the concentration of H+ and/or OH�). The
pH at which a material displays zero net surface charge is its iso-
electric point (IEP), and is indicative of an equal balance of
positively- and negatively-charged surface sites [40]. At a pH
greater than the IEP, a material will exhibit net negative charge,
while the opposite occurs at a pH below its IEP. Surface charging
is often characterized via indirect measurement of zeta potential
(f-potential, or f) in the case of fine particulate matter, or stream-
ing potential in the case of bulk surfaces [41]. Pure Si3N4 has an IEP
of �9.3–9.7 owing to the high concentration of amine (Si–NH2)
sites on its surface [31,42]. Since the amine sites are not readily
reduced, a negative surface charge is seldom observed on pure
Si3N4. Conversely, pure SiO2 exhibits an isoelectric point of 2–3
owing to the highly-favorable surface reduction reaction (Eq. (6))
[43]. It has been shown that Si3N4’s IEP will shift from that of the
pure nitride (�9) to that of pure silica (�2) as the surface oxide
layer thickens [31,37]. Therefore, measuring the IEP of a Si3N4

material is one method to estimate oxide layer thickness and the
balance between surface amine and silanol groups.

While extensive surface characterization of a-Si3N4 particles
[27,30,31,33,37], Si3N4 films [29,44], and b-Si3N4 whiskers
[45,46], has been performed, few data are available for the type
of material used in this study – a bulk b-Si3N4 doped with alumina
(Al2O3) and yttria (Y2O3). The Al2O3 (5.5 mol percent) and Y2O3

(3.7 mol percent) are added as sintering aids.
Si3N4 has been historically difficult to densify without employ-

ing additives, typically either magnesia (MgO) or a mixture of
Al2O3 and Y2O3 [7,8,47]. During sintering, these additives react with
Si3N4 and residual SiO2 to form a liquid phase. Upon cooling, the
liquid solidifies as either an intergranular glass or crystalline silicon
yttrium aluminum oxynitride (SiYAlON). Liquid phase sintering
allows for engineering of Si3N4’s microstructure for improved
fracture toughness by dissolution of isotropic a-phase Si3N4

particles which then precipitate as elongated b-phase grains. These
elongated grains are oriented stochastically and enable interface
debonding and crack bridging mechanisms responsible for a
crack-length dependent toughness increase [7–9,47]. The presence
of these additives further convolutes Si3N4’s surface chemistry due
to formation of hydrolyzed Al–OH and Y–OH functional groups at
regions where grain boundaries intersect the exposed surface.
Charging of these sites in an aqueous environment occurs similarly
to Si–OH as follows [39]:

Y � OHþ2ðsÞ $ Y � OHðsÞ þHþðaqÞ ð8Þ

Y � OHðsÞ $ Y � O�ðsÞ þHþðaqÞ ð9Þ

Al� OHþ2ðsÞ $ Al� OHðsÞ þHþðaqÞ ð10Þ

Al� OHðsÞ $ Al� O�ðsÞ þHþðaqÞ ð11Þ
IEPs for the dopants have been reported to be �8–9 for Y2O3

[48], �9 for a-Al2O3 [43,48,49], and 6–7 for a silica-rich silicon
oxynitride [50]. The IEP of the intergranular glass likely lies some-
where in-between, and will skew the material’s IEP relative to pure
Si3N4 accordingly. The material’s phase composition, essentially
100% b-Si3N4 for the material studied here, and exposed crystallo-
graphic habit also influence surface chemistry (with respect to
amine and silanol functional sites) due to the concentration and
spacing of exposed surface atoms. As a result of a combination of
these phenomena, Si3N4 immediately develops a surface charge
when placed in a biological environment, and is covered by a layer
of ions and proteins. Furthermore, it is well-known that topogra-
phy plays a significant role on the formation of this adsorption
layer and, thus the response of cells in vitro and in vivo [51–56].
For instance, texturing has been employed as a means to improve
bone growth onto titanium [52,54], and certain metal oxide passi-
vation layers have demonstrated direct bone on-growth [53,55].
Surface composition also has an effect. Complex interactions are
observed for certain resorbable materials (e.g., hydroxyapatite, bio-
glass, etc.) which promote bone growth [54,56,57]. Hydroxylated
surfaces of TiO2, Ta2O5 and SiO2 have been shown to induce apatite
formation at biologic pH both in vitro and in vivo [58,59] through a
proposed mechanism that relies upon the material’s surface
exhibiting negative charge at homeostatic pH. Additionally, attrac-
tion and adhesion to surfaces by bacteria and other cells have been
interpreted using the so-called extended Derjaguin and Landau,
Verwy and Overbeek (DLVO) theory [60,61] which accounts for
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additional interactions, such as hydrogen bonding, in addition to
van der Waals and double layer interactions as described by tradi-
tional DLVO theory [40,62,63]. Understanding of charging behavior
and other surface chemical properties engendered by processing
and subsequent surface treatment will enable a mechanistic eval-
uation of anti-bacterial and osteointegration behaviors. Once the
root mechanisms of these behaviors are understood, the material’s
surface can be engineered for resistance to bacterial colonization,
osteointegration, or other application-specific properties.

Si3N4 produced by reaction bonding, which contained little or
no additives, demonstrated excellent biocompatibility and bone
on-growth in vivo using a rabbit model [14]. Si3N4 containing
Al2O3 and Y2O3 in similar concentrations to the material studied
here exhibited no cytotoxic response in vitro [2] and excellent bone
on-growth with no observed adverse effects in an in vivo rabbit
model [19]. Furthermore, Si3N4 processed in an identical manner
to the material studied here exhibited decreased surface bacterial
activity in vitro [22], and favorable osteointegration, resistance to
bacterial colonization, and no evidence of cytotoxicity in an
in vivo rat model [23].

The present study was undertaken for multiple reasons: (1) to
gain a deeper understanding of the composition, structure, and
properties of Si3N4 surfaces; (2) to explore and characterize
extreme surface compositions achievable with conventional ther-
mal, chemical, and mechanical treatments (i.e., to maximize sur-
face hydroxyl groups through oxidation or to conversely
maximize the available surface amine groups through HF etching
or heating in a nitrogen atmosphere); and (3) to lay a foundation
for future studies that will explore mechanistic relationships
between exhibited surface properties and previously-observed
anti-infective and osteointegrative behavior.
2. Materials and methods

2.1. Silicon nitride material and sample preparation

The Si3N4 used in the present study was produced by Amedica
Corp., (Salt Lake City, UT), using conventional ceramic fabrication
techniques. In this process, Si3N4 powder (Ube SN E-10, Ube City,
Japan) was mixed with Y2O3 (Grade C, H. C. Starck, Munich, Ger-
many) and Al2O3 (SA8-DBM, Baikowski/Malakoff, Charlotte, NC)
sintering aids and formed at room temperature into a green body
with the required geometry. The green body was then sintered in
a nitrogen atmosphere at a temperature in excess of 1700 �C to
closed porosity and further densified by hot isostatic pressing at
a temperature exceeding 1650 �C and N2 gas pressures of
>200 MPa. The resulting Si3N4 exhibited a two-phase microstruc-
ture consisting of anisotropic b-Si3N4 grains separated by thin
(<2 nm) grain boundaries of amorphous or crystalline yttrium alu-
minum oxynitride or Si(Y)AlON, respectively [64].

The as-fired Si3N4 was divided into two groups. One group was
sectioned into wafers (10 mm � 10 mm � 2 mm) with one major
face left as-fired and the remaining faces ground flat using a
1000 grit diamond-impregnated wheel on a surface grinder (ACC
12-24DX Grind-X, Okamoto Corp., Vernon Hills, IL). This sample
group was designated ‘‘as-fabricated.” The second group was sec-
tioned into wafers of the same geometry with all six faces ground
to the same finish. One of the major faces on each wafer was
lapped using 6 lm diamond (Engis, Wheeling, IL) on a lapping
machine (Lapmaster, Mt. Prospect, IL), and subsequently polished
using colloidal silica (Leco, St. Joseph, MI). This group was desig-
nated ‘‘as polished.” Both wafer groups (as-fabricated and as-
polished) were subjected to ultrasonic cleaning in deionized water
of 17.5 MX cm resistivity (750II, Myron L Company, Carlsbad, CA)
for 30 min to remove contaminants. The wafers were then divided
into sub-groups and subjected to the thermal and chemical treat-
ments described in Section 2.2.

Samples were prepared with modified geometries for Raman
spectroscopy, streaming potential and wetting angle measure-
ments. Rectangular plates with dimensions of
40 mm � 20 mm � 1 mm were used for streaming potential mea-
surement, and circular discs of Ø12.7 mm � 3 mm were used for
Raman spectroscopy and wetting angle determinations. Aside from
deviations in dimensions, the preparation of all samples was iden-
tical to that described above.

2.2. Surface treatment methods

Wet Chemical Etching – It is well-documented that hydrofluoric
acid (HF) can be employed to etch both SiO2 and Si3N4 surfaces
[65–67]. The removal rate of SiO2 tends to be significantly faster
(1–2 orders of magnitude) than that of Si3N4. This allows for
removal of the SiO2 passivation layer without significantly etching
the underlying nitride. It was anticipated that this treatment
should maximize the concentration of amine groups at the surface
by etching away the passivation layer, thus pushing the surface
composition as far to the nitride end of the nitride-oxide spectrum
as possible. Samples were immersed in a 5 wt.% HF solution for
45 s, transferred into a continuously refreshed DI water bath for
30 min, dried under a stream of filtered N2, and stored in a desic-
cator containing hygroscopic media (Indicating Drierite, W.A.
Hammond DRIERITE Co., Xenia, OH) under partial vacuum
(�100 Torr) to slow spontaneous re-oxidation.

Nitrogen Heat Treatment – It was hypothesized that re-
exposing Si3N4 to a N2 atmosphere at high temperatures might
increase the density of surface amines relative to hydroxyl groups.
As a result, this heat treatment was seen as a potential alternative
to the HF etching treatment. Samples were placed in a batch fur-
nace (Centorr Vacuum Industries, Nashua, NH), evacuated to 250
mTorr, then back-filled with filtered N2 (1–2 psi) and subsequently
heated to 1400 �C for 30 min.

Oxidation Treatment – Raider et al. demonstrated that chemical
vapor deposited (CVD) Si3N4 is readily oxidized upon exposure to
ambient atmosphere at 1070 �C [29]. A study by Butt et al. showed
similar results for two commercially-produced Si3N4 powders [32].
This treatment was employed because it was believed that it
should completely oxidize the surface, yielding the maximum con-
centration of hydroxyl groups and pushing the surface composition
as far to the oxide end of the nitride-oxide spectrum as possible.
The 7 h dwell at 1070 �C employed by Raider et al., which was
shown to completely oxidize the studied CVD Si3N4 sample’s sur-
face, was adopted for oxidizing samples using an open-air kiln
(Deltech, Denver, CO).

2.3. Sample characterization methods

Scanning Electron Microscopy (SEM) – SEM studies were car-
ried out using a field emission gun scanning electron microscope
(FEG-SEM) (Quanta, FEI, Hillsboro, OR). All samples were sputter-
coated (108auto, Cressington, Watford, UK) with a thin (�20–
30 Å) layer of gold. Samples were imaged using an accelerating
voltage of 10 kV at working distances of 7–10 mm and spot sizes
of 4–4.5 mm.

Atomic Force Microscopy (AFM) – Two- and three-dimensional
images, and roughness values (average and root mean square) of
each sample were obtained using an AFM (Nanoscope IIIa; Veeco
Instruments Inc., Plainview, NY) over the maximum x–y range
available with the instrument (�13 lm).

X-ray Photoelectron Spectroscopy (XPS) – A spectrometer (Axis
Ultra, Kratos, Manchester, UK) was employed with an Al-ka
monochromatic X-ray source. Low resolution spectrum scans were
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conducted using a pass energy of 160 eV, with a compositional res-
olution of approximately 0.1 atomic percent (at.%). High resolution
scans bracketing peaks of interest were conducted using a pass
energy of 40 eV, which was expected to improve the compositional
resolution to approximately 0.01 at.%. The analysis area was set to
the spectrometer’s maximum (700 lm � 300 lm) in order to aver-
age out differences between the composition within grains and the
intergranular phase. Data obtained were processed using
commercially-available software (CasaXPS, Casa Software Ltd.,
UK). Usage of a low energy electron source and application of ultra-
high vacuum-rated colloidal silver (Ted Pella, Inc., Redding, CA) to
the contact points between the samples and the fixture were
employed to mitigate charging effects. All reported data were
obtained following argon sputtering to remove adsorbed surface
contaminants, at a beam energy of 4.2 keV, gun angle with respect
to sample of 45�, raster area of 3 mm � 3 mm, and a sample cur-
rent of approximately 2 lA.

Wetting Angle Measurements – An optical comparator (2600
Series, S-T Industries, St. James, MN) with built-in goniometer
functionality was used to measure static contact angles of deion-
ized water droplets having fixed volumes (VWR Signature Variable
Volume Pipette, VWR, Radnor, PA) of 25 lL. Both sides of each dro-
plet’s projected image were measured, and at least eight measure-
ments were taken per condition. In the case of untreated, as-
fabricated Si3N4, iterative measurements of the deposited droplets
were carried out over a period of 30 min in an effort to characterize
the transition from Cassie–Baxter to Wenzel states [68].

Zeta Potential Measurements – Streaming potential measure-
ments were performed using an electrokinetic analyzer (SurPASS,
Anton-Paar USA, Ashland, VA). A background electrolyte of 1 mM
HCl, which exhibited a natural pH of 5.5, was used in all experi-
ments. Experiments were divided into two runs. The first run took
measurements across a pH range of 5.5–3 using auto-titration of
0.1 M HCl solution to control pH. The second run used a new solu-
tion of background electrolyte for measurements across a pH range
of 5.5–10 and auto-titration of 0.1 M NaOH solution to control pH.
Each run contained two material samples. Observed streaming
potentials were converted to zeta potentials using the Helmholz-
Smoluchowski equation [41].

RamanSpectroscopy–Raman spectrawere acquiredusing a con-
focal (optical) microprobe at room temperature and a single mono-
chromator (T-64000, Jobin-Yvon/Horiba Group, Kyoto, Japan)
equipped with a nitrogen-cooled 1024 � 256 pixels CCD camera
(CCD-3500V, Horiba Ltd., Kyoto, Japan), and analyzed by using com-
mercially available software (LabSpec, Horiba/Jobin-Yvon, Kyoto,
Japan). The excitation frequency used in the experiment was the
532 nm blue line of an Ar-ion laser operating at a power of
100 mW. The spectrum integration time was typically 30 s, averag-
ing the recordedspectraover three successivemeasurements.Acon-
focal configuration of the Raman probe was adopted throughout all
the experiments, using a 100� objective lens in order to exclude the
photons scattered from out-of-focus regions of the probe. The sam-
ples were placed on an x–y axes motorized stage (lateral resolution
of 0.1 lm), which allowed the collection of maps on the surface.
Moreover, finely tuned z-axis displacements allowed the collection
of spectra at different depths. A signal from a He-Ne lamp was col-
lected throughout all measurements as an internal reference for
Raman peak positions. Raman band parameters were obtained
throughfitting the rawexperimental spectrawithLorentziancurves.

Laser-Scanning Microscopy – Micrographs of the selected sur-
faces were collected by means of a 3D laser-scanning microscope
(VK-X200K Series, Keyence, Osaka, Japan) using a 150� objective
lens, with a numerical aperture of 0.9. The supplied software
allowed the calculation of the surface roughness according to ISO
4287:1997.
3. Results

Surface Topography – Fig. 1 provides SEM images of the various
treated Si3N4 samples. The as-fabricated material exhibited classic
protruding anisotropic, hexagonal b-Si3N4 grains (Fig. 1a). A repre-
sentative cross-section of this microstructure as imaged using a
back-scatter detector is given in Fig. 1b, which shows the presence
of the Y2O3- and Al2O3-rich intergranular phase. When the as-
fabricated material is etched in HF (Fig. 1c), the overall topography
is similar to the untreated case (Fig. 1a) with the exception of etch-
ing damage at the tips of many grains (indicated by white arrows).
The morphology of the as-fabricated surface following the nitrogen
heat treatment (Fig. 1d) appears similar to as-fabricated samples
with the exception of fine particulates between some grains. These
particulates exhibited a much higher average atomic mass than
Si3N4. Similarly, a back-scatter image of polished specimens sub-
jected to the same thermal treatment in N2 (Fig. 1e) shows the
presence of a new phase, also having a higher average atomic mass,
and an absence of the intergranular phase. Finally, specimens sub-
jected to the oxidation treatment (Fig. 1f) show a second phase
(assumed to be the oxide layer), which covers and spans the grains.
AFM images confirmed large difference in surface topography
between as-fabricated and polished samples (Fig. 2). On the other
hand, no marked differences were found among AFM images for
as-fabricated, thermally treated, and HF treated groups. As
expected, roughness (Ra) values determined from AFM showed
marked differences between chemical mechanical polished (CMP)
and as-fabricated surfaces (cf., Table 1). However, small differences
were noted among treated and as-fabricated surfaces. In general,
the as-fabricated and HF-treated samples had higher Ra values than
either of the thermally treated materials.

X-ray Photoelectron Spectroscopy – XPS showed major differ-
ences in surface composition among the treatment conditions
(cf., Table 2). The as-fabricated Si3N4 had N/Si and O/Si atomic
ratios of 1.01 and 0.49, respectively. These ratios corresponded clo-
sely to silicon oxynitride (Si2N2O). In comparison, samples
thermally-oxidized in air exhibited a composition that corre-
sponded to SiO2. When compared to as-fabricated Si3N4, samples
etched in HF or subjected to CMP had higher N/Si and lower O/Si
atomic ratios. Subjecting the polished sample to etching in HF
resulted in little alteration. Except for a higher amount of Al and
Y, the sample thermally treated in N2 showed a surface composi-
tion that appeared similar to that of the as-fabricated material. In
general, the surface of the thermally treated samples had higher
concentrations of Al and Y when compared to samples that were
not thermally treated. The C (1s) peak in the spectra was likely
due to trace hydrocarbons in the spectrometer, impurities result-
ing from the post-fabrication processing, or both. Trace amounts
of elements found in the spectra, such as Na, Mg, Fe, and Ca, were
presumably present because of surface contamination.

Wettability and Contact Angle – The deionized water contact
angle on the CMP surface (47 ± 3�) was significantly lower than
the as-fabricated surface (66 ± 12�), or the surface subjected to
etching in HF (60 ± 13�). Thermal treatments of as-fabricated spec-
imens produced extremely low contact angles (cf., Table 3), either
in air (8 ± 1�) or nitrogen (9 ± 2�). In the case of the as-fabricated
samples, droplets were measured at several intervals over a period
of 30 min following deposition. The contact angle on the as-
fabricated material was found to decrease from 66 ± 12� at deposi-
tion to 30 ± 9� after 30 min (cf., Table 4).

Zeta-Potential – Fig. 3a shows the f-potential as a function of
pH for as-fabricated Si3N4 in an unmodified state, after HF-etch,
and following thermal oxidation, with IEPs of 4.5, 4.7, and 3.1,
respectively. All had negative f-potentials of �45 mV, �50 mV
and �70 mV at homoeostatic pH of �7.4, respectively. Fig. 3b



Fig. 1. Electron photomicrographs of Si3N4 surfaces subjected to varying surface preparations. (Images are secondary electron photos unless otherwise specified). as-
fabricated (a), chemical mechanical polished (back-scatter) (b), HF etched (back-scatter) (c), 1400 �C for 30 min in N2 (back-scatter) (d), chemical mechanical polished
followed by 1400 �C for 30 min in N2 (back-scatter) (e), and 1070 �C for 7 h in air (f).
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provides similar f-potential data for CMP specimens. The as-polished,
HF-etched, and oxidized samples exhibited IEPs of 5.6, 5.4 and �2,
respectively; with negative f-potentials of �45 mV, �40mV and
�120mV at homeostatic pH, respectively.

Raman Spectroscopy – Fig. 4(a) through (d) show the Raman
spectra collected on the polished surfaces of different Si3N4 sam-
ples in the 150–250 cm�1 region (untreated, HF-etched, treated
in N2, and treated in air, in (a), (b), (c), and (d), respectively). The
figure also shows fits of the triplet into sub-bands obtained using
pure Lorentzian curves as trial functions. A line map along the z-
axis, (i.e., with defocusing below the free surface of the sample),
is shown in Fig. 5. The doubled triplet tended to disappear with
focusing below the free surface.

Laser-Scanning Microscopy – Laser micrographs of the polished
surface in untreated, N2, and air-treated states are shown in Fig. 6
(a–c), respectively. As seen in the micrographs, the thermally



Fig. 2. AFM images of the surface of the as-fabricated Si3N4 (a), and after chemical mechanical polishing (b). The peaks in (b) are presumably due to residual particles from the
polishing.

Table 1
Summary of the roughness average (Ra) and the root-mean-square roughness (Rq) of
the Si3N4 materials.

Sample Ra (nm) Rq (nm)

As-fabricated 336 433
Thermal treatment in air 287 369
Thermal treatment in N2 296 373
Etched in HF 341 439
Chemical mechanical polished 9 16

Table 3
Sessile drop contact angle (h) of deionized water on the surface of treated Si3N4

materials.

Sample h (�)

As-fabricated 66 ± 12
Chemical mechanical polished 47 ± 3
As-fabricated, etched in HF 60 ± 13
As-fab, thermal treatment in N2 9 ± 2
As-fab, thermal treatment in air 8 ± 1

Table 4
Sessile drop contact angle (h) of deionized water on the surface of as-fabricated Si3N4

over a duration of 30 min.
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treated samples show a different texture as compared to the
untreated surface, which is especially marked after the N2 thermal
treatments.
Time (min) h (�)

0 66 ± 12
5 59 ± 12
15 48 ± 10
20 41 ± 11
25 35 ± 13
30 30 ± 9
4. Discussion

Surface Topography – The as-fabricated Si3N4 samples exhibited
a surface roughness (Ra) of 336 nm, but this was reduced to <10 nm
after CMP. HF etching of as-fabricated samples had little effect on
roughness, presumably because only the thin SiO2 layer on the pro-
truding grains was removed. Thermal treatments in air or N2

resulted in a reduction in Ra to 287–296 nm due to formation of
oxidation products in the valleys between grains (in air) or migra-
tion of the grain boundary phase to the surface (in air or N2). The
presence of an oxidized phase or particulates between protruding
Table 2
Concentration (in atomic %) of the major and minor elements on the surface of the
Si3N4 samples and their respective calculated N/Si and O/Si atomic ratios. The
theoretical composition based on the batch recipe is also included for comparison
purposes.

Sample Concentration (at.%) Atomic
ratio

Si N O Al Y C N/Si O/Si

Theoretical bulk
composition

39.7 52.9 4.5 1.6 1.1 – 1.33 0.11

As-fabricated 35.1 35.5 17.5 2.1 0.1 9.7 1.01 0.49
HF-etched 31.6 35.2 8.4 0.9 0.1 21.8 1.12 0.27
Thermal treatment in

N2

32.7 33.3 16.6 5.1 2.1 10.3 1.02 0.50

Oxidized 32.7 0.1 57.7 2.9 1.3 5.4 0.00 1.76
Chemical mechanical

polished
38.7 47.2 6.4 1.6 0.8 5.3 1.22 0.17

Polished & HF-etched 42.1 44.2 6.2 1.8 0.6 5.3 1.05 0.15
Polished & oxidized 27.6 2.5 54.6 3.9 4.6 6.6 0.09 1.98
grains in the thermally treated samples was confirmed by SEM
(cf. Fig. 1d–f) and by morphological differences on polished sur-
faces (cf. Fig. 7b and c). The as-fabricated, HF-etched and thermally
treated Si3N4 samples showed columnar surface microstructures
composed of anisotropic grains oriented stochastically (cf. Fig. 1).
Smooth surfaces are required for bearings in hip and knee arthro-
plasty because conforming surfaces result in higher contact area
between components and hence lower stresses and wear rates. In
contrast, surface roughness can markedly influence the response
of cells in vitro and in vivo for implants intended for osseointegra-
tion and bacteriostasis. These features may elicit a different
response when compared to a smoother undulating surface with
the same Ra value. Indeed, bacterial resistance has been noted for
materials that have similar asymmetric surfaces containing peri-
odic protrusions [69].

X-ray Photoelectron Spectroscopy – The XPS data (Table 3) indi-
cate that thermal, mechanical and chemical treatments induced
significant changes in surface chemistry, producing a wide range
of nitride/oxide atomic ratios, and increased concentration of sin-
tering aids at the material’s surface. Within the spectrometer’s
probe depth of up to �2–3 nm [70], the surface composition of
as-fabricated Si3N4, having a N/Si and O/Si atomic ratio of 1.01
and 0.49, respectively, appears to be silicon oxynitride, Si2N2O,
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indicating the surface is partially-oxidized. It is comparable to Si2-
N2O0.8 found previously for a commercial Si3N4 powder [27]. There
is likely a gradient in chemical composition, with decreasing oxy-
gen away from the surface, as found for oxidized Si3N4 films [29].
In addition, minor amounts of Al and Y were also detected by
XPS. Some of the oxygen on the surface is obviously bound to these
elements instead of Si. Etching of as-fabricated Si3N4 in HF resulted
in dissolution of this thin oxynitride layer. However, the etched
surface will re-oxidize in air at room temperature, resulting in an
oxide or oxynitride layer which increases in thickness over time
[33]. When compared to as-fabricated Si3N4, the HF-etched surface
showed higher N/Si and lower O/Si ratios as expected. The grain
boundary phase is obscured by protruding grains on the as-
fabricated samples. Therefore, it is not unexpected to see skewed
Fig. 3. Zeta potential as a function of pH, as measured by streaming potential, for as-fa
processed samples, samples exposed to an HF etch, and samples subjected to thermal o
concentration values for sinter aid cations such as aluminum and
yttrium, which segregate at the grain boundaries. CMP removed
the entire surface layer from as-fabricated Si3N4. Further, the grain
boundaries tended to recede during CMP due to a higher removal
rate for SiO2 relative to Si3N4 [67]. As a result, the polished surface
showed the highest N/Si and lowest O/Si ratios. Also, Y2O3 exhibits
increased solubility at elevated pH values, such as the pH 10–11
environment of the CMP slurry during the polishing process, which
could contribute to its modestly lower than expected observed
concentration. Due to sample handling in air. It is also likely that
some re-oxidation occurred prior to conducting the XPS measure-
ments. Therefore, it is believed that HF-etched and CMP-finished
samples should exhibit an even lower oxygen content and higher
IEP than has been reported here. However, the values shown in
bricated Si3N4 (a), and for the Si3N4 after chemical mechanical polishing (b) for as-
xidation in air.



Fig. 4. Raman spectra of the b-silicon nitride surface in the 150–250 cm�1 region, as collected on the polished untreated sample (a), the sample etched in HF (b), the sample
treated in N2 (c) and that treated in Air (d). Sub-band fitting was obtained using Lorentzian curves.

Fig. 5. In-depth profile of Raman spectra collected on the polished sample treated
in N2. Red and blue dashed lines indicate the position of the two triplets observed.
The frequencies of the triplets have been chosen according to the fitting results
shown in Fig. 4(b).
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Table 2 are likely representative for limited handling of treated
samples in air. Thermal oxidation of as-fabricated Si3N4 resulted
in a surface composition corresponding to SiO2. The amount of Al
and Y, resulting from the intergranular phase, was also much
higher than the as-fabricated Si3N4. This might be due to migration
of the grain boundary phase to the surface, as noted for other
liquid-phase sintered Si3N4 ceramics [71–73]. In contrast, the sur-
face composition of the Si3N4 thermally treated in N2 showed little
difference in N/Si and O/Si ratios from the as-fabricated material
(cf., Table 2), likely due to the thermal stability of the oxynitride
layer in dry N2. Yet, migration of the intergranular phase to the sur-
face was observed as in the oxidation case. In this case, the
migrated material manifested itself as fine particulates scattered
between protruding surface grains, imaged using SEM (cf.
Fig. 1d), and compositionally determined to contain Y and Al via
XPS (cf. Table 1).

Zeta Potential – The surface treatments had a profound influence
on surface charging. Chemicalmechanical polishing of as-fabricated
samples increased their isoelectric point from 4.2 to 5.5. The princi-
ple differences between as-fabricated and polished surfaces are: (1)
an increase in exposed intergranular phase relative to grains; and,
(2) a reduction in oxide layer thickness on the exposed grains. The
intergranular phase is expected to exhibit a relatively high isoelec-
tric point. Further, the reduction in the passivation layer thickness is
expected to produce a more nitride-like surface, leading to an
increase in the concentration of amine sites. Both of these changes
are expected to shift the IEP higher, as was observed. Within the
as-fabricated and as-polished groups, little difference was seen in
charging behavior following etching in HF indicating that the as-
fabricated and as-polished surfaces were minimally oxidized. Con-
versely, when these surfaces were oxidized, the result was a large
shift in isoelectric point toward pure SiO2 (pH 2). This behavior
can be correlated with the N/Si and O/Si atomic ratios determined
from the XPS data (cf. Table 2) and a broad peak corresponding to
amorphous silica in the Raman spectrum (cf. Fig. 4d). Decreased
O/Si and increased N/Si ratios increases the IEP. Previous studies
have indicated the presence of silanol (Si–OH) and amine (Si–NH2)



Fig. 6. Scanning laser micrograph of the Si3N4 surface (a) polished untreated, (b)
thermally treated in N2, and (c) thermally treated in air.
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groups on the surface of Si3N4 powders [30,35,37]. Similar to obser-
vations of Greil et al., it is expected that the number of silanol groups
correlates with the O/Si ratio, and the number of amine sites corre-
lates with the N/Si ratio [37].
The mechanism for osteointegration proposed by Kokubo
[58,59] for materials similar to Si3N4 relies upon negative surface
charging at homeostatic pH. In studies using simulated body fluid,
spontaneous deposition of apatite was observed on materials
exhibiting a negative surface charge. Furthermore, in vivo studies
using sample implants made from these same materials demon-
strated formation of a morphologically similar apatite layer on
implant surfaces and favorable osteointegration. It was hypothe-
sized that the concentration of Ca2+ ions in the counterion cloud
near the negatively-charged surface increased the local level of
supersaturation of calcium-containing species, leading to precipi-
tation of hydroxyapatite on the surface. As was observed here,
Si3N4 exhibits a high negative surface charge. Therefore, it is possi-
ble that the favorable bone on-growth observed during a previous
in vivo [23] study may be due at least in part to the mechanism
proposed by Kokubo et al. Additional increases in the negative sur-
face charge at homeostatic pH by oxidation of the material surface
may accelerate apatite deposition. Modulation of charge magni-
tude may also allow for control of the deposited layer’s morphol-
ogy as a function of surface charge density by dictating the
concentration and hence spacing of nucleation sites.

Consideration of bacterial attraction and adhesion using the
extended DLVO theory [60,61] allows for understanding and test-
ing of specific components of complex interactions between bacte-
ria and the implant surface. As most bacteria exhibit a negative
surface charge at physiologic pH [74–76], the electrostatic compo-
nent of the cell-surface interaction will be repulsive if the implant
material also exhibits negative charging. The magnitude of the
repulsion will increase as the magnitude of the surface charge
increases. The high negative surface charge on as-fabricated Si3N4

at physiologic pH observed here could contribute to the
previously-observed bacteriostatic behavior of Si3N4 [22,23]. Fur-
thermore, the ability to modulate the strength of this property
through simple treatments allows for experiments to be devised
for assessing its influence on the overall bacteria-surface interac-
tions. The oxidized Si3N4 surface in particular, owing to its extreme
negative surface charge, might provide an environment that inher-
ently resists bacterial colonization.

Wettability and Contact Angle – A surface’s chemistry and
topography can strongly influence its wettability. The Wenzel
equation describes the effect of a surface’s roughness on wetting
behavior [68]:

cos h� ¼ r cos h ð12Þ
where h* represents the apparent equilibrium contact angle, r is the
ratio of true surface area to apparent surface area, and h is the con-
tact angle for a flat surface. This equation predicts that increasing
the roughness of a surface will lead to intensification of its observed
wetting behavior, (i.e. a hydrophilic surface will become more
hydrophilic, and a hydrophobic surface will become more
hydrophobic). This was not directly observed in the cases of the
as-fabricated and etched materials. These surfaces initially exhib-
ited higher wetting angles (�65�) than the polished surface
(�50�), which corresponded to heterogeneous behavior as
described by the Cassie–Baxter equation [68]:

cos h� ¼ rf f cos hþ f � 1 ð13Þ
where rf corresponds to r in the Wenzel equation and f represents
the fraction of the surface wet by the liquid. As more air is trapped
at the solid–liquid interface, f decreases, and the apparent wetting
angle increases. It should be noted that the CMP process produced
a surface that is not substantially changed when subjected to HF
etching (cf. polished sample XPS data in Table 2). The contact angle
measurements presented here for polished surfaces were obtained
within an hour of completing the CMP process, leaving little time
for spontaneous re-oxidation. As such, the tested surface was lar-
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gely devoid of oxygen and, as a consequence, silanol groups. In light
of this, the wetting behavior was expected to be similar to historical
HF etched Si3N4 thin films [77], and this was indeed the case. Fur-
thermore, water contact angle measurements made on other simi-
lar polished Si3N4 materials varied between 46� and 61� [3].
Regarding the as-fabricated sample, the relatively high contact
angle was likely due to fine gaps between the protruding grains
on the surface. Water does not immediately infiltrate these gaps,
leading to a mixed air/material interface (i.e., Cassie–Baxter behav-
ior) [68]. However, the contact angle steadily decreased to �30�
within 30 min, which was significantly less than for polished sam-
ples. It is believed that this decrease was due to water slowly infil-
trating the gaps between grains due to capillary forces in a process
described as hemiwicking [78], thereby removing trapped air pock-
ets from the interface. Contact angle measurements made previ-
ously on the same as-fabricated Si3N4 yielded a measurement of
�39�, which correlates with an intermediate time point in this
study [23]. Droplets were observed to adopt ellipsoidal and other
distorted semi-circular shapes instead of circles on as-fabricated
and HF-etched surfaces. This is believed to be caused by variable
amounts of trapped air at the solid–liquid interface as a result of
the stochastic distribution of protruding grains. In cases where
the surface roughness was reduced (i.e., N2 and air thermal treat-
ments, and polishing) there was less variation in wetting angles,
and droplets adopted circular interfacial areas. As-fabricated sam-
ples subjected to thermal treatments displayed extremely low wet-
ting angles (i.e., less than 10�). As shown via AFM (cf. Table 1) and
qualitatively from electron micrographs (cf. Fig. 1(a, d and f)), the
fine scale roughness of these samples was significantly reduced
by their respective treatments. It is postulated that this reduction
in roughness contributed, at least in part, to the occurrence of Wen-
zel behavior immediately upon wetting. That is, fine spaces
between surface grains were likely filled by oxidation or migration
of the intergranular phase, eliminating potential locations for air
entrapment during wetting. The extremely low wetting angle fol-
lowing thermal treatment in air also correlates well with data
obtained from streaming potential measurements. Thermally oxi-
dized samples exhibited a much higher magnitude of surface charge
at a pH near 7 than as-fabricated or HF-etched samples. Further, sil-
ica surfaces have been shown to exhibit low wetting angles [79]; so,
it is not unexpected that the oxidized sample would also show bet-
ter wetting. In a study examining techniques used to modify Si3N4

biosensor surfaces, Diao et al. [80] performed surface treatments
to a CVD Si3N4 film, including HF-etching and oxidation. It was
found that the HF etch process did not drastically alter the observed
average water contact angle on the film surface (32� before and 33�
after), but oxidation led to a drastic reduction in observed average
water contact angle (to 5�). In light of this observation on relatively
flat surfaces, it is thought that both the filling of fine intergranular
spaces and the change in surface energy induced by the oxidation
treatment contribute to the large observed change in water contact
angle following oxidation in the present study. It was originally
expected that samples etched in HF would exhibit significantly
higher contact angles than their as-fabricated counterparts due to
previous observations of HF-etch treatments on off-stoichiometry
Si3NX thin films by Arafat et al. [77]. Large increases in water con-
tact angles, attributed to surface hydrogenation, were found for
these materials. However, relatively minor chemical changes (via
XPS and Raman spectroscopy) and minimal variation in charging
behavior (using streaming potential) were noted for as-fabricated
and HF-etched conditions. Based upon these observations and those
of Diao et al. on treated CVD Si3N4 films, similar wetting behavior
between the two cases is not entirely surprising. It is also likely that
some oxidation occurred during sample handling prior to character-
ization. The observed increase in hydrophilicity resulting from the
heat treatments in air and N2 allows for more thorough wetting
of an implant by body fluids. A modified Si3N4 surface that wets fas-
ter and more completely may also osteointegrate more effectively
due to its greater area in contact with biologic fluids.

Raman Spectroscopy – The three intense bands (located at
180.1, 201.4 and 234.5 cm�1 in the as-fabricated sample) was
observed in the Raman spectra of all samples (Fig. 4) and represent
the E2g, Ag, and E1g vibrational modes of the skeletal Si–N bonds in
the b-Si3N4 structure, respectively [81,82]. The as-fabricated and
HF-treated samples presented quite similar Raman spectra (cf.
Fig. 4(a and b), respectively). However, one clear difference in the
relative intensity among bands belonging to the shown triplet
could be detected: The HF treatment reduced the relative intensity
of the Ag, band with respect to the E2g and E1g bands, whose relative
intensity instead remained unchanged. In first approximation, this
variance can be attributed to differences in crystallographic orien-
tation of the surface crystallites irradiated by the incoming polar-
ized laser. On the other hand, no significant broadening could be
detected in any of the triplet constituents. The morphological
changes observed in the Raman spectrum collected from the sam-
ple thermally treated in N2 were by far more drastic (cf. Fig. 4(c)).
One can still observe the original triplet belonging to the untreated
sample, but also an additional triplet, significantly broadened and
markedly shifted toward lower emission frequencies, could be
observed. The sample treated in air did not show this additional
(shifted) triplet (cf. Fig. 4(d)). However, it also showed distinct dif-
ferences as compared to the untreated sample, as follows: (a)
Besides a clear decrease in the absolute intensity of all bands con-
stituting the triplet, the trend of relative intensities was inverted as
compared to the untreated sample, with the intensity order
becoming E2g < Ag < E1g; (b) Some broadening could be observed,
but the spectrum could yet be deconvoluted into the main triplet
of the untreated sample overlapped to a quite broad emission cen-
tered at approximately 230 cm�1. This broad band can be inter-
preted as a low-frequency component of the overall broad
Raman emission of silica glass [83]; and, (c) A small shift toward
lower frequencies of the triplet could be found as compared to
the standard positions recorded in the untreated sample. Broaden-
ing and shift of the skeletal triplet observed in the Raman spectra
(Fig. 4) could be induced either by an internal (residual) stress state
and related gradients [84–86], or by the development of different
stoichiometric conditions [87], or both. Thermally induced residual
stress of an elastic tensile nature might be responsible for the
slight shifts observed in the sample treated in air as compared to
the untreated one. However, the morphological differences
detected in the N2-annealed sample cannot only be due to internal
stresses and have to be interpreted in terms of stoichiometry
changes. Since the dimension of the Raman probe is far larger than
that of the XPS one, care should be taken in extrapolating data from
the latter spectroscopic method to interpret the observed Raman
spectral features. In the confocal optical mode adopted in this
study (with the laser collimated on the sample surface), the Raman
probe had an in-depth penetration of about 5 lm, which is not
comparable with the 2–5 nm of the XPS probe [86], Nevertheless,
exploiting the confocality of the Raman probe, we could observe
additional interesting features for the N2-thermal treated and pol-
ished surfaces. The doubled triplet in Fig. 4(b) should be assigned
to a form of b-Si(Y)AlON, as also suggested by XPS analyses. For
this material, XPS analyses revealed N/Si and O/Si atomic ratios
which correspond to silicon oxynitride, Si2N2O, and also the high-
est amount of Al and Y among the set of examined samples. How-
ever, as previously mentioned, these ratios are strictly valid only
for the first few nanometers of the sample thickness, while the
Raman probe averages the signal over about three orders of mag-
nitude larger depth. The line map taken along the z-axis of the



Fig. 7. Schematic representation of the thermally treated samples: (a) in N2 and (b)
in air. In (a), the blue crystals represent the non-stoichiometric b-Sialon compound
grown during the treatment in N2. In (b), the white layers represent SiO2 and SiAlON
glasses.
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sample polished and then thermally-treated in N2 (cf. Fig. 5) shows
the doubled triplet disappearing as the focus is taken deeper into
the sample, suggesting that the above-mentioned b-Si(Y)AlON
compound is uniformly present down to a depth on the order of
the tens of micron below the free surface. As seen in the micro-
graphs (cf. Fig. 1(b, e) and Fig. 6(b, c)), the thermally-treated sam-
ples show a different texture as compared to the untreated
specimens, which is especially marked after the N2 thermal treat-
ments. According to Raman and microscopy findings, annealing
in N2 environment promoted the re-growth of a surface layer of
off-stoichiometric b-Si(Y)AlON, a newly formed compound respon-
sible for the observed (shifted and broadened) Raman triplet. Note
that this process does not seem to equally take place for the sample
annealed in air, in which only an external glassy layer formed with
a composition including, according to XPS, smaller amounts of Al
and Y, and with a Raman spectrum close to that of silica glass.
The modifications induced by the thermal treatments are schemat-
ically depicted in Fig. 7(a) and (b) for N2 and air annealed samples,
respectively. Finally, a systematic study by Takase and Tani might
allow us to relate both shift and broadening of the Raman bands
(i.e., as observed at the surface of the N2-treated sample) to the lat-
tice constants and, thus, to the stoichiometry of the hexagonal cell
[88]. The observed frequency shifts are mainly a result of changes
in force constants, which are related to variations in interatomic
distances and bonding. In SiAlON compounds (Si6�zAlzOzN8�z),
silicon and nitrogen of the b-Si3N4 network are partly substituted
by aluminum and oxygen, respectively [89]. As z increases, ele-
mental substitutions result in an incremental degree of structural
disorder in the b-Si3N4 network, giving rise to a decrease in force
constant of the Si–N bond. In other words, as z increases, a shift
of the Raman bands toward lower frequencies can be observed
together with their broadening. A shift of �4 cm�1 toward lower
frequencies of the Si–N skeletal vibration at �180 cm�1 corre-
sponds to a variation in lattice constant Da of �0.001 nm, which
in turn corresponds to a dilute stoichiometry in the order of z � 0.3.
5. Conclusions

It was found that the surface chemistry and morphology of a
Si3N4 bioceramic could be varied significantly through conven-
tional thermal, chemical, and mechanical treatments. The surface
of as-fabricated Si3N4 exhibited anisotropic and stochastically ori-
ented b-Si3N4 grains covered with a thin Si2N2O-like passivation
layer, strong negative charging at biologic pH, and moderate
hydrophilicity that improved over time as capillary forces drew
water into the spaces between the surface grains. Etching in HF
or subjecting the material to CMP produced a surface composition
with a higher N/Si and lower O/Si ratios than as-fabricated materi-
als – which exhibited strong negative surface charging at homeo-
static pH and moderate hydrophilicity. Thermal treatment in N2

produced a surface coated in crystalline b-Si(Y)AlON precipitates
whose concentration decreased as a function of depth up to
�90 lm. This treatment condition exhibited extreme hydrophilic-
ity. Thermal treatment in an oxidizing atmosphere resulted in a
surface composition effectively the same as amorphous SiO2. It also
exhibited extremely lowwetting angles and charging behavior that
mimicked pure silica. The isoelectric points of these variously trea-
ted samples increased with decreasing O/Si and with increasing
N/Si atomic ratio, as the surfaces transitioned from resembling
pure SiO2 to pure Si3N4, correlating well with observations made
in the previously cited studies. Both the thermal treatments (i.e.,
oxidation and under N2) may offer interesting advantages for
orthopaedic implants due to their observed extreme hydrophilic-
ity. The large negative surface charge at homeostatic pH observed
for the as-fabricated Si3N4 may contribute to its bacteriostatic and
osteointegrative behavior. The significant increase in the surface
charge for the oxidized material may lead to an enhancement of
these properties over what has already been observed for the
as-fabricated material. Further, the surface chemistry of silica is
well-understood, lends itself to manipulation, and has already
been shown to be an ideal scaffold for bone on-growth. A material
that exhibits the flexibility of silica’s surface chemistry mated with
the desirable bulk mechanical properties of dense Si3N4 could be
readily engineered and adapted to several implant applications.
Consequently, future studies will be focused in three areas: (1)
Varying the parameters of the thermal treatments and observing
corresponding surface chemistry; (2) In vitro tests examining the
treated surface’s interaction with relevant proteins, human cells
(such as mesenchymal stem cells and osteoblasts), and nosocomial
bacteria; and (3) In vivo examination of the performance of
modified surfaces in complex, living systems.
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Abstract: Modern ceramic bearings used in total hip arthroplasty (THA) consist of a femoral

head (ball) articulating inside a hemispherical acetabular cup (socket); the ball and socket are

made of alumina (Al2O3) and Al2O3-based composite materials. In the present study, total hip

bearings were made from a different ceramic material, silicon nitride (Si3N4), by sintering and

hot isostatic pressing of powders. The resulting material had improved mechanical properties

over modern Al2O3 THA bearings, with a flexural strength of 920 6 70 MPa, a Weibull

modulus of 19, and a fracture toughness of 10 6 1 MPa m1/2. Unlike zirconia-based ceramics

that have also been used in THA, accelerated aging of Si3N4 did not adversely affect the

flexural strength. In simulated wear tests, Si3N4 acetabular cups produced low-volumetric

wear whether articulating against Si3N4 or cobalt-chromium (CoCr) femoral heads. The

results of this investigation suggest that Si3N4 may allow improved THA bearings that combine

the reliability of metal femoral heads with the low wear advantages of ceramic materials.

' 2008 Wiley Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 87B: 447–454, 2008

Keywords: silicon nitride; total hip arthroplasty; wear testing; wear; stress; orthopedic;

joint replacement; implant design

INTRODUCTION

Cobalt-chromium femoral heads are commonly used during

hip replacement surgery, with ultra-high molecular weight

polyethylene (PE), or cross-linked PE acetabular cups. The

rationale for using ceramic femoral heads instead of metal

is the potential for decreased bearing wear. Al2O3 femoral

heads reduce PE wear rates in total hip arthroplasty (THA),

and if used with Al2O3 acetabular inserts, the resulting

wear rate of Al2O3-Al2O3 is the lowest of any bearing cou-

ple in THA.1–5

Particulate wear debris from THA articulations results in

periprosthetic inflammation that can contribute to adjacent

bone loss, and premature implant loosening.6 Early clinical

outcomes have shown that Al2O3–Al2O3 THA is associated

with lower bone loss in the proximal femur than metal-on-

PE controls.7 Many other clinical and experimental investi-

gations have shown the wear advantages of ceramic bear-

ings in THA.6,8–11

Catastrophic brittle failure in vivo is a complication

unique to ceramic femoral heads.12 The unpredictability of

this complication has not been eliminated, despite many

improvements in the raw material and manufacture of

Al2O3 since the 1970s.13 Zirconia (typically stabilized with

3 mol % yttria, Y2O3, referred to as Y2O3-stabilized tetrag-

onal ZrO2 polycrystals, Y-TZP) was introduced in the

1980s as an improved material, with a higher strength and

fracture toughness than Al2O3. However, Y-TZP undergoes

phase transformation and degradation that can lead to

variable outcomes of Y-TZP femoral heads in vivo.14 The

surface modification of zirconium alloy has been used com-

mercially to make oxidized zirconium femoral heads that

overcome concerns related to the brittleness of all-ceramic
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bearings, while reducing PE wear in THA.15 However, the

surface hardness and scratch resistance of oxidized zirco-

nium are not as favorable as other ceramic materials, and

oxidized zirconium is not suitable for ceramic–ceramic

articulations in THA.16

Silicon nitride has been investigated and used in high-

temperature industrial applications such as structural com-

ponents in engines.17 Si3N4 can be polished to a very high

quality surface finish (Ra 5 typically 0.01–0.05 lm). In

addition, the cytotoxicity of Si3N4 particles is less than that

of metal particles.18 Improvements in material characteris-

tics and processing have enabled the manufacture of Si3N4

ceramics with high mechanical reliability. Dense Si3N4 fab-

ricated by hot pressing or hot isostatic pressing (HIP) has a

higher strength than Al2O3, with comparable hardness. The

production of elongated Si3N4 grains coupled with control

of the grain boundary chemistry results in high fracture

strength, high fracture toughness, and steeply rising R-

curve behavior.19,20 The resulting material has fracture

toughness values of up to 10–12 MPa m1/2, and flexural

strengths of �1 GPa.19,20 These properties make Si3N4

potentially suitable for use in THA bearings.

In this work, the mechanical and wear properties of

Si3N4 bearings fabricated from powders were determined.

A combination of sintering and HIP, typical for the manu-

facture of current Al2O3 bearings, was used to densify the

shaped powder form. The flexural strength, Weibull modu-

lus, and fracture toughness of test samples cut from the

fabricated material were measured. The wear rates of Si3N4

acetabular cups articulating against Si3N4 or CoCr femoral

heads were measured in a hip simulator. The resulting data

suggest that Si3N4 may allow novel metal–ceramic bearing

combinations that are of practical significance in THA. For

example, large-diameter metal heads decrease the risk of

dislocations in THA,21 but because the sliding distance

increases with head diameter, the risk of metal wear parti-

cle release in vivo is also greater.22 In contrast, with Si3N4

surfaces, friction and wear rate decrease with an increase in

sliding distance.23 Thus, large-diameter femoral heads

made of Si3N4 could address concerns related to disloca-

tions and metal particle release.

MATERIALS AND METHODS

Material Fabrication

Si3N4 powder (average particle size 5 0.5 lm), with 6 wt %

Y2O3 and 4 wt % Al2O3 as liquid-phase sintering additives,

was ball-milled for 18 h using ZrO2 balls as the milling

media in a Nalgene bottle containing ethanol. After drying,

the mixture was de-agglomerated using a mortar and pestle,

followed by sieving, pressing in a stainless steel die (6 mm

wide 3 60 mm long) at a pressure of 40 MPa to a height of

7 mm, and cold isostatically pressed (207 MPa) to form the

green-shaped article. Densification was achieved by sintering

in N2 at atmospheric pressure for 0.5 h at 18758C, followed

by HIP in argon at 17758C, for 2 h at a pressure of 207 MPa.

The fabricated Si3N4 material had a density close to the

theoretical value (3.20 g/cm3). Near net shaped THA bearings

(femoral heads and acetabular cups) were made using rubber

molds for the cold isostatic processing operation to form

green shaped spherical balls for the femoral heads and cylin-

drical forms for the acetabular cups. The process parameters

described above were used for the pressing, sintering, and

HIP operations. The final steps of grinding and polishing of

the bearing surfaces to industry standards were performed by

a commercial vendor (Thielenhaus, Novi, MI).

Mechanical Testing

Flexural strength was measured in 3-point bending accord-

ing to ASTM C-1161,24 using specimens (3 mm 3 4 mm 3
45 mm) cut from the fabricated material. The tests were per-

formed on fixtures with an outer span of 40 mm, designed to

minimize misalignment of the applied load. The load was

applied with a universal testing machine (Model 4206; Ins-

tron, Canton, MA) at a cross-head speed of 0.5 mm/min.

The flexural strength was calculated from the equation

rf ¼ 3Ps

2wh2
ð1Þ

where P is the load at failure, s is the outer span of the

three-point fixture, and w and h are the width and height,

respectively, of the specimen. A minimum of six specimens

were tested, and the flexural strength data were used to

determine the Weibull modulus.

Fracture toughness was measured using the single-edge

notched beam method according to ASTM-E399.25 Test

beams measuring 2.5 mm 3 5 mm 3 25 mm were cut

from the fabricated Si3N4, and notched at the center to the

desired depth c using a diamond blade. Three-point bend-

ing tests were performed on a fixture with an outer span of

20 mm at a crosshead speed of 0.5 mm/min. The fracture

toughness was determined using the equation

KIC ¼ 3Ps

2wh2
ffiffiffi
c

p
F að Þ ð2Þ

where a 5 c/h and F(a) is given by

F að Þ ¼ 1:99� a 1� að Þ 2:15� 3:93aþ 2:7a2ð Þ
1þ 2að Þ 1� að Þ3=2

ð3Þ

Effects of Accelerated Aging

To investigate the possibility of material corrosion and deg-

radation, test specimens were exposed to the heat and

moisture of a surgical autoclave to simulate accelerated

aging. Specimens were exposed for 1, 5, 24, or 100 h,

respectively, to an autoclave temperature of 1218C. Three
specimens were used for testing at each time period.

X-ray diffraction (XRD) was performed to compare the

crystalline phases present in the specimen bars after auto-

claving for 100 h and in control bars that underwent no

autoclaving. The goal was to detect any changes in the
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phase composition of the test specimens resulting from

autoclaving. The analysis was performed using Cu–Ka
radiation (k 5 0.15402 nm), in a step-scan mode (0.028 2y
per step for 1 s at each step) in the range of 20–1008. Flex-
ural strength was measured by three-point bending using

the procedure described earlier.

Wear Testing

Contact Stresses. Wear reduction is possible if lower

differential contact stresses exist between the mating surfa-

ces of a THA bearing; these contact stresses can be calcu-

lated by an equation originally specified by Hertz:

ro ¼ 3P

2pa2
ð4Þ

where ro is the maximum contact stress on the surface, P
is the force acting on the surface, and a is the radius of the

contact zone. The contact radius is given by

a3 ¼ 4k

3E
PR* ð5Þ

where R* is the average radius of curvature for the two

contacting surfaces, k/E is a function of the elastic con-

stants (the elastic modulus E and the Poisson’s ratio m) of

the two contacting materials, given by

k

E
¼ 9

16

1

E2

1� m22
� �þ 1

E1

1� m21
� �� �

ð6Þ

Equations (4)–(6) predict lower contact stress differen-

tials when the elastic moduli between the contacting surfa-

ces of a bearing are closely matched.26

Using typical values for the elastic modulus (CoCr 5
225 GPa; Si3N4 5 300 GPa; and Al2O3 5 380 GPa) and

for the Poisson’s ratio (CoCr 5 0.29; Si3N4 5 0.29; and

Al2O3 5 0.25), the calculated Hertzian stresses for a

28-mm diameter ball-socket bearing with a diametrical

clearance of 75 lm for CoCr–CoCr, CoCr–Si3N4, and

CoCr–Al2O3 are 288 MPa, 315 MPa, and 334 MPa,

respectively. In these calculations, a relatively high phys-

iologic load of 8 kN was assumed. These calculations

predict a 9% increase in the contact stress of CoCr–

Si3N4 over CoCr–CoCr pairing, versus a 16% increase

for a CoCr–Al2O3 pairing. These data were the rationale

for our testing both ceramic–ceramic (Si3N4–Si3N4) and

ceramic–metal (Si3N4–CoCr) wear couples in the hip

simulator.

Hip Simulator Wear Testing

THA bearings of diameter 28 mm were made from Si3N4

using the methods described above. Articulating surfaces

were ground and polished to a mean surface roughness Ra

value of \0.05 lm. Wear testing of Si3N4–Si3N4 and

Si3N4–CoCr was done to one million cycles in a hip simu-

lator using previously published protocols.27,28 Commer-

cially available CoCr femoral heads (Biomet) were used to

test Si3N4–CoCr wear.

Three CoCr heads were tested with Si3N4 cups with a

diametrical clearance of between 100 and 200 lm. Wear

testing was done by an independent testing facility

(Peterson Tribology Laboratory, Loma Linda, CA). A 12-

station orbital hip simulator (Shore Western Manufacturing,

Monrovia, CA) was used with a physiological load profile

(Paul gait cycle) set to maximum 2 kN and minimum 0.2

kN load (at 1 cycle/s under standard test mode). Simulator

tests were done with bi-directional rotating cams carrying

the specimen chambers through 1 238 arcs on orthogonal

axes at 1 Hz frequency. The ‘‘Paul’’ physiologic load pro-

file was used and cam rotation was synchronized with the

hip-joint loading for this study.27,28 The cups were mounted

in the inverted position (below the femoral head) and

Figure 1. SEM images of fabricated Si3N4, showing a dense, uniform microstructure of fine elon-

gated grains.
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inclined at 238 to the horizontal axis of the simulator. The

lubricant was 90% bovine serum (10% standard additives

of sodium azide and ethylene-diamine-tetra-acetic acid).

Specimen chambers were replenished with distilled water

during the tests. The lubricant temperature was 36–408C,
which approximates body temperatures.

Wear was determined using gravimetric methods; with

SEM inspection of bearings surfaces for wear track and

wear debris analysis. Weight loss due to wear was mea-

sured by microbalance (Sartorius RC210S, accuracy of

1025 g, Watson Bros., Burbank, CA) and components were

weighed four times sequentially and the means calculated.

Weight loss was converted into wear volume loss using

the material’s specific density; wear rates were extrapo-

lated to 10 million cycles for comparison to literature val-

ues. The assumption of linear behavior of wear rates from

1 million to 10 million cycles was based on previous

investigations that have shown a wear pattern of hard-on-

hard THA bearings with an initial bedding-in phase of

higher wear that lasts about 0.5 million cycles, followed

by steady-state linear wear.6,29,30 Volumetric wear was

determined by the slope of the linear regression line, and

the wear rate was calculated from the gradient of the lin-

ear regression trend.

RESULTS

Microstructure and Properties of Fabricated Si3N4

SEM images of the polished and etched cross-section

(Figure 1) revealed a uniform microstructure consisting of

fine elongated grains (average grain width 5 1.5 lm), free

from large residual pores and flaws. The material had a

mean flexural strength and standard deviation of 920 6 70

MPa, a Weibull modulus of 19, and a fracture toughness of

10 6 1 MPa m1/2. The properties of the fabricated Si3N4

are compared to those of other orthopedic bearing materials

in Table I.

Effects of Aging

XRD of autoclaved and non-autoclaved Si3N4 showed the

presence of the hexagonal Si3N4 phase only (Figure 2). The

structures consisted predominantly of the beta phase (b-
Si3N4). XRD data showed neither any evidence of material

degradation, nor the formation of any new crystalline

phases following a 100-h exposure to surgical autoclaving

conditions. Except for the data point at 5 h, the flexural

strength of the Si3N4 remained within one standard devia-

tion of the mean strength (940 MPa) for all autoclaving

times (Figure 3).

Wear Testing

At 1 million cycles in a hip simulator, Si3N4–Si3N4 and

Si3N4–CoCr articulations produced volumetric wear of 0.2

mm3 and 0.18 mm3, respectively. Extrapolation to 10 mil-

lion cycles predicted wear volumes of 0.65 mm3 and 0.47

mm3, respectively [Figure 4(a)]. The means and standard

Figure 2. XRD pattern of Si3N4 (a) as-fabricated, and (b) after 100 h
in a surgical autoclave at 1218C. All peaks correspond to those of a

reference Si3N4 (JCPDS 33-1160).

Figure 3. Flexural strength of fabricated Si3N4 as a function of
aging time in a surgical autoclave at 1218C.

TABLE I. Comparison of the Mechanical Properties of Si3N4

Fabricated in the Present Work with those of the Other
Orthopedic Bearing Materials

Material

Elastic

Modulus

(GPa)

Hardness

(Vickers)

(GPa)

Fracture

Toughness

(MPa m1/2)

Flexural

Strength

(MPa)

Si3N4 306 15 6 1 10 6 1 920 6 70

CoCr 210–250 3–4 50–100 800–1000a

Al2O3 300–500 14–16 4–5 300–400

Y-TZP 200–250 12–14 6–12 1000–1500

ZTA 300–350 12–15 6–10 700–1000

Source: Ref. 5.

CoCr, cobalt–chromium alloy; Y-TZP, yttria-stabilized tetragonal zirconia poly-

crystals (typically ZrO2–3 mol% Y2O3); ZTA, ZrO2-toughened Al2O3 (typically

Al2O3 containing ~20 vol% ZrO2.
a Tensile yield strength.
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deviations are given in Figure 4(b). In comparison, the

reported clinical wear volume for CoCr–ultra-high molecu-

lar weight PE is 62 mm3, and experimental wear volumes

for CoCr–CoCr and Al2O3–Al2O3 bearings, reported by

Clarke et al. using identical hip simulators and testing pro-

tocols, were 6.5 mm3 and 0.35–0.6 mm3, respectively.6

Inspection of the Si3N4 surfaces after wear testing showed

a smooth, glossy finish, with no scratching or wear marks

(Figure 5).

The protocols for metal wear particle characterization

have not been standardized, and were not conducted in the

present study. Assuming that all wear particles in testing

the Si3N4–CoCr couple consisted of the softer metal, the

volumetric wear of CoCr particles generated is an order of

magnitude lower than that reported with CoCr-CoCr THA

bearings used today.

DISCUSSION

Among THA bearings, Al2O3–Al2O3 has shown the lowest

wear of any material combination.6 Under clean as well as

third-body experimental conditions, Al2O3–Al2O3 wear in

THA is an order of magnitude less than that of CoCr–

crosslinked PE.31,32 However, ceramics are brittle, and the

catastrophic failure of Al2O3 bearings in vivo is a valid

concern, despite many improvements in the quality of med-

ical grade Al2O3.
12,13 The unexpected rupture of Al2O3

femoral heads,33 and the chipping of Al2O3 acetabular cups

during seating in metal shells7 are serious complications in

THA. In the past, substituting a tougher material such as

ZrO2 (typically Y-TZP) for Al2O3 did not address this

problem; Y-TZP proved susceptible to degradation and

other material anomalies14 that led to catastrophic failure

as well.34

Si3N4 has a favorable combination of mechanical prop-

erties and low friction that lead to low wear. Reduced wear

is a function of low-frictional coefficients, closely matched

elastic moduli, and smooth surface finishing of the articu-

lating surfaces. Si3N4–Si3N4 pairings have a friction coeffi-

cient of 0.001 compared with 0.08 for Al2O3–Al2O3.
23

Previous testing of ceramic-on-metal THA bearings

(Al2O3–CoCr) using Al2O3 femoral heads and CoCr cups

has shown low wear35,36; the wear of CoCr–Si3N4 using

metal heads in the present study was even lower. This

could be attributed to both the low contact stress between

Si3N4 and CoCr, and the favorable lubricity of Si3N4,

amongst other factors.37–39

Figure 5. Optical micrographs of Si3N4–Si3N4 (left) and Si3N4–CoCr (right) bearing couples after 1

million cycles in a hip simulator, showing no visible wear on the articulating surfaces.

Figure 4. Volumetric wear of Si3N4–Si3N4 and Si3N4–CoCr bearing

couples compared with data for commercial Al2O3–Al2O3 and

CoCr–CoCr bearings, in identical hip simulators and testing condi-
tions.
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Catastrophic failure of a ceramic THA bearing occurs

because of surface and subsurface microcracks that propa-

gate through the material, typically by slow crack growth.

Because Si3N4 has greater fracture toughness than Al2O3,

the material should be more resistant to such failures. The

higher fracture toughness and strength of Si3N4 also impart

superior damage resistance (i.e., the ability to retain

strength following contact damage) when compared with

Al2O3. Because of its higher strength and higher fracture

toughness, Si3N4 can withstand high loads even if contact

stress-related damage were to occur.40–42

The practical advantages of CoCr femoral heads include

a long history of familiarity to hip surgeons, availability in

many neck lengths and diameters, and the absence of cata-

strophic failures in vivo. Ceramic acetabular cups have also

proven durable in vivo, with a failure rate of only 0.22%

reported in a large clinical series; all such failures occurred

with unusual loading from component impingement and

recurrent bearing dislocation from instability.43 Newer cup

designs that protect the ceramic insert inside a metal sleeve

encasing have shown no in vivo failures.44 The pairing of

CoCr femoral heads and Si3N4 cups in THA therefore has

practical value; it eliminates catastrophic head failure,

while achieving the low wear rates of ceramic surfaces.

Ceramic-on-metal bearing combinations in THA have

been investigated previously, with ZrO2-toughened Al2O3

(ZTA) femoral heads. ZTA femoral heads articulating with

CoCr cups produce friction comparable with Al2O3–Al2O3,

and lower than CoCr–CoCr bearings.36 ZTA balls articulat-

ing with CoCr cups has shown experimental wear rates that

are approximately 100 times lower than CoCr–CoCr, and

lower than Al2O3–Al2O3 as well.45 The concerns related to

brittle failure of ceramic femoral heads are not eliminated

in ZTA–CoCr couplings, however. Cross-linking and qual-

ity improvements in PE have reduced CoCr–PE wear rates

to 5–40 mm3 per million cycles,46,47 but these figures are

higher than the wear rates of hard–hard bearing combina-

tions in THA, such as CoCr–CoCr and Al2O3–Al2O3.
45

The generation of a larger number of smaller wear de-

bris particles that could expose an increased total surface

area of bioreactivity is a concern with hard bearings in

THA.48 The equivalent circular diameter (ECD) of Si3N4

simulator wear particles is 0.7 6 0.6 lm49; this is similar

to ultrahigh molecular weight PE (mean ECD = 0.4 6 0.2

lm) and Al2O3 (mean ECD = 0.4 6 0.4 lm) obtained

from clinical retrievals.10,50 Si3N4 wear consists of rounded

micron and submicron particles that are similar to Al2O3

particles generated under similar testing conditions.51 Ce-

ramic particles are inert, and for matched particle size and

concentration, they are less bioreactive than PE par-

ticles.52,53 Previous studies have shown no acute or chronic

toxicity, mutagenicity, allergenicity, carcinogenicity, or

localized tissue toxicity after prolonged in vivo exposure to

Si3N4.
18,54–57 In contrast, the systemic long-term effects of

metal ions and metal wear produced by all-metal (CoCr)

bearings in THA remain unclear.48,58,59

CONCLUSION

Si3N4 bearings were made by sintering and HIPing fine

powders. The resulting material had superior fracture

toughness and flexural strength than modern Al2O3 bear-

ings used in THA. Accelerated aging in a surgical auto-

clave for 100 h at 1218C did not change the flexural

strength of the as-fabricated material. Si3N4–Si3N4 and

Si3N4–CoCr THA bearings produced low wear rates that

were comparable to Al2O3–Al2O3. The key advantage of

Si3N4–CoCr bearings over other ceramic–metal couplings

is the use of CoCr heads in Si3N4–CoCr. This eliminates

concerns related to brittle head failure, while achieving the

low wear rates of ceramic surfaces. Clinical studies are

necessary to determine whether the novel combination of

CoCr femoral heads and Si3N4 cups will prove efficacious

in reducing THA bearing wear.
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Abstract 

The effect of frictional sliding on the surface degradation of commercially available zirconia-

toughened alumina (ZTA) femoral heads was studied using a pin-on-ball wear tester under three 

different lubricating conditions: dry, water, and squalene.  Water and squalene were employed 

under boundary lubrication regimes.  Despite the unique (non-standard) character of this apparatus, 

standard loading conditions could be applied, which effectively determined dynamic friction 

coefficients as basic material properties. Two types of surface degradation were observed: (i) the 

polymorphic tetragonal-to-monoclinic (tm) transformation of the zirconia (ZrO2) dispersoids, and 

(ii) the off-stoichiometry drift caused by oxygen vacancy formation within the alumina matrix. 

Scanning laser microscopy (SLM), Raman spectroscopy (RS), scanning electron microscopy (SEM), 

cathodoluminescence (CL), and X-ray photoelectron spectroscopy (XPS) were utilized to evaluate 

the fractions of transformed zirconia phase and the stoichiometric evolution of the oxygen sub-lattice 

at the surface of wear-tested ZTA components. Wear tracks on the surface of the femoral heads were 

only detected under dry conditions. Dry wear also showed the highest frictional forces and the most 

pronounced formation of oxygen vacancies among the tested conditions. Conversely, equivalent or 

greater amounts of the tm transformation were observed with water and squalene lubrication when 

compared to the dry wear condition. 

Keywords: Biolox delta; ZTA; lubrication; monoclinic transformation; oxygen vacancies; Raman 

spectroscopy 

 

1. Introduction 

Articulatory interactions between hard-on-hard ceramic components utilized in total hip arthroplasty 

have been preponderantly evaluated from a mechanistic viewpoint. Elastic properties, topological 

surface characteristics, friction coefficients, and wear rates have been selected as key representative 

parameters for sliding couples, (Boutin, 1971, 2014; Claussen, 1976; CLAUSSEN and STEEB, 

1976; Willmann and Kramer, 1998); and the resulting regulatory procedures reflect these simplistic 

mechanical notions (Burger, 1997; ISO14242-1:2014, 2014). Conversely, surface chemical reactions 

and stoichiometry have been either ignored, considered clinically irrelevant, or conspicuously 

neglected as factors affecting joint bearing surfaces. If the so far accepted mechanistic view is 

correct, then any smooth, hard, stiff, and low-friction ceramic component could paradoxically 

function equally well as a bearing material. However, there are observed differences between 

simulated in vitro performance and actual in vivo retrievals; and these discrepancies are likely 
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related to surface stoichiometric or phase changes. These factors may also be reasons for ceramic-

on-ceramic components conspicuously failing in achieving elongated artificial joint lifetimes. Indeed, 

non-mechanistic parameters do affect friction, wear, and other surface properties (e.g., toughness, 

impact resistance, and thermal conductivity) of joint implants (Heck et al., 1995; Lange, 1982). 

Consequently, a more comprehensive scientific approach is required in order to account for both 

mechanistic and chemical effects of various ceramics on prosthetic lifetimes (Pezzotti, 2013).   

 

As an example, let’s consider the performance of zirconia-toughened alumina (ZTA) in ceramic-on-

ceramic hip joints. While this material exhibits excellent in vitro static (Kuntz, 2007) and dynamic 

(Guo et al., 2002) behaviours, its in vivo performance is quite different from laboratory predictions, 

particularly with respect to surface stability (Affatato et al., 2015; Kurtz et al., 2012; Sakona et al., 

2015; Basu et al., 1996; Corfield et al., 2007; Deville et al., 2005). Attempts to correlate the tm 

transformation in ZTA to tribological parameters (Stewart, Tipper et al. 2001, Manaka, Clarke et al. 

2004, Al‐Hajjar, Jennings et al. 2013) and to assess its durability (Oonishi et al., 2004) through a 

combination of ageing and wear have appeared in the literature. Standard in vitro hip-simulations 

demonstrate negligible amounts of wear after millions of cycles; and accelerated hydrothermal tests 

estimate hundreds of years of in vivo exposure are required for the crystallographic destabilization 

(i.e., tm transformation) of its surface (Chevalier et al., 2009b; Fabbri et al., 2014a). However, 

significant fractions (>40 vol.%) of the monoclinic phase have been observed even on short-term 

retrievals (Affatato et al., 2015; Kurtz et al., 2012; Sakona et al., 2015; Basu et al., 1996; Boffelli et 

al. 2016). Previous research (Corfield et al., 2007; Deville et al., 2005) has also characterized the 

detrimental effect of metal contamination on the tm transformation. Metallic stains on femoral 

heads occur because of their impingement against metal acetabular cups during subluxation or 

dislocation. This circumstance represents a typical cause of chemistry-assisted destabilization and 

enhanced degradation of ZTA (Boffelli et al., 2016); and it is particularly relevant to the trunnion of 

the prosthesis due to its metal/ceramic interface. However, recent research has shown quite high 

transformation rates even in the absence of metal stains (Affatato et al., 2015; Kurtz et al., 2012; 

Sakona et al., 2015; Chevalier et al., 2009a). 

 

Under ideal conditions, the hip articulation should constantly be lubricated by a thin film of synovial 

fluid, efficiently reducing the contact pressure and wear rate of the two counterparts (Nečas et al., 

2016). Synovial fluid is a complex, non-Newtonian mixture of proteins, hyaluronic acid and 

minerals which composition is a function of the health status of the surrounding tissues (Balazs, 

1974). Lubricin, in particular, has been demonstrated to play a key role on wear of ceramic-on-

ceramic couples, minimizing both friction and wear (Ghosh et al., 2016). Nevertheless, squeaking in 

ceramic total hip prostheses has often been associated with the breakage of the lubrication film and 

the presence of dry lubrication conditions (Askari et al., 2016), often further exacerbated by the 

presence of third bodies (Piriou et al., 2016), thus leading to a local increase of both contact pressure 

and temperature. The role of contact temperature on the tetragonal to monoclinic transformation of 

ZTA femoral heads under dry lubrication conditions has already been investigated (Puppulin et al., 

2014; Zhu et al., 2014), which reported values above 130 °C associated with higher fractions of 

monoclinic zirconia. As zirconia phase transformation is promoted by the presence of water 

molecules (Guo, 2004) and simulated aging of ZTA materials is usually performed in hydrothermal 
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conditions (Fabbri et al., 2014b; International; Pandey and Biswas, 2016), water lubrication can be 

used to simulate hydrothermal trigger for the tetragonal-monoclinic transformation in ZTA under 

dynamical conditions (Lopomo et al., 2016; Saikko, 2016). Note also that water highly degradative 

superoxide molecules might also form in the tribolayer in vivo as by-products of protein degradation 

(Fu et al., 2000). 

 

In this paper, we attempt to compare the tribological performance of ZTA femoral heads under 

severe loading conditions, which could simulate in vivo cases of impingement (Elkins et al., 2011; 

Elkins et al., 2012) or the presence of stress intensifications due to third bodies, using different 

lubrication models: (i) an oxidative and aggressive environment (water) that should be correlated as 

a dynamical counterpart to short-term hydrothermal aging tests performed by other authors on ZTA; 

(ii) un-lubricated (dry) conditions that reflect the worst in vivo case, often associated with squeaking 

of ceramic-on-ceramic implants; and, (iii) a low friction media represented by a low viscosity fluid 

(squalene), as an ideal condition in a mechanistic view of sliding, but including severe chemical 

reactions and surface stoichiometry alterations. 

 

2. Experimental Procedures 

 

2.1 Samples 

 

The samples used in this experimental program were 32 mm ZTA ceramic femoral heads 

(BIOLOX
®
delta, CeramTec, Plochingen, Germany) manufactured in 2014. One head was cut into 10 

mm x 10 mm spherical sectors that were then used as pins for the tribological testing against uncut 

32 mm heads. All samples were washed in an ultrasonic bath of ethanol before testing to remove 

residual dust particles and other contaminants. 

 

2.2 Wear testing 

 

Following previous studies on similar materials (Al‐Hajjar et al., 2013; Manaka et al., 2004; Stewart 

et al., 2001), wear tests were conducted in pin-on-ball configuration (Fig. 1; cf. our choice of 

Cartesian coordinates). Although this is a non-standard geometry, it still provided the same basic 

information on intrinsic material properties.  Moreover, it enabled wear testing to be conducted on 

the actual surfaces of as-received femoral heads. Wear tests were performed at a rotational speed of 

one revolution per second (i.e., 1 Hz; ~100 mm/s) under an applied load of 10 N. During testing, 

friction coefficients were monitored using a sampling rate of 10 acquired values per second. A glass 

lubricant reservoir was placed under the femoral head and its vertical position adjusted to achieve 

2.0 ± 0.2 mm immersion of each head’s diameter. Three different lubrication conditions were tested: 

dry, 100% distilled water, and a 95% squalene solution in water.   

 

With the knowledge of applied load, ball diameter, elastic modulus and Poisson’s ratio, the pressure 

distribution in the contact area was calculated using the following contact mechanics equations: 

                                  p(r) = p0 (1 −
r2

a2)

1

2
                            (1) 
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where p0 is the maximum contact pressure given by: 

 

                                  p0 =  
3F

2πa2
                                     (2) 

 

F is the applied force, and a is the radius of the contact area, which is given by: 

 

                                  a = √
3FR∗

4E∗

3
                                    (3) 

 

R* is the effective radius for two identical spheres of R1 = R2, and is defined as: 

 

1

 R∗ =
1

R1
+

1

R2
=

2

R
                             (4) 

 

and, E* is the effective elastic modulus for two spheres of the same material, E1 = E2 = E and v1 = v2 

= v: 

 

1

E∗ =
(1−v1

2)

E1
+

(1−v2
2)

E2
=

2(1−v2)

E
                 (5) 

 

A contact area of about 0.055 mm
2
 and a maximum pressure of 1100 MPa were estimated by solving 

Eqs. (1)~(5).  

 

2.3 Scanning laser microscopy 

 

Morphological characterization and roughness analyses of the sample’s surfaces were conducted 

using a confocal scanning laser microscope (Keyence, VK-x200 series, Osaka, Japan) with a 408 nm 

wavelength source. The instrument’s depth of field and spatial resolutions provided reliable results 

between 100x to 1500x magnification. For statistical purposes, five maps were acquired at each 

magnification on each sample in the proximity of the wear track.  Roughness values (Ra) were 

measured inside and outside the wear track and averaged. 

 

2.4 Scanning electron microscopy and cathodoluminescence spectroscopy 

 

A Field Emission Gun Scanning Electron Microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo, 

Japan) was used to observe surface morphologies at higher magnifications. The instrument was 

equipped with an Electron Dispersive X-ray Diffraction (EDS) probe and a cathodoluminescence 

(CL) device. All images were collected at an acceleration voltage of 5 kV and magnifications 

between 2,000x and 70,000x. CL spectra were also collected in the same FEG-SEM for the 

differently tested samples during one session using the same experimental conditions in order to 

avoid introducing additional variables. The acceleration voltage and the beam current were fixed at 3 
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kV and 80 pA, respectively. The CL device, consisting of an ellipsoidal mirror and an optical fiber 

bundle, collected and focused the emitted electron-stimulated luminescence into a highly spectrally 

resolved monochromator (Triax 320, Jobin-Yvon/Horiba Group, Tokyo, Japan). For each sample, 

100 CL spectra were randomly obtained from different areas using an acquisition time of 60 s in 

order to ensure statistical significance. The spectra were then deconvoluted using commercial 

software (Origin 9.1, OriginLab Co., Northampton, MA, USA) and the results averaged and 

compared. 

 

2.5 Raman spectroscopy 

 

All the Raman spectroscopic experiments were conducted in a backscattering configuration using a 

triple monochromator (T-64000, Horiba/Jobin-Yvon, Kyoto – Japan) equipped with liquid nitrogen-

cooled charge coupled device (CCD), a confocal pinhole, and cross or parallel polarization filters. 

The excitation source was a 532 nm Nd:YVO4 diode-pumped solid-state laser (SOC JUNO, Showa 

Optronics Co. Ltd., Tokyo, Japan) operating with a power of 200 mW. A neon lamp and a silicon 

substrate (111) were used for the internal calibration of the spectrometer. An objective lens with a 

numerical aperture of 0.5 was used both to focus the laser beam on the sample surface and to collect 

the scattered Raman light. For each sample, five 150 m x 150 m Raman maps were acquired 

across each wear track. Acquisitions were performed at 30-second intervals with two repetitions in 

the range of zero to 800 cm
-1

.  The monoclinic zirconia content was calculated using the Katagiri 

equation (G. Katagiri, 1988): 

 

Vm =
(Im

178+Im
189)

4.4It
145+ Im

178+Im
189 

                       (6) 

 

where Im
178 and Im

189 are the Raman peak intensities of the monoclinic bands at 178 cm
-1

 and 189 

cm
-1

, while It
145 is the Raman peak intensity of the tetragonal bands at 145 cm

-1
. 

 

2.6 XPS analyses 

 

XPS experiments were conducted in a JEOL JSP-9010MC/SP device with an MgK source at an 

angle of 34
o
. Output, pass energy, voltage step, and dwell time were 10.0 kV x 10.0 mA, 10 eV, 0.1 

eV, and 100 ms, respectively. Worn ZTA samples (n=3) were examined under dry conditions and 

compared with data obtained for unworn areas from the same samples. 

 

3. Experimental Results 

 

3.1 Wear testing 

The coefficients of friction using the different lubrication conditions are summarized in Fig. 2. A 

run-in period of 10 m was removed from all the graphs due to initial data scattering; and the results 

were filtered using weighted moving averages to reduce the effect of mechanical noise. It was 

observed that the dynamic friction coefficients were stable between ten and 2,000 meters, oscillating 

within a range of ± 0.01. 

 

https://www.researchgate.net/publication/285805227_Direct_determination_by_Raman_microprobe_of_the_transformation_zone_size_in_Y2O3_containing_tetragonal_ZrO2_polycrystals?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
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Under dry conditions, the friction coefficient of the ceramic-on-ceramic system stabilized at about 

0.53, which was lower than previously published data (Gremillard et al., 2013; Pezzotti et al., 2012; 

Puppulin et al., 2014) but consistent with prior results obtained with similar geometrical conditions 

(Hamilton et al., 2015). The use of water and squalene as lubricants reduced the friction coefficients 

to 0.49 and 0.27, respectively. The limited lubricating effect of the two media when compared to 

previous literature data were justified by the boundary lubrication conditions. 

 

3.2 Scanning laser and electron microscopy analyses 

 

SLM and SEM data, which were obtained at different spatial resolutions, are summarized in Fig. 3. 

In all figures, the fine grain structure of the ZTA composite was clearly visible as a homogeneous 

microstructural network. While the surface roughness of the pristine samples was Ra20 nm, a wear 

track was clearly visible at the centre of the theoretical contact area of the sample tested under dry 

conditions (Fig. 3(a)). The width of the track was about tenfold narrower than the theoretical contact 

area, suggesting that only the highest contact pressure could generate tribological damage. At 

comparable magnifications (i.e., 1500x), the wear scratches disappeared when water was employed 

as the lubricant (Fig 3(b)). The only noted effect was polishing of the diagonal machining scars 

present on the as-manufactured heads; but this was only recognized at the central zone of the 

theoretical contact area. In the case of squalene lubrication (Fig. 3(c)), no signs of tribological 

damage could be detected at the contact area by laser microscopy. This result is consistent with the 

reduced friction coefficient, which was about 50% of the value observed under dry conditions.   

 

SEM imaging was ineffective in providing morphological differences between worn and unworn 

areas, as observed by comparing the pristine and dry-worn surfaces (cf., Figs. 3(d) and 3(e), 

respectively). No clear differences were found in either the zirconia dispersion (white areas) or the 

alumina matrix (grey areas), except for a slight polishing effect of the pristine machining scars on the 

dry-worn sample.   

 

3.3 Raman spectroscopic analyses 

 

Figure 4 shows maps of monoclinic zirconia volume fraction acquired on the pristine surface 4(a) 

and from the worn contact areas of dry 4(b), water 4(c), and squalene 4(d) lubrication conditions. 

Raman maps showed that the average amount of monoclinic phase on the pristine ZTA surface (Fig. 

4(a)) was about 9 vol.%.  This is relatively low when compared to previous literature data 

(Pokorny-Olsen and Knahr, 2014; Zhu et al., 2014). However, the low amount of zirconia 

monoclinic fraction in the as-received ZTA heads is in line with literature findings (Deville et al., 

2005; Ma and Rainforth, 2010; Taddei et al., 2012), in which a progressive improvement of the 

pristine material was noticed from the production year 1999 toward 2011, reaching a final average 

value of 11 vol.% (Affatato et al., 2012), and a further improvement between 2011 and 2014 (Al‐

Hajjar et al., 2016). This comparative analysis suggests that the ZTA femoral heads utilized in the 

current study were manufactured with a relatively low amount of monoclinic phase. Under dry 

conditions (Fig. 4(b)), there was a clear tendency to generate higher monoclinic volume fractions at 

the centre of the contact area, with localized amounts as high as 25 vol.%. However, the 

transformation was not uniform along the main wear direction, with an observed range between 9 to 

https://www.researchgate.net/publication/230581689_Retrieval_analysis_of_three_generations_of_Biolox_R_femoral_heads_Spectroscopic_and_SEM_characterisation?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/8076175_A_Critical_Comparison_of_Methods_for_the_Determination_of_the_Aging_Sensitivity_in_Biomedical_Grade_Yttria-Stabilized_Zirconia?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/8076175_A_Critical_Comparison_of_Methods_for_the_Determination_of_the_Aging_Sensitivity_in_Biomedical_Grade_Yttria-Stabilized_Zirconia?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/236092910_Combining_Ageing_and_Wear_to_Assess_the_Durability_of_Zirconia-Based_Ceramic_Heads_for_Total_hip_Arthroplasty?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/235774335_Innovative_tribometer_for_in_situ_spectroscopic_analyses_of_wear_mechanisms_and_phase_transformation_in_ceramic_femoral_heads?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/256913390_In-depth_profiling_of_elastic_residual_stress_and_the_in_vivo_wear_mechanism_of_self-mating_alumina_hip_joints?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/232392277_A_study_of_BioloxRdelta_subject_to_water_lubricated_reciprocating_wear?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/235774336_In_situ_measurements_of_local_temperature_and_contact_stress_magnitude_during_wear_of_ceramic-on-ceramic_hip_joints?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/258670586_Raman_and_fluorescence_investigations_on_retrieved_Biolox_R_delta_femoral_heads?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
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20 vol.%. High m-ZrO2 fractions (up to 25 vol.%) were found at the centre of the contact area under 

water-lubricated conditions (Fig. 4(c)). In this case, the amount of the transformed phase was also 

not uniform along the wear axis; and the transformed area across the wear track appeared to be wider 

when compared to the similar area generated under dry conditions. For squalene-lubricated 

conditions (Fig. 4(d)), the spatial distribution of the monoclinic phase appeared to be comparable to 

both the dry and water-lubricated samples. However, only a limited number of transformed locations 

with high monoclinic fractions were found, suggesting that the presence of squalene as a lubricant 

was effective in reducing the amount of transformed zirconia. 

 

Nevertheless, a statistical comparison of the tm transformation behaviours of these ZTA heads 

provided a more in-depth view of the amount of transformation occurring under different lubrication 

conditions. These results are presented as histograms in Fig. 5(a) through (d) for the pristine, dry, 

water, and squalene lubrication conditions, respectively. They show the amounts of m-ZrO2 within a 

20 m wide central stripe for each sample.  They were comprised of five maps from each 

lubrication condition, totalling 605 points per sample.  The spotted area represents the region under 

the highest contact pressure. Although the average monoclinic contents of the four test conditions 

were similar, clear differences were observed for m-ZrO2 fractions above about 20 vol.%. A larger 

amount of m-ZrO2 (i.e. >20 vol.%) was generated from water lubrication as compared to either dry 

or squalene lubrication. However, the squalene lubricant induced the greatest amount of monoclinic 

content between 15 to 20 vol.%. This suggests that squalene did not prevent the polymorphic 

transformation, but instead reduced its maximum amount within the specified testing conditions. The 

greatest degradation appeared with water lubrication. Its monoclinic fraction was threefold higher 

than the pristine surface; and squalene induced slightly less severe transformation as compared to 

water. 

 

The graph of Fig. 6 shows average transformation profiles across the wear zone compared to the 

theoretical profile of the contact pressure under static conditions, as given by Eqs. (1)~(5). These m-

ZrO2 profiles correlate well with contact pressure. Under dry conditions, the amount of m-ZrO2 

exceeds the average value for the pristine material only at a contact pressure of about 630 MPa. This 

value is reduced to about 520 MPa for water lubrication; and a similar value was obtained for 

squalene, even though its profile was the most irregular in morphology. The profiles provided in Fig. 

6 confirm that the most critical conditions for transformation included a combination of water and 

mechanical load. Both reduced the threshold stress necessary to transform the metastable tetragonal 

phase. Additionally, a similar trend was observed for squalene lubrication, but the total amount of 

transformed ZrO2 was lower due to improved lubrication and likely less heat generation.   

  

3.4 CL spectroscopic analyses 

 

CL spectroscopy was performed in order to assess possible stoichiometric differences between worn 

and unworn areas, particularly with respect to the amount of oxygen vacancies present in the 

alumina matrix. Figure 7 shows the average CL spectra obtained on the different samples in the 

spectral region between 250 and 470 nm. A clear, strong peak was identified between 300 and 450 

nm, associated with oxygen vacancies – specifically colour centres filled with unpaired electrons 
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(F
+
) (M. Ghamnia, 2003).

 
The asymmetric nature of the CL signal in this spectral region is caused by 

the presence of a secondary weaker emission slightly shifted to higher wavelength and associated 

with colour centres filled with two unpaired electrons (F). A statistically significant variation in the 

overall band intensity comprised of both F (380 nm) and F
+
 (345 nm) centres was observed after 

tribological testing. The observed stoichiometric drift was in line with previously published data on 

artificially aged ZTA ceramics (Wang et al., 2000) and ex-vivo retrievals (Ardizzone and Bianchi, 

2000; Dongare et al., 2002), which were collected by different analytical techniques. Taking into 

account the combined intensities of the two emissions (cf. Gaussian curves Fig. 7), both related to 

oxygen-vacancy sites, it was observed that the emission caused by oxygen off-stoichiometry drift 

increased due to tribological testing. The full distributions of the measured CL intensity, as shown in 

Fig. 8(a)~(d), revealed statistically significantly increasing variations, especially under water 

lubricated and dry tribological conditions. 

 

3.5 XPS analyses 

 

The O1s, Al2p, and Zr3d XPS spectra of the dry-worn and unworn zones of the ZTA sample were 

examined (Figs. 9(a) and (b), respectively). Table 1 summarizes average values and their respective 

standard deviations for n=3. XPS analyses confirmed a reduction in oxygen content in the worn zone 

as compared to the unworn one (41.06 ± 0.31 vs. 42.72 ± 0.66 wt.%). However, clear morphological 

differences for the O1s peak of worn and unworn regions could not be detected (cf. Figs. 9(a) and 

(b)). The elemental fraction of Al at the sample surface increased only slightly after wear testing 

(0.54 wt.%). As can be seen in comparing Figs. 9(a) and (b), the Al2p peak at 75.6 eV was 

symmetric and morphologically undistinguishable between worn and unworn regions. Conversely, 

the Zr elemental fraction increased by 1.12 wt.%. Remarkably, the XPS data for the fractional 

decrease in oxygen were in agreement with the increased emissions from oxygen vacancy sites 

detected by CL analyses. It should be noted that the O1s peak in the XPS analyses is cumulative of 

both alumina and zirconia phases in ZTA. However, neglecting the variation of oxygen within the 

zirconia phase in first approximation and assigning to the alumina phase the full difference in surface 

oxygen content between worn and unworn areas, the observed increase in CL intensity of 396% 

was found to correspond to the 1.66 wt.% decrease in oxygen detected by XPS.  Furthermore, 

assuming that the CL emission is proportional to the concentration of oxygen-vacancy sites, the 

observed variation in corresponds to an off-stoichiometry drift between worn and unworn surface 

equal to x  0.05 in the chemical formula Al2O3-x. 

  

XPS has been reported to be very sensitive to the chemical state of Zr cations in ZrO2 (Wang et al., 

2000). The Zr3d core-level XPS spectra in Figs. 9(a) and (b) consist of three components (cf., a main 

peak, and two shoulders). Polymorphs of ZrO2 present a doublet attributed to the spin-orbit splitting 

of the Zr3d components into Zr3d5/2 and Zr3d3/2. Deconvolution of the XPS spectra produces sub-

bands attributed to the existence of two zirconium species – one with a low binding energy (i.e., Zr
2+

, 

between 180.7 and 181.4 eV) and another with higher binding energies (i.e., Zr
3+

 and Zr
4+

, between 

182.1 and 182.3 eV). However, it should be noted that the fractional species of Zr
3+

 and Zr
4+

 for any 

ZrO2 polymorph is large compared to that of Zr
2+

. The binding energy of Zr
4+

 species in stoichio-

metric ZrO2 was reported at around 182.6 eV (Ardizzone and Bianchi, 2000), while slightly lower 

https://www.researchgate.net/publication/243802722_XPS_characterization_of_sulphated_zirconia_catalysts_The_role_of_iron?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/243802722_XPS_characterization_of_sulphated_zirconia_catalysts_The_role_of_iron?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/228926608_Synthesis_and_characterization_of_copper-stabilized_zirconia_as_an_anode_material_for_SOFC?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/238487766_XPS_UPS_and_ESR_studies_on_the_interfacial_interaction_in_Ni-ZrO2_composite_plating?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/238487766_XPS_UPS_and_ESR_studies_on_the_interfacial_interaction_in_Ni-ZrO2_composite_plating?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/238487766_XPS_UPS_and_ESR_studies_on_the_interfacial_interaction_in_Ni-ZrO2_composite_plating?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
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values were observed for samples of m-ZrO2 (182.1 eV) because of oxygen deficiencies (i.e., the 

tm transformation reduces oxygen coordination within the ZrO2 crystal structure). Band shifts to-

ward lower binding energies have been associated with holes (i.e., oxygen vacancies) in the ZrO2 lat-

tice (Dongare et al., 2002). According to Kawasaki (Kawasaki, 1997), Zr3d, Zr3d5/2, and Zr3d3/2 

components for stoichiometric cubic ZrO2 were observed at 182.0 and 184.4 eV, respectively. How-

ever, in tetragonal and monoclinic ZrO2 polymorphs, the same components shifted to 182.7 and 

184.7 eV (Ram and Mondal, 2004), and 182.2 and 184.6 eV (Gredelj et al., 2001), respectively. The 

binding energy values of Zr3d components measured in this study are summarized in Table 1. Ac-

cording to the literature values reviewed above, the low binding energy shoulder observed in the 

XPS spectra at around 180.2 eV, whose relative intensity slightly decreased in the worn zone as 

compared to the unworn one, is attributed to Zr
2+

 sites. When compared to stoichiometric ZrO2, this 

clearly lower value suggests that the Zr
2+

 shoulder was comprised of sites rich in oxygen vacancies. 

Moreover, the slight shift of the Zr
2+

 shoulder-peak toward higher energies in the worn versus un-

worn areas indicates that oxygen vacancies in the tetragonal ZrO2 phase were partly annihilated dur-

ing the wear process. This well-known vacancy annihilation effect corresponds to the destabilization 

of tetragonal zirconia (Fabris et al., 2002). The high binding energy shoulder, which was observed at 

~185.3 eV, was cumulative of Zr3d5/2 and Zr3d3/2 for tetragonal and monoclinic polymorphs. Simi-

larly, the main peak, which was observed at ~183.1 eV, was assigned to cumulative Zr3d compo-

nents from tetragonal and monoclinic polymorphs. Unfortunately, the binding energy shifts of the 

main peak and high-energy shoulder in worn and unworn areas were too small to distinguish be-

tween Zr
3+

 and Zr
4+

 sites. Note also that the two chemical states for Y
3+

, namely, Y3d5/2 at 157.8 

and 152.5 eV, and the two peaks of Y3d3/2 at 159.6 and 154.2 eV were not detected in the present 

experiments. 

 

4. Discussion 

 

4.1 Off-stoichiometric aspects of hard-on-hard sliding 

The detrimental effect of water on the stability of partially stabilized zirconia ceramics is a well-

known phenomenon and has long and extensively been studied (Guo, 1999; Yoshimura et al., 1987;  

Sato et al., 1985; Tjernlund et al., 1986). A cascade of surface chemistry events results in 

polymorphic destabilization, starting from chemisorption of water to form OH
-
, followed by 

formation of Zr-OH and/or Y-OH bonds at higher stressed locations, dissolution of Y-OH (Takaya et 

al., 2006), and finally by diffusion of hydrogen and oxygen within the ZrO2 lattice. This study 

demonstrates that not only does water play a dominant role in the polymorphic transformation of 

monolithic ZrO2 (Chevalier et al., 2009c), but it also has an identical effect for ZTA composites, 

although it is kinetically retarded due to the presence of the alumina matrix. Additionally, this study 

suggests that the presence of squalene affected ZTA surface stability. Squalene is a natural 

polyunsaturated hydrocarbon, whose equilibrium structure (C30H62) always includes a fraction of 

unsaturated hydrocarbons (C30H50). These species bind hydrogen ions to release unbound oxygen 

according to the following equation (Popa et al., 2015): 

 

C30H50 + 6H2O  C30H62 + 3O2                              (7) 

 

https://www.researchgate.net/publication/227793402_The_Tetragonal-Monoclinic_Transformation_in_Zirconia_Lessons_Learned_and_Future_Trends?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/27260040_A_Stabilization_Mechanism_of_Zirconia_Based_on_Oxygen_Vacancies_Only?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/229314823_Characterization_of_aluminium_surfaces_with_and_without_plasma_nitriding_by_X-ray_photoelectron_spectroscopy?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/228926608_Synthesis_and_characterization_of_copper-stabilized_zirconia_as_an_anode_material_for_SOFC?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/239627555_On_the_Degradation_of_Zirconia_Ceramics_During_Aging_Low-Temperature_Annealing_in_Water_or_Water_Vapor?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/229118391_X-ray_photoelectron_spectroscopic_studies_of_Al3_stabilized_t-ZrO2_of_nanoparticles?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/6711061_Dissolution_of_Functional_Materials_and_Rare_Earth_Oxides_into_Pseudo_Alveolar_Fluid?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/6711061_Dissolution_of_Functional_Materials_and_Rare_Earth_Oxides_into_Pseudo_Alveolar_Fluid?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
https://www.researchgate.net/publication/225891550_Influence_of_combustion_atmospheres_on_the_phase_transformation_of_zirconia?el=1_x_8&enrichId=rgreq-b886375525188164530bb74173959c4b-XXX&enrichSource=Y292ZXJQYWdlOzMwODk1NDgyNTtBUzo0MTY2MTQwMzkyMTIwMzNAMTQ3NjMzOTkzNTM2OQ==
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The occurrence of the above reaction makes free oxygen available at the wear contact area. Upon 

thermal activation, a scenario could be foreseen according to which such free oxygen fills the 

vacancies present within the t-ZrO2 lattice. This process in turn destabilizes the tetragonal structure 

accelerating its spontaneous transformation into the monoclinic polymorph. The slightly increased 

resistance to transformation for the squalene-lubricated condition as compared to water is likely due 

to the reduced friction and lower contact temperatures (cf. Figs. 2 and 6). Note that unsaturated 

lipids are always present in the synovial fluid (Rabinowitz et al., 1979), and their amount can 

drastically increase in cases of rheumatoid arthritis (Navarro et al., 2000). The presence of surface-

active phospholipids was ubiquitously observed on the surfaces of different kinds of prosthetic 

implants (Purbach et al., 2002) and, for this reason, even if the overall amount of lipids in synovial 

fluid is limited, their role on the polymorphic transformation of zirconia should not be 

underestimated. Purbach et al. showed that surface-active phospholipids, which compose the 

boundary lubricant in total hip arthroplasty, could be aspirated and rinsed from bearing surfaces of 

both short and long-term revision and primary surgeries. The substantial amounts of such surface-

active compounds can clearly lead to chemistry-driven synoviocytic activity, which plays a non-

negligible role on the stability of ZTA ceramics. 

Another important evidence in this study, which again related to off-stoichiometric chemistry, was 

that dry sliding resulted in a higher fraction of oxygen vacancies in the alumina matrix as compared 

to both water and squalene lubrication (cf., Fig. 7). These defects are entropically generated as a 

consequence of thermal activation and in accordance with the Boltzmann equation. Accordingly, an 

exponential increase in vacancy concentration should be expected due to frictional heating at the 

contact point between head and pin.  Even though the energy required to form oxygen vacancies in 

alumina is high (i.e., 7.08 eV) (Carrasco et al., 2004), localized contact temperatures can easily 

exceed 300C, particularly under dry conditions (Wu et al., 1990; Yust and Carignan, 1985). 

Consequently, under the assumption that the intensity of the observed CL emission is proportional to 

the concentration of oxygen vacancies, its increase could be correlated to the observed friction 

coefficients for dry, water, and squalene lubricant conditions. A plot of this phenomenological effect 

is shown in Fig. 10. The experimental relationship between friction coefficient, , and CL intensity, 

ICL, is provided as an equation in inset to Fig. 10. Also given in this figure is an analysis of the 

change in oxygen content from the XPS results discussed in Section 3.5. Note that the plot is 

exponential in nature as expected, which further confirms the Arrhenius dependence of the 

frictionally induced off-stoichiometry drift, x, in the alumina matrix. 

 

4.2 Mechanistic aspects of the investigated geometrical configuration 

As we have declared at the outset, the non-standard characteristics of the adopted testing apparatus 

could nevertheless be adjusted to obtain standard loading conditions and to effectively determine 

dynamic friction coefficients as basic material properties. Hereafter, we shall discuss further the 

impact of the adopted geometrical configuration on the obtained results. From this point of view, two 

substantial differences can be foreseen between the performed tribological test and the sliding 

motion that occurs in the hip joint: (i) under the selected testing conditions, the contact is realized 

between two convex surfaces, thus representing a non-conformal contact, while sliding of the 

femoral head inside the concave acetabular cup in the artificial hip joint is highly conformal; and, (ii) 

the sliding motion in the selected testing conditions is unidirectional, while in the hip joint is a 
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reciprocated one. Regarding the above point (i), in tribological studies, the dynamic friction 

coefficient, , is usually plotted in the so-called Stribeck curve as a function of the Hersey number, 

/p; in which p is the contact pressure,  is the dynamic viscosity of the lubricant, and  the 

contact speed. Under boundary lubrication conditions and toward low Hersey numbers, the 

coefficient of friction, , is maximized for a given sliding couple. Accordingly, for fixed conditions 

of dynamic viscosity and rotational speed, the contact pressure is the only decisive parameter for the 

magnitude of the Hersey number. In the computations of Hertzian contact associated with Eq. (4), 

convex surfaces are taken to have positive radii of curvature, while those of concave surfaces are, by 

convention, negative. Therefore, the contact between two surfaces with given curvature radii 

corresponds to the minimum possible R* value if the two surfaces are reciprocally convex. 

According to Eqs. (2) and (3), and for a given applied force, F, the case of reciprocal convexity thus 

leads to a radius of the contact area, a, which is the smallest and a maximum contact pressure, p0, 

which is the highest possible for the couple. These circumstances in turn minimize the Hersey 

number and maximize the observed coefficient of friction, , for the couple. In substance, for a given 

applied force on the couple, the non-conformal contact pressure between two convex sliding 

counterparts selected in this study is more severe than that realized in any conformal configuration 

of artificial hip joints for the same ZTA material. However, the selection of a relatively low applied 

force (F=10 N) allowed us to set the testing conditions equal to those recommended by the ISO 

standard (ISO14242-1:2014, 2014). 

Regarding the effect of sliding reciprocation vs. unidirectionality (i.e., the above point (ii)), 

fundamental research in lubricated sliding is generally conducted with continuously sliding systems 

(e.g., pin-on-disk assemblies), while also reciprocating tribometers (e.g., pin-on-plate) are used 

(Cavdar, 1997; Cutler et al., 1997; Martin et al., 1999). In published studies, no specifications are 

usually given for the choice of continuous or reciprocating sliding systems, except for mentioning 

eventual similarity among the adopted laboratory system and the studied application. Researches on 

the tribological differences between continuous and reciprocating systems, which also include 

lubrication issues, are seldom. However, as far as dry-sliding systems are concerned both wear and 

friction are often found to be higher in the case of continuous sliding system (Blau and Waluskas, 

2000; Marui and Endo, 2001). On the other hand, reciprocating devices might display more severe 

when compared to unidirectional ones with respect to wear when surface stresses are considered. As 

a matter of fact, reciprocating sliding can induce both tensile and compressive stresses onto the 

surfaces and wear under reciprocating sliding condition could result enhanced as compared to 

continuous sliding tests (Ward, 1970). In lubricated couples, differences in the lubricant flux motion 

around the contact should definitely play a role. Under linear motion regime and in a conspicuous 

absence of wear particle as in the present experiments, tribofilm has more chances for renewing the 

lubricant at the sliding contact due to centrifugal actions. According to these notions, during the 

present experiments of continuous pin-on-ball sliding, we might have probed the worst conditions as 

far as the friction coefficient is concerned, but also induced milder (microscopic) gradients of 

tensile/compressive contact stresses as compared with a reciprocating artificial hip couple made of 

the same ZTA material under the same applied load.  

 

5. Conclusion 

The self-mating wear properties of commercially available ZTA femoral heads were tested under 
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three different lubricating conditions: dry, water, and squalene, with the latter two occurring under 

boundary lubrication. Among the three different tribological conditions tested, only dry contact 

caused a visible wear scar on the surfaces of the ZTA femoral heads. However, equivalent or greater 

amounts of m-ZrO2 were recorded under water lubrication as compared to the dry-sliding condition. 

In other words, the combination of a wet environment (i.e., chemical boundary conditions) and 

applied load (i.e., stress state) resulted in an equivalent or even larger monoclinic phase fraction 

under less intense contact pressure. Squalene was also quite effective in reducing the friction 

coefficient of the self-mated ZTA couple, but it also detrimentally degraded the ZTA surface with the 

formation of similar or larger amounts of m-ZrO2 when compared to dry and water conditions. 

However, an opposite trend was found for the formation of surface oxygen vacancies in the alumina 

matrix of the ZTA components, with the most pronounced (Arrhenius-activated) off-stoichiometry 

drift occurring under dry conditions. This observation was phenomenologically correlated to the 

measured coefficients of friction for the different wear lubrication conditions. The main evidences 

obtained in this study can finally be summarized, as follows: 

 

(i) In the ZTA worn areas, water and squalene lubrication maximized the volume fraction of 

transformed zirconia dispersoids, whereas dry wear conditions maximized the formation of 

oxygen vacancies within the alumina matrix.   

 

(ii) The use of water or squalene lubricants reduced the contact temperature but also lowered the 

threshold stress for polymorphic transformation (cf. Figs. 4~6), which demonstrates the 

fundamental role of chemistry in the phase stability of ZTA bioceramics. 

 

(iii) The off-stoichiometry drift of the alumina matrix during dry wear conditions resulted in 

higher concentrations of oxygen vacancies within the alumina lattice. This result was directly 

due to its higher friction coefficient and contact temperature, and less affected by chemical 

triggers (cf. CL data in Fig. 7(b)). 

 

From a more general perspective, this study has clearly demonstrated the importance of off-

stoichiometric chemistry on the tribological performance of ZTA bioceramics. 
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Fig. 1 – Schematic of the pin-on-ball tribometer and testing conditions, 10 N applied load, 1 rotation 

per second and a portion of 2 mm immersed femoral head into the lubricant. 

Fig. 2 – Coefficient of friction as measured under different lubrication conditions. 

Fig. 3 – Wear tracks images obtained by LM on dry (a), water lubricated (b), and squalene-lubricated 

(c) conditions. The theoretical contact areas are comprised between the two dotted lines. SEM 

images of the surface of the ZTA sample before and after dry wear testing are given in (d) and (e), 

respectively. 

Fig. 4 – 150 μm x 150 μm monoclinic volume fraction, Vm, Raman maps acquired on the pristine 

surface (a), after dry (b), water lubricated (c) and squalene lubricated (d) wear testing. The white 

circles represent the diameter of the theoretical contact area. 

Fig. 5 – Histograms of the amount of monoclinic volume fraction for pristine (a), dry (b), water (c), 

and squalene (d) lubrication conditions (average values in inset). 

Fig. 6 – Comparison between average cross-section profiles of Vm and the associated profile of 

contact pressure. 

Fig. 7 – CL spectra in the spectral region 250 ~ 470 nm compare the pristine ZTA sample and ZTA 

samples worn under different lubrication conditions (cf. labels in inset). 

Fig. 8 – Histograms of the amount of CL intensity for pristine (a), dry (b), water (c), and squalene (d) 

lubrication conditions (average values in inset). 

Fig. 9 – XPS spectra of O1s, Al2p, and Zr3d are given for unworn (a) and dry-worn (b) areas of a 
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ZTA sample. Two curves are shown for each spectrum, which represent the maximum and minimum 

intensities recorded in the respective sets of measurements. 

Fig. 10 – Phenomenological relationship between CL intensity, ICL, and coefficient of friction; the 

CL intensity value is also translated into an off-stoichiometry drift, x, according to the reasoning 

given at the beginning of Sec. 3.5.  
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Table 1: Elemental composition as measured by XPS on wear and non wear zones. 

  O Zr Al   

Wear 
zone 

40.75 7.31 51.94 Test #1 
41.37 7.18 51.44 Test #2 
41.06 7.25 51.69 Average 
0.31 0.06 0.25 Dev 

Non 
wear 
zone 

42.06 5.92 52.02 Test #1 
43.38 6.33 50.28 Test #2 
42.72 6.13 51.15 Average 
0.66 0.21 0.87 Dev 
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