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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
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ABSTRACT: Osteosarcoma cell viability, proliferation, and diﬀerentiation 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 (VN3+) 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 VN3+/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 (PO42−).
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
© XXXX American Chemical Society

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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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, Lglutamine, 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 metalloproteinase 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 experiments 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

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 PO42−
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 microscopy, 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 undertaken 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 spectroscopic 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 (SiYAlON), 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
B
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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).
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.

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

3. RESULTS AND DISCUSSION
Characterizations of Modulated Si3N4 Surfaces and
SaOS-2 Cell Adhesion. Panels a−d in Figure 1 show FEGSEM 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 presented 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
C
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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 ßSi3N4 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 (VN3+) 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, HFetched, thermally oxidized, and N2-annealed samples in (a−d),
respectively.

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.

band. No signiﬁcant broadening occurred in any constituent of
the Ag-E2g-E1g triplet upon chemical etching. The morphological 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 N2annealed 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 indepth 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 spectroscopy 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

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.

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
D
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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).

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 comparison 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

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 PO43− 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 CO32− 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 overlapped 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 diﬀerentiation 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
E
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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 hydroxyapatite 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 symmetricring-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.

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
F
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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.

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

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 undiﬀerentiated 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 nontranslated 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 ascultured 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
G
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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 hydroxyapatite 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)

1
2
3
4

182
203
226
427

5
7
8

454
505
552
586

9
10
11
12
13

613
670
730
754
827

14

856

15

896

16

947

17

961

18

1002

19

1037

20
21
22

1071
1125
1254

23
24

1310
1339

25

1364

26

1402

27
28

1447
1558

29

1613

30

1658

31

1691

assignment
β-Si3N4 (E2g)
β-Si3N4 (Ag)
β-Si3N4 (E1g)
hydroxyapatite O−P−O symmetric
bending
phenyl ring torsion
C−OH3 torsion of methoxy group
cholesterol
hydroxyapatite O−P−O asymmetric
bending
cholesterol ester
ring breathing of guanine in DNA
phosphatidylserine
tryptophan symmetric breathing
O−P−O asymmetric stretching in
DNA
C−C stretching of proline ring and
ring breathing in tyrosine
C−C skeletal stretching of proline in
α-helix
hydroxyapatite P−O symmetric
stretching
hydroxyapatite P−O symmetric
stretching
symmetric ring breathing in
phenylalanine
C−H in-plane bending in
phenylalanine
O−P−O symmetric stretching in DNA
C−C stretching acyl backbone in lipids
amide III in β-sheet, α-helix, and
proteins
CH2 twisting in lipids
CH2/CH3 wagging and twisting in
tryptophan/DNA
CH3 symmetric stretching in
phospholipids
CH3 bending of methyl bond in the
membrane
CH2 bending of proteins and lipids
N−H bending and C−N stretching
amide II
CC stretching in tyrosine and
tryptophan
CC stretching in lipids and amide I
in α-helix
CO stretching and amide I

ref
28
28
28
33
46
46
34
33
34
35
34
36, 37, 39
36, 37
40, 41
37
33
33
36
36
38
39
37, 47
43
39
44
48
45
45
42
40
44−49

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., phosphatidylethanolamine (PE) and phosphatidylserine (PS)) are located in the
inner leaﬂet, whereas choline-containing phospholipids (e.g.,
H
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among the treated materials. Panels a−c in Figures 8 show
overlapping maps of organic and inorganic molecules (in green

Figure 7. Raman maps visualizing in situ deposition of hydroxyapatite
by SaOS-2 cells after one-week exposure to (a) as-ﬁred, (b) HFetched, (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.

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 (ν ss), CH3 asymmetric stretching
(ν as (1) ), and out-of-plane chain-end antisymmetric CH 3
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

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 formation 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
I
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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 environment promotes SaOS-2 cell motility and subsequent proliferation. 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 comprised of positively charged pairs of crystal calcium ions (Csites) 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 VN3+
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 interaction mechanism given in Figure 9(a) substantiates diﬀerences

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 studies 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 Nvacancies with a 3+ charge. This increase in VN3+ 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 N2annealing 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 asﬁred 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
J

DOI: 10.1021/acsbiomaterials.6b00126
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

Article

ACS Biomaterials Science & Engineering

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+/VN3+/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.

Figure 9. Diagrams of interactions between cells and (a) Si3N4 or (b)
Ca10(PO4)6(OH)2. VN3+ 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.

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 VN3+ 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
VN3+ 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 stability.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 compliments 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. Furthermore, 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,
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which contained an abundance of positively charged Nvacancies 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 pluscharged 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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(45) Faoláin, E.Ó .; Hunter, M. B.; Byrne, J. M.; Kelehan, P.;
McNamara, M.; Byrne, H. J.; Lyng, F. M. A Study Examining the
Effects of Tissue Processing on Human Tissue Sections using
Vibrational Spectroscopy. Vib. Spectrosc. 2005, 38 (1−2), 121−127.
(46) Schulz, H.; Baranska, M. Identification and Quantification of
Valuable Plant Substances by IR and Raman Spectroscopy. Vib.
Spectrosc. 2007, 43 (1), 13−25.
(47) Naumann, D. Infrared and NIR Raman Spectroscopy in Medical
Microbiology. Proc. SPIE 3257, Infrared Spectrosc. Proc. SPIE 1998,
245−257.
(48) Aksoy, C.; Severcan, F. Role of Vibrational Spectroscopy in
Stem Cell Research. Spectroscopy 2012, 27 (3), 167−184.
(49) Calheiros, R.; Machado, N. F. L.; Fiuza, S. M.; Gaspar, A.;
Garrido, J.; Milhazes, N.; Borges, F.; Marques, M. P. M. Antioxidant
Phenolic Esters with Potential Anticancer Activity: A Raman
Spectroscopy Study. J. Raman Spectrosc. 2008, 39 (1), 95−107.
(50) Notingher, I.; Bisson, I.; Polak, J. M.; Hench, L. L. In situ
Spectroscopic Study of Nucleic Acids in Differentiating Embryonic
Stem Cells. Vib. Spectrosc. 2004, 35 (1−2), 199−203.
(51) Notingher, I.; Bisson, I.; Bishop, A. E.; Randle, W. L.; Polak, J.
M. P.; Hench, L. L. In situ Spectral Monitoring of mRNA Translation
in Embryonic Stem Cells during Differentiation in Vitro. Anal. Chem.
2004, 76 (11), 3185−3193.
(52) Huarte, J.; Stutz, A.; O’Connell, M. L.; Gubler, P.; Belin, D.;
Darrow, A. L.; Strickland, S.; Vassalli, J.-D. Transient Translational
Silencing by Reversible mRNA Deadenylation. Cell 1992, 69 (6),
1021−1030.
M

DOI: 10.1021/acsbiomaterials.6b00126
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

Article

ACS Biomaterials Science & Engineering
(74) Pezzotti, G.; Bock, R. M.; McEntire, B. J.; Jones, E.; Boffelli, M.;
Zhu, W.; Baggio, G.; Boschetto, F.; Puppulin, L.; Adachi, T.;
Yamamoto, T.; Kanamura, N.; Marunaka, Y.; Bal, B. S. Silicon Nitride
Bioceramics Induce Chemically Driven Lysis in Porphyromonas
Gingivalis. Langmuir 2016, 32, 3024−3035.
(75) Ridley, A. J.; Schwartz, M. A.; Burridge, K.; Firtel, R. A.;
Ginsberg, M. H.; Borisy, G.; Parsons, J. T.; Horwitz, A. R. Cell
Migration: Integrating Signals from Front to Back. Science 2003, 302
(5651), 1704−1709.
(76) Lauffenburger, D. A.; Horwitz, A. F. Cell Migration: A Physically
Integrated Molecular Process. Cell 1996, 84 (3), 359−369.
(77) Wong, J. Y.; Velasco, A.; Rajagopalan, P.; Pham, Q. Directed
Movement of Vascular Smooth Muscle Cells on Gradient-Compliant
Hydrogels. Langmuir 2003, 19 (5), 1908−1913.
(78) Boyan, B. D.; Lossdorfer, S.; Wang, L.; Zhao, G.; Lohmann, C.
H.; Cochran, D. L.; Schwartz, Z. Osteoblasts Generate an Osteogenic
Microenvironment when Grown on Surfaces with Rough Microtopographies. Eur. Cells Mater. 2003, 6 (24), 22−27.
(79) Ajroud, K.; Sugimori, T.; Goldmann, W. H.; Fathallah, D. M.;
Xiong, J. P.; Arnaout, M. A. Binding Affinity of Metal Ions to the
CD11b A-Domain is Regulated by Integrin Activation and Ligands. J.
Biol. Chem. 2004, 279 (24), 25483−25488.
(80) Nayab, S. N.; Jones, F. H.; Olsen, I. Effects of Calcium Ion
Implantation on Human Bone Cell Interaction with Titanium.
Biomaterials 2005, 26 (23), 4717−27.
(81) Feng, B.; Weng, J.; Yang, B. C.; Qu, S. X.; Zhang, X. D.
Characterization of Titanium Surfaces with Salcium and Phosphate
and Osteoblast Adhesion. Biomaterials 2004, 25 (17), 3421−8.
(82) Rautray, T. R.; Narayanan, R.; Kim, K.-H. Ion Implantation of
Titanium Based Biomaterials. Prog. Mater. Sci. 2011, 56 (8), 1137−
1177.
(83) Kawasaki, T. Theory of Chromatography of Rigid Molecules on
Hydroxyapatite Columns with Small Loads. J. Chromatogr. A 1978,
151 (2), 95−112.
(84) Kawasaki, T. Theory of Chromatography on Hydroxyapatite
Columns with Small Loads. J. Chromatogr. A 1978, 157, 7−42.
(85) Kawasaki, T.; Takahashi, S.; Ideda, K. Hydroxyapatite HighPerformance Liquid Chromatography: Column Performance for
Proteins. Eur. J. Biochem. 1985, 152 (2), 361−371.
(86) Gorbunoff, M. J. The Interaction of Proteins with Hydroxyapatite. I. Role of Protein Charge and Structure. Anal. Biochem. 1984,
136 (2), 425−432.
(87) Gorbunoff, M. J. The Interaction of Proteins with Hydroxyapatite. II. Role of Acidic and Basic Groups. Anal. Biochem. 1984, 136
(2), 433−439.
(88) Kawasaki, T. Hydroxyapatite as a Liquid Chromatographic
Packing. J. Chromatogr. A 1991, 544, 147−184.
(89) Bernardi, G.; Cook, W. H. Separation and Characterization of
the Two High Density Lipoproteins of Egg Yolk, α- and β-Lipovitellin.
Biochim. Biophys. Acta 1960, 44, 96−105.
(90) 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 (13), 1195−201.
(91) 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, 2881−2887.
(92) Mazzocchi, M.; Gardini, D.; Traverso, P. L.; Faga, M. G.; 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, 2889−2901.
(93) Ilyas, A.; Lavrik, N. V.; Kim, H. K. W.; Aswath, P. B.; Varanasi,
V. G. Enhanced Interfacial Adhesion and Osteogenesis for Rapid
‘Bone-like’ Biomineralization by PECVD-Based Silicon Oxynitride
Overlays. ACS Appl. Mater. Interfaces 2015, 7 (28), 15368−15379.

N

DOI: 10.1021/acsbiomaterials.6b00126
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX

Bioceramics Development
and Applications

d
plications
Ap

er
Bioc amics

opment a
vel
n
De

ISSN: 2090-5025

McEntire, BJ et al., Bioceram Dev Appl 2016, 6:1
http://dx.doi.org/10.4172/2090-5025.1000093

Research Article

Open Access

Processing and Characterization of Silicon Nitride Bioceramics
Bryan J. McEntire1*, Ramaswamy Lakshminarayanan2, Prabhakar Thirugnanasambandam3, Jacob Seitz-Sampson1, Ryan Bock1 and David O’Brien1
Amedica Corporation, 1885 West 2100 South, Salt Lake City, UT 84119
Corning, Inc., SP-FR-04, Corning, NY 14831
3
Prismatik Dentalcraft, Inc., 2181 Dupont Dr., Irvine, CA 92612
1
2

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 [1720]. 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-toughenedalumina (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
Bioceram Dev Appl
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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
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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

Figure
Manufacturing
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spacers
from Si3N4. process flow diagram for production of biomedical
intervertebral spinal spacers from Si3N4.

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, PattersonKelly, 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
Bioceram Dev Appl
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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. Presintering 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 siliconmonoxide (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
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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 prooftesting, 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
Bioceram Dev Appl
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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 SNE10 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
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Raw
Material

Pre-Sinter

Sintering
Temp.

Sintering
Time

Sintered
Density (g/cc)

HIPed
Density (g/cc)

Low

Short

3.086 ± 0.008

3.202 ± 0.007

611 ± 52

High

Long

3.202 ± 0.009

3.256 ± 0.005

748 ± 143
623 ± 108

On
Starck M11-HP
Off
On
Ube SN-E10
Off

Flexural Strength
(MPa)

Low

Long

3.123 ± 0.005

3.213 ± 0.012

High

Short

3.069 ± 0.012

3.201 ± 0.010

639 ± 88

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

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

Total

0.6315

223

3.64%

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

Error

2949084

216

13653.17

Total

12269198

223

1.41%
24.04%

Table 2c: Taguchi L8 ANOVA for flexural strength.

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
Bioceram Dev Appl
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Figure 3: Representative microstructures of dense Si3N4 prepared using different raw materials

Figure
3:following
Representative
microstructures
dense –Silow;
N4 prepared
using
under the
conditions: Pre-sinter
– off; Sintering of
temperature
time – long;
3 Sintering
(a) Ube SN-E10
and (b) Starckunder
M11-HP.the following conditions: Pre-sinter – off;
different
raw materials
Sintering temperature – low; Sintering time – long; (a) Ube SN-E10 and (b)
Starck M11-HP.

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
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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
Organics

Pre-Sinter

(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 hotisostatic press operation only eliminates closed porosity and uniformly
coarsens the microstructure.

HIP Temp.

HIP Pressure

Sinter Density (g/cc)

HIP Density (g/cc)

Flexural Strength (MPa)

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

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

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

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

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

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

Low in Vacuum

None

High in N2

No. 2

(1) Sintering temperature;

Sinter Temp.

High in N2

No. 1

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):

Low in Vacuum

None

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

Error

7053180

384

18367.66

9083443

449

Total

0.00%
77.65%

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

Powder Composition

87.6

1

87.6

0.005

0.945

% Contribution
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%

0

1

BC

0

4

0

Error

2551791

138

18491.24

Total

3473037

149

0.00%
73.47%

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

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
Bioceram Dev Appl
ISSN: 2090-5025 BDA, an open access journal

1.700

(a)

1.675

Green Density (g/cc)

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.

1.725
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Compaction Pressure (MPa)
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75

100

125

150 175 200 225 250
Compaction Pressure (MPa)

275

300

325

350

23.00
22.50
22.00

% Linear Shrinkage

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.

21.50
21.00
20.50
20.00
19.50
19.00
18.50
50

(b)

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

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

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 [5557]. 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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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
3.290
3.280

Theoretical Density = 3.271 g/cc

Density (g/cc)

2. Parr NL, Martin GF, May ERW (1960) Preparation, microstructure, and
mechanical properties of silicon nitride. In Spec Ceram, Edt by Popper P,
Heywood Press, New York, NY, pp: 102-135.

3.250
3.240
3.230

3.200

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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a b s t r a c t
Silicon nitride (Si3N4) has a distinctive combination of material properties such as high strength and fracture toughness, inherent phase stability, scratch resistance, low wear, biocompatibility, hydrophilic behavior, 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 be manufactured to have an ultrasmooth or highly fibrous surface structure. Its chemistry can be varied from that of a silica-like surface to
one which is predominately comprised of silicon-amines. In the present study, a Si3N4 bioceramic was subjected 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 surfaces were characterized using a variety of microscopy techniques
to assess morphology. Surface chemistry and phase composition were determined using X-ray photoelectron and Raman spectroscopy, respectively. Streaming potential measurements evaluated surface charging,
and sessile water drop techniques assessed wetting behavior. These treatments yielded significant differences in surface properties with isoelectric points ranging from 2 to 5.6, and moderate to extremely hydrophilic water contact angles from 65° to 8°. This work provides 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.
Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Silicon nitride (Si3N4) is a non-oxide ceramic that exhibits several unique properties making it attractive for various orthopaedic
⇑ Corresponding author.
E-mail address: rbock@amedica.com (R.M. Bock).
http://dx.doi.org/10.1016/j.actbio.2015.08.014
1742-7061/Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

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
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radiographic visibility as a partially-radiolucent material [4,20,21],
and has decreased bacterial activity compared to polyetheretherketone (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 passivation 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]:

Si3 N4ðsÞ þ 3O2ðgÞ ! 3SiO2ðsÞ þ 2N2ðgÞ

DG 298  K ¼ 1922

Si3 N4ðsÞ þ 6H2 OðlÞ ! 3SiO2ðsÞ þ 4NH3ðgÞ

kJ
mol
ð1Þ

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 composition transitions from nearly pure Si–N in the bulk, to intermediate 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–NH+3, Si–OH+2, Si–O) and
neutral (Si–NH2, Si–OH) functional groups [30,34–37]. Accepted
forms of the chemical reactions that produce these surface moieties are [30,35]:

Si3 NðsÞ þ 2H2 OðlÞ ! Si  NH2ðsÞ þ 2Si  OHðsÞ

ð3Þ

Si  NH2ðsÞ þ H2 OðlÞ ! 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 þ HþðaqÞ

ð5Þ

Si  OHðsÞ $ Si  OðsÞ þ HþðaqÞ

ð6Þ

Si  NHþ3ðsÞ $ Si  NH2ðsÞ þ HþðaqÞ

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 environment (i.e., changing the concentration of H+ and/or OH). The
pH at which a material displays zero net surface charge is its isoelectric 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 streaming 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
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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 employing 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 þ HþðaqÞ

ð8Þ

Y  OHðsÞ $ Y  OðsÞ þ HþðaqÞ

ð9Þ

Al  OHþ2ðsÞ $ Al  OHðsÞ þ HþðaqÞ

ð10Þ

Al  OHðsÞ $ Al  OðsÞ þ HþðaqÞ

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 somewhere 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 crystallographic 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 topography 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 passivation 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, bioglass, 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, attraction 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 traditional 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 evaluation 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 thermal, chemical, and mechanical treatments (i.e., to maximize surface 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, Germany) 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 microstructure consisting of anisotropic b-Si3N4 grains separated by thin
(<2 nm) grain boundaries of amorphous or crystalline yttrium aluminum 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 sectioned 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 designated ‘‘as polished.” Both wafer groups (as-fabricated and aspolished) 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 treatments described in Section 2.2.
Samples were prepared with modified geometries for Raman
spectroscopy, streaming potential and wetting angle measurements.
Rectangular
plates
with
dimensions
of
40 mm  20 mm  1 mm were used for streaming potential measurement, 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 identical 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 desiccator 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 reexposing 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 furnace (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 concentration 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 surface, 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 carried out using a field emission gun scanning electron microscope
(FEG-SEM) (Quanta, FEI, Hillsboro, OR). All samples were sputtercoated (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 resolution 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 average 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 ultrahigh 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 current 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 deionized water droplets having fixed volumes (VWR Signature Variable
Volume Pipette, VWR, Radnor, PA) of 25 lL. Both sides of each droplet’s projected image were measured, and at least eight measurements were taken per condition. In the case of untreated, asfabricated 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 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 in all experiments. 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 solution 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 HelmholzSmoluchowski equation [41].
Raman Spectroscopy – Raman spectra were acquired using a confocal (optical) microprobe at room temperature and a single monochromator (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 commercially 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, averaging the recorded spectra over three successive measurements. A confocal 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 samples 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 collected throughout all measurements as an internal reference for
Raman peak positions. Raman band parameters were obtained
through fitting the raw experimental spectra with Lorentzian curves.
Laser-Scanning Microscopy – Micrographs of the selected surfaces 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.
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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 representative 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 asfabricated material is etched in HF (Fig. 1c), the overall topography
is similar to the untreated case (Fig. 1a) with the exception of etching 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 subjected 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 subjected 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 differences 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 closely to silicon oxynitride (Si2N2O). In comparison, samples
thermally-oxidized in air exhibited a composition that corresponded 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 composition 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 resulting 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 specimens 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 asfabricated material was found to decrease from 66 ± 12° at deposition 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
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Fig. 1. Electron photomicrographs of Si3N4 surfaces subjected to varying surface preparations. (Images are secondary electron photos unless otherwise specified). asfabricated (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).

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, 40 mV and
120 mV at homeostatic pH, respectively.
Raman Spectroscopy – Fig. 4(a) through (d) show the Raman
spectra collected on the polished surfaces of different Si3N4 samples in the 150–250 cm1 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 zaxis, (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
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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.

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

Sample

Ra (nm)

Rq (nm)

Sample

h (°)

As-fabricated
Thermal treatment in air
Thermal treatment in N2
Etched in HF
Chemical mechanical polished

336
287
296
341
9

433
369
373
439
16

As-fabricated
Chemical mechanical polished
As-fabricated, etched in HF
As-fab, thermal treatment in N2
As-fab, thermal treatment in air

66 ± 12
47 ± 3
60 ± 13
9±2
8±1

treated samples show a different texture as compared to the
untreated surface, which is especially marked after the N2 thermal
treatments.

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 protruding 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 migration 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

Theoretical bulk
composition
As-fabricated
HF-etched
Thermal treatment in
N2
Oxidized
Chemical mechanical
polished
Polished & HF-etched
Polished & oxidized

Concentration (at.%)
Si

N

39.7

52.9

35.1
31.6
32.7

O

Atomic
ratio
Al

Y

4.5

1.6

1.1

35.5
35.2
33.3

17.5
8.4
16.6

2.1
0.9
5.1

32.7
38.7

0.1
47.2

57.7
6.4

42.1
27.6

44.2
2.5

6.2
54.6

C

N/Si

O/Si

–

1.33

0.11

0.1
0.1
2.1

9.7
21.8
10.3

1.01
1.12
1.02

0.49
0.27
0.50

2.9
1.6

1.3
0.8

5.4
5.3

0.00
1.22

1.76
0.17

1.8
3.9

0.6
4.6

5.3
6.6

1.05
0.09

0.15
1.98

Table 4
Sessile drop contact angle (h) of deionized water on the surface of as-fabricated Si3N4
over a duration of 30 min.
Time (min)

h (°)

0
5
15
20
25
30

66 ± 12
59 ± 12
48 ± 10
41 ± 11
35 ± 13
30 ± 9

grains in the thermally treated samples was confirmed by SEM
(cf. Fig. 1d–f) and by morphological differences on polished surfaces (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 arthroplasty 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 osseointegration 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 periodic protrusions [69].
X-ray Photoelectron Spectroscopy – The XPS data (Table 3) indicate 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 sintering 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 Si2N2O0.8 found previously for a commercial Si3N4 powder [27]. There
is likely a gradient in chemical composition, with decreasing oxygen 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 asfabricated samples. Therefore, it is not unexpected to see skewed

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 measurements. 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

Fig. 3. Zeta potential as a function of pH, as measured by streaming potential, for as-fabricated Si3N4 (a), and for the Si3N4 after chemical mechanical polishing (b) for asprocessed samples, samples exposed to an HF etch, and samples subjected to thermal oxidation in air.
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Fig. 4. Raman spectra of the b-silicon nitride surface in the 150–250 cm1 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).

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 surface 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 surface 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. Chemical mechanical polishing of as-fabricated
samples increased their isoelectric point from 4.2 to 5.5. The principle 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 isoelectric 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 asfabricated and as-polished surfaces were minimally oxidized. Conversely, 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)
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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 demonstrated formation of a morphologically similar apatite layer on
implant surfaces and favorable osteointegration. It was hypothesized 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 precipitation of hydroxyapatite on the surface. As was observed here,
Si3N4 exhibits a high negative surface charge. Therefore, it is possible 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 surface charge at homeostatic pH by oxidation of the material surface
may accelerate apatite deposition. Modulation of charge magnitude may also allow for control of the deposited layer’s morphology 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 testing of specific components of complex interactions between bacteria and the implant surface. As most bacteria exhibit a negative
surface charge at physiologic pH [74–76], the electrostatic component 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]. Furthermore, 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 interactions. The oxidized Si3N4 surface in particular, owing to its extreme
negative surface charge, might provide an environment that inherently 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 contact 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 exhibited 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 r f f cos h þ f  1

Fig. 6. Scanning laser micrograph of the Si3N4 surface (a) polished untreated, (b)
thermally treated in N2, and (c) thermally treated in air.

groups on the surface of Si3N4 powders [30,35,37]. Similar to observations 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 correlates with the N/Si ratio [37].

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. Furthermore, water contact angle measurements made on other similar 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 behavior) [68]. However, the contact angle steadily decreased to 30°
within 30 min, which was significantly less than for polished samples. It is believed that this decrease was due to water slowly infiltrating the gaps between grains due to capillary forces in a process
described as hemiwicking [78], thereby removing trapped air pockets from the interface. Contact angle measurements made previously 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 treatments, and polishing) there was less variation in wetting angles,
and droplets adopted circular interfacial areas. As-fabricated samples subjected to thermal treatments displayed extremely low wetting 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 Wenzel 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 following thermal treatment in air also correlates well with data
obtained from streaming potential measurements. Thermally oxidized samples exhibited a much higher magnitude of surface charge
at a pH near 7 than as-fabricated or HF-etched samples. Further, silica surfaces have been shown to exhibit low wetting angles [79]; so,
it is not unexpected that the oxidized sample would also show better 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 contact 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 characterization. The observed increase in hydrophilicity resulting from the
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heat treatments in air and N2 allows for more thorough wetting
of an implant by body fluids. A modified Si3N4 surface that wets faster 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 cm1 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 orientation of the surface crystallites irradiated by the incoming polarized 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 sample 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 differences as compared to the untreated sample, as follows: (a)
Besides a clear decrease in the absolute intensity of all bands constituting 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 centered at approximately 230 cm1. This broad band can be interpreted 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. Broadening 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 polished 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 highest amount of Al and Y among the set of examined samples. However, 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 magnitude larger depth. The line map taken along the z-axis of the
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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.

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 micrographs (cf. Fig. 1(b, e) and Fig. 6(b, c)), the thermally-treated samples show a different texture as compared to the untreated
specimens, which is especially marked after the N2 thermal treatments. 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 responsible 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 schematically 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 lattice 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 (Si6zAlzOzN8z),
silicon and nitrogen of the b-Si3N4 network are partly substituted
by aluminum and oxygen, respectively [89]. As z increases, elemental 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 cm1 toward lower
frequencies of the Si–N skeletal vibration at 180 cm1 corresponds 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 conventional thermal, chemical, and mechanical treatments. The surface
of as-fabricated Si3N4 exhibited anisotropic and stochastically oriented 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 materials – which exhibited strong negative surface charging at homeostatic 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 hydrophilicity. Thermal treatment in an oxidizing atmosphere resulted in a
surface composition effectively the same as amorphous SiO2. It also
exhibited extremely low wetting angles and charging behavior that
mimicked pure silica. The isoelectric points of these variously treated 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 hydrophilicity. 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
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 followup, 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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Background
Since the introduction of anterior approach to the cervical 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 discectomy. 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 associated 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 without 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 distort magnetic resonance imaging (MRI) and CT scans,
making determination of fusion and evaluation of degeneration 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 surrounding bone. Cancellous Structured Ceramic (CSC) is
a porous version of the same MC2 silicon nitride ceramic (Figure 1). Therefore, the entirety of this device is
manufactured from identical material. The CSC material

Page 2 of 7

Figure 1 Valeo C+CSC cervical interbody fusion device.

fills the center hole for the purpose of providing a scaffold for bone ingrowth. Because the surgical technique
of this device does not involve harvesting autograft for
packing into the pores of the porous trabecular structure, 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 clinical practice means that every new device should be
compared to the golden standard prior to implementation of the device on a large scale. Therefore, it is necessary to perform a randomized controlled effectiveness
trail on Valeo C+CSC versus PEEK cages. In the CASCADE (CAncelous Structured Ceramic Arthrodesis
DEvice) trial, we will randomly and blindly compare anterior 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 documented focusing on fusion and subsidence.

Methods/design
The study is designed as single center randomized controlled 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
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Figure 2 Silicon nitride, titanium, PEEK and trabecular metal imaging characteristics in a human cadaveric vertebra (unpublished data).

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 complications 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 Committee (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 sequence of blocks of 4, 6, and 8 to ensure equal distribution 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 exposed. Caspar spreader and 2 distraction pins will be
placed in the affected segment. A standard anterior discectomy with the aid of loupe magnification or microscope (depending on the surgeon’s preference) will be
performed in all cases. The posterior longitudinal ligament 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 supplemental 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.
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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

2)

• 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)

3)

• 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

4)

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 before the patient is enrolled into the study and will be repeated 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 followup visits, radiographic studies and outcomes measures is
included in Table 2. The following measures of outcomes 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

5)

6)

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].
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].
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].
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.
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.
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
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Table 2 Data collection and outcome measures
Measure
Inclusion / exclusion criteria

Pre-Op

Product use, operative time, blood loss
Neurological examination

Intra-Op

3 months

6 months

12 months

24 months

x

x

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

hospitalization. Adverse events and reoperations will
also be recorded by the operating surgeon.
The de-identified data from the initial visits, hospitalization 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 collection of the patient-completed data forms. The source
documents are kept filed in the hospitals where the procedures 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 expense 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 established using power analysis incorporating data from
journal article reports of similar ACDF studies. For sample 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. Incorporating 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. Parametric 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 endpoint. 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

x

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 discectomy (ACD) is the basic surgical treatment of patients
with radicular pain caused by cervical disc herniation. In
1958, Cloward first described anterior cervical decompression 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 additional interbody fusion [3-9]. These results suggest that
interbody fusion may not be necessary in all cases. However, definite conclusions could not be drawn due to
methodological flaws such as small sample size, nonhomogenous patient population, undefined randomisation 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 characteristics that result in a demand for better cages with similar effectiveness. Figure 2 illustrates the superior imaging
properties of MC2 ceramic material compared to PEEK,
titanium and trabecular metal. Moreover, the CSC material 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 results and effectiveness need to be validated in humans.
It is possible that solid fusion without signs of subsidence 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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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
Keywords: Disc degeneration, Spondylolisthesis, Lumbar interbody fusion, PEEK, Silicon nitride, Ceramic implant,
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Background
Chronic low back pain is an important reason for patients
to visit general practitioners. In Europe, estimates of lifetime prevalence of chronic low back pain range from approximately 60–90% [1]. It is one of the leading causes of
activity limitation in adults and results in high socioeconomic costs and loss of quality of life [2]. The exact
cause of chronic low back pain is often unknown, but degenerative disorders of the intervertebral disc are held responsible [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 posterior, interbody or both. Originally, bone grafts were used
to promote interbody fusion. However, several complications 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 subsequent 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 vertebrae. Both material and design of the cage play an important role in correcting spinal deformities and creating an
optimal environment for spinal fusion [8-10]. The development 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 quality, 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 traditional posterior lumbar interbody fusion (PLIF) technique. 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 being radiolucent, PEEK is relatively inert and does not provoke a strong foreign body reaction in vivo [19]. During
the late 1990’s the first PEEK cages for spinal fusion became available. High fusion rates and good to excellent
clinical outcomes have been reported compared to titanium cages and bone grafts [20,21]. Most spine surgeons
therefore prefer PEEK cages over other cages.
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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 fibrous 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. Therefore, 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 integration with the host bone, which facilitates the attachment
of bone to the implant rather than the fibrous encapsulation [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, silicon 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 surface [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 patients) 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
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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 adverse events reported [32].
Compared to PEEK cages silicon nitride cages are expected to have lower complications rates and allow higher
fusion rates due to better biocompatible and osteoconductive qualities. The purpose of this study is to compare the
clinical outcomes and fusion rates of PEEK cages with silicon nitride cages in patients with symptomatic degenerative lumbar disc disorders.
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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

Methods/Design
In our study, PEEK and silicon nitride interbody cages
will be compared in the treatment of degenerative lumbar disc disorders. This non-inferiority study is designed
as a multi-center (two center) clinical observer and patient 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 clinical observers will be blinded for treatment during followup. 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 patient is extensively informed about the backgrounds, the
objectives, the investigational design and the assessments of the investigation and the possible advantages
and disadvantages of the investigation. All this information provided by the researcher matches the earlier provided 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 performed, the MRI and other tests are reviewed and the

• 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

surgery is discussed. All patients preoperatively visit an
anesthesiologist for standard medical assessment. All patients 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 (treatment A or treatment B) by use of a centralized 24-hour
computerized randomization system that allows internet
randomization (Sealed Envelope Ltd. London). After completing 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 pedicle screw fixation, as described by Harms et al. [38]. Design 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 required 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 neurological examination will be repeated. See Table 2 for the
patient follow-up chart.

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

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 outcome 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 disability. Primary objective is to measure the average improvement 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 intervention studies with back pain and spine surgery. The
questionnaire relates to the analysis of the general

Each domain is converted to a 0 to 100 score, a higher
score indicating a better health condition. The eight domains are also combined into a physical and psychological summary score. These are converted to range
from 0 to 100 with an average person at 50 and a standard 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 7point Likert score in which 1 defines complete recovery

Table 2 Follow-up chart
Intake

Admission

3 months

6 months

12 months

24 months

Visit

1

2

3

4

5

6

Demography

X

Study information + informed consent

X

Randomization

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

Surgery

X

Operative data
Neurological examination

X

Questionairres:
- Roland Morris disability questionairre
- SF-36
- VAS back
- VAS leg
- Working status
Likert scale
X-rays

X

CT
MRI
Complications

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. Preoperative disc degeneration will be evaluated on the MR
scan by the method of Pfirrmann [37]. Patient fusion status will be evaluated according to the criteria mentioned
by Burkus et al. which are based on qualitative observations [45,46]. Determination of fusion involves the radiographic evaluation of angular changes in spinal alignment,
assessment of the device-host interface, and identification
of new bone formation and bone remodeling [46]. Anterior – posterior radiograms will be collected after 3, 6, 12
and 24 month. After one year, a CT scan (Siemens sensation 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 radiologists will independently analyze the lumbar radiograms
and CT. Disagreement between the radiologists will be resolved 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 monitored 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 necessitates 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.
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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 investigation, 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 investigation treatment. If possible, any procedures or assessments
planned for the patient on withdrawal from the investigation 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 surgery, 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 objective to compare the silicon nitride and PEEK cages with respect 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 degenerative 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 improvement of 2–3.5 points [39,41,49]. We therefore consider a
non-inferiority margin of 2.6 points between the treatment 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 significance 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 demonstrate non-inferiority within a non-inferiority margin
of 2.6 points. The total of 100 patients shall be randomized 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 (requiring less patients, at least about 10% if the correlation
between baseline and endpoint is 0.3). Thus, no additional 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 primary 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 individual 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.
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Ethical considerations

This study is designed in concordance with the declaration of Helsinki. The protocol has been reviewed and approved 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 participation 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 complications 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 degenerative 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 compared 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.
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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 selfmedication 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 nonleachable 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-etherketone, polyethylene, polyurethane, polymethylmethacrylate, etc.) can be moderately- to highlyhydrophobic, 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, Xray 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
4

John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.

Page 4 of 35

Page 5 of 35

Journal of Biomedical Materials Research: Part A

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 postdensification 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.

5

John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.

Journal of Biomedical Materials Research: Part A

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 asfabricated 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 strainhardening chip removal process.
3.2. Zeta-Potential
Provided in Figure 4 are the results of streaming potential measurements converted to zetapotentials (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 OxSN 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 Tialloy 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

10

John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.

Page 10 of 35

Page 11 of 35

Journal of Biomedical Materials Research: Part A

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 GlSN 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., pvalues 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-PO42-), 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 ζpotentials 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 siliconyttrium-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

17

John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.

Journal of Biomedical Materials Research: Part A

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., SiNH3+, 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, IzquierdoBarba 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 mixedcharge 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:
∆G 298°K = -565 kJ/mol

Si3 N 4 + 12 H 2O → 3Si (OH ) 4 + 4 NH 3

(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 s1

, 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 submicronnano-scale surface topography present on all of the Si3N4 samples in contrast to the micronrough 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 implantrelated infections. Biomaterials, such as Si3N4, which possess multivariate bacteriostatic
properties may provide clinicians and patients alike with a new effective remedy against an everincreasing 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) Ti6Al4VELI, (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
PEEK
Gl-Si3N4
Af-Si3N4
Ox-Si3N4
N2-Si3N4
Ti6Al4V
Polished-Si3N4

Ra (nm)
819
785
641
568
509
377
2

Rq (nm)
1,034
1,094
830
745
654
494
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.

Surface Elemental Composition (Atomic %)
Element

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.)
95x85mm (300 x 300 DPI)

John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.

Journal of Biomedical Materials Research: Part A

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, OxSi3N4, 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) AfSi3N4, (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.)
34x20mm (300 x 300 DPI)

John Wiley & Sons, Inc.
This article is protected by copyright. All rights reserved.

Page 34 of 35

Page 35 of 35

Journal of Biomedical Materials Research: Part A

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), polyether-ether-ketone (PEEK), and silicon nitride (Si3N4) – 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 Si3N4 were examined: as-fired and polished. In contrast to Ti and PEEK, the
surface of Si3N4 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 Si3N4. These differences
may reflect differential surface chemistry and surface nanostructure properties between the
biomaterials tested. Because protein adsorption on material surfaces affects bacterial adhesion, the adsorption of fibronectin, vitronectin, and laminin on Ti, PEEK, and Si3N4 were also
examined. Significantly greater amounts of these proteins adhered to Si3N4 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 designing future orthopedic implants.
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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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p ost-operatively,4 and the figures for knee replacement are
about 1.55%.5 These numbers underestimate the true incidence of infection because of difficulties related to clinical
diagnoses, and a paucity of credible data from epidemiological 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 common 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 orthopedic 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
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fibroblast activity.27,28 Nanoroughened titanium (Ti) made by
electron-beam evaporation29 and nanotubular and nanotextured Ti created by anodization can enhance osteoblast adhesion 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. Grampositive 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
Si3N4 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 surface, respectively. Biomedical grade 4 titanium (Fisher Scientific, 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) consisting 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% concentration was added to the LB, and the bacteria solution
was agitated under standard cell conditions (5% CO2/95%
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 second 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 recommended 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 enzymelinked 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% CO2/95%
humidified air. After rinsing in phosphate-buffered saline
(PBS), areas that did not absorb proteins were blocked and
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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 antibovine 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% CO2/95% humidified air.
After rinsing three times with 0.05% Tween 20® (AkzoNobel, 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, surfaceadsorbed 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 software. 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 completed 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. Si3N4 has a protective surface layer that
is composed of charged SiNH3+, SiOH2+, SiO−, and neutral
SiNH2 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 (TiO2) 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
Si3N4 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
Surface composition
Surface roughness (AFM)
Isoelectric point

NA
NA
nm
NA
NA
Degrees

Si3N4, Y2O3, AI2O3
SiNH2 and SiOH
10.1*, 25.3**
9
Positive
39

Chemically pure
TiO2 layer
3.06
∼4.5
Negative
76

Chemically pure
-OH groups
1
∼4.5
Negative
95

Surface charge at pH = 7
Sessile water drop wetting angle
Notes: *Polished surface; **as-fired surface.

SEM images of biomaterial surfaces are illustrated in
Figures 1 and 2. Of the materials tested, PEEK and Ti had
machined surfaces, while Si3N4 was in as-fired and polished
formulations. SEM images of PEEK and Ti show a micronrough surface typical of machined materials. The as-fired
Si3N4 had nanostructured surface features with a larger total
surface area, as shown in the high magnification images
(Figure 2). The as-fired Si3N4 surface morphology reflects
the natural condition of this material subsequent to densification 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 Si3N4 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 Si3N4

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 asfired Si3N4, polished Si3N4, 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 Si3N4 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 Si3N4, polished Si3N4, Ti, and PEEK
have markedly different surface chemistries and topographies
that could affect bacterial and protein adhesion.

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.
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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 Si3N4 and Ti. Independent of time points,
the lowest biofilm formation occurred on the as-fired Si3N4,
followed by polished Si3N4. 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 Si3N4, 1.5–10 times more than for polished
Si3N4, 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 Si3N4, and then asfired Si3N4 (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 Si3N4. 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
Si3N4 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 Si3N4 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.
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Fibronectin and vitronectin adsorption was significantly
greater on Si3N4 (whether polished or as-fired) when compared with PEEK or Ti at all time intervals (P , 0.01).
As-fired Si3N4 showed a higher affinity for these two proteins than polished Si3N4. Laminin adsorption did not differ
significantly between the biomaterials at the 20-minute
time interval. At 60 minutes, both Si3N4 surfaces showed
significant increased laminin adsorption (P , 0.01) when
compared with Ti or PEEK. At 240 minutes, as-fired Si3N4
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
Si3N4 surfaces. As-fired Si3N4 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 properties, 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 disinfectants, 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 effective 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 antibiotics 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. epidermidis, and E. coli.58 A limitation of all such coatings is the
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transient duration of effectiveness, ie, once the coating dissipates, 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 Al2O3, and anodic oxidation formation of TiO2.59
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

International Journal of Nanomedicine 2012:7

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,
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Ti-Fe-O, SnO2, SnO2-F, SnO2-Sb, Al2O3, and Fe2O3 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 Gramnegative (two P. aeruginosa strains, three E. coli strains, and
two Burkholderia cepacia strains) bacteria.
Conversion of Ti surfaces to TiO2 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 TiO2.64
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 bacteria, more severe infection, and less osteointegration when
compared with uncoated Ti.65,66
The results of this present study show that Si3N4 has
intrinsic bacteriostatic properties, whether in an as-fired or
smooth-surface morphology. This study did not elucidate
the precise mechanism of Si3N4 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 Si3N4 when compared with Ti
or PEEK. These differences were observed for all bacteria, regardless of Gram-positive or Gram-negative strains.
Hydrophilic Si3N4 surfaces were probably less conducive to
bacterial adhesion, when compared with hydrophobic surfaces where water displacement is not required for microbial
adherence.44 Consistent with this observation, the inert and
highly hydrophobic characteristics of PEEK promoted bacterial adhesion and inhibited protein adsorption when compared
with Si3N4. Other authors have supported these observations
as they relate to PEEK and Ti.67,68
The anti-infectivity of Si3N4 may also relate to surface
chemistry, and the authors’ observations are consistent with
previous data with polymeric coatings containing chitosan,
a material similar to Si3N4 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 operative mechanism for Si3N4.
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Nanostructured surfaces
Nanotechnology is of interest in enhancing the surface
characteristics and improving the performance of orthopedic 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 Conversely, Singh et al found increased bacterial adhesion and
biofilm formation on Ti surfaces with Ra (roughness average) 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 activity.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 roughness 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
s urfaces. 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 formation 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 structures (100 nm diameter × 160–170 nm height) in polymethylmethacrylate (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

International Journal of Nanomedicine 2012:7

Decreased bacteria activity on Si3N4 compared with PEEK or titanium

positively correlated with osteoblast adhesion.78 Similar
topographical effects on bacterial adhesion and protein
adsorption were observed by these authors for Ti, when conventional (smooth) surfaces were compared to nanoroughened, 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 bacterial colonization while enhancing protein adsorption and
conformation, leading to improved osteoblast adhesion and
tissue growth.31–33 Biomaterial surfaces with nanorough features 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
Si3N4 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 3N 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
Si3N4. Consequently, bacterial and protein adherence to the
biomaterials differed in the present experiments. While this
study did not elucidate the precise mechanisms, it is probable that the observed behavior of as-fired Si3N4 is related
to nanocolumns, protrusions, and peaks described in previous 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 Si3N4 with its unique antibacterial and
protein adsorption characteristics.
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Conclusion
This study examined the behavior of Ti, PEEK, and Si3N4 when
respective materials were exposed to five different bacterial
species for up to 72 hours. Polished and as-fired surface formulations of Si3N4 were tested. Decreased biofilm formation
and bacterial colonization were demonstrated on both as-fired
and polished Si3N4 in comparison with Ti or PEEK, under
in-vitro incubation for time periods of up to 72 hours. Si3N4
resisted bacterial proliferation under these conditions, despite
the absence of antibiotic pharmaceutical agents. Differential
protein adsorption on Ti, PEEK, and Si3N4 surfaces was also
demonstrated, such that fibronectin, vitronectin, and laminin
adsorbed preferentially onto Si3N4 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 biomaterial susceptibility to bacterial infection. The unique surface
chemistry and nanostructured features of Si3N4 may contribute
to the favorable antibacterial properties of this bioceramic
material, and support further investigation into the use of Si3N4
as a material platform for orthopedic implants.
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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 shortterm 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.
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

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
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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 builtin 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 Dphosphate 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

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 Characterizations. 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 concentration 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),
B
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Co., Northampton, MA, USA). An average of 20 Raman measurements 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.

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.

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-OC3′ 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 (overlapping 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
C
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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
Zone I

Zone II

Zone III

Zone IV

spectral
location
(cm−1)

1

664

2
3

679
694

4

718

*

734

5

743

S

755

6

781

7
8

821
849

9

934

10

953

11

972

12

1001

**

1044

13

1106

14

1125

15

1167

16

1228

17

1249

18

1284

19

1309

20

1339

21
22

1365
1394

***

1412

23

1448

24
25
26

1543
1567
1582

27
28
29
30

1608
1642
1663
1684

assignment
T, G ring and C−S stretching
modes of cysteine
guanine ring breathing
C−S stretching trans in amino
acid methionine
(CH3)3-N stretching in
membrane phospholipids
heads
choline groups in membrane
phospholipids
T ring breathing mode in
DNA
tryptophan in hydrophobic
environment
U, C, T ring breathing mode
in DNA/RNA
O−P−O stretching in DNA
left-handed helix DNA
(Z form)
C−C backbone stretching in
α-helix
CH3 symmetric stretching in
α-helix
C−C backbone stretching in
collagen
C−C breathing mode of
aromatic ring in
phenylalanine
NO3− in peroxynitrite (cis
conformation)
C−O and C−C stretching in
polysaccharides
C−C skeletal stretching in
phospholipids (gauche
conf.)
C−C skeletal stretching in
lipids
C−N stretching Amide III in
β-sheet
C−N stretching Amide III in
collagen
C−N stretching Amide III in
α-helix
C−N stretching + N−H inplane bending amide III
CH2/CH3 wagging and
twisting in tryptophan
amino acid tryptophan
symmetric C−O stretching in
carboxylate COO− groups
symmetric C−O stretching in
carboxylate COO− groups
CH2 scissoring in lipids and
proteins
amide II
amide II
asymmetric C−O stretching in
carboxylate COO− groups
amino acid phenylalanine
Amide I α-helix
Amide I β-sheet
Amide I disordered structure

ref
27
28
29−31
29−31
47
30
56
31
32
33
34−36
34−36
34−36
37
48
38, 39
39
38, 39
31, 32
40
31, 32
31, 32
27
24
26, 42
26, 42
38
30, 38
38
42
45
45
45
30

a

The references refer to the studies in which the spectral assignments
were originally made.
D
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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 αhelix (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 αhelix (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 highfrequency 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 conspicuously unchanged after exposure to the Si3N4 surface.
The inherent high molecular speciﬁcity of Raman spectroscopy 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 Metabolism. Altering the chemistry of the Si3N4 surface by HFetching 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 assintered (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 surfacemodiﬁed 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 spectroscopic 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.
E
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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 assintered 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 assintered 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 assintered 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, respectively, 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

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 HFetched and thermally oxidized Si3N4, respectively. A similar
F
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Figure 4. Room-temperature evolution of pH surrounding an assintered (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.

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

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 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.

Figure 3. Measurements of wetting angle in the as-sintered (a) and
thermally oxidized (b) samples revealing signiﬁcantly improved
wettability in the latter.

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

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
G
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Si3N4 + 6H 2O → 3SiO2 + 4NH3 → 3SiO2 + 2N2 + 6H 2
(1)

3SiO2 + 6H 2O → 3Si(OH)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

Figure 6. Schematic diagram of the cascade of chemical events leading
to the observed phenomenon of pH buﬀering by Si3N4.

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.

Si‐OH+2(s) → Si‐OH(s) + H+(aq)

(3)

Si‐OH(s) → Si‐O−(s) + H+(aq)

(4)

Si‐NH+3(s) → Si‐NH 2(s) + H+(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-O−•
2 ). 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 O−•
2
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.

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 ζpotential 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 HFetched (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:
H
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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.

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 eﬀectiveness 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 peroxynitrite, 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.

Figure 7. Schematic diagram of the proposed mechanism of feeding
and poisoning of PG bacteria by Si3N4. The interface between the solid
Si3N4 and the Gram-negative PG bacterium is envisaged in the diagram
together with the principal chemical species formed at the ceramic/
bacterium interface.

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.
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Abstract
Silicon nitride (Si3N4) implants are used in spinal fusion surgery and are under development 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=3.230.01 g/cm3) with a ﬁbrous microstructure. Four-point bending tests
of as-fabricated dense beams showed a ﬂexural strength of 55268 MPa. Together,
these results indicate that robocasting combined with sintering and hot isostatic pressing can provide a viable manufacturing approach to create Si3N4 implants with controllable shape and architecture for applications in orthopedic and dental surgery.
KEYWORDS
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 temperatures, due to its attractive combination of properties, such
as mechanical strength, resistance to thermal shock, hightemperature 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 toughened 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 biocompatible, 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
Int. J. Appl. Ceram. Technol. 2016; 1–11

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 molding,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 additive 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 deposition 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 polyelectrolyte (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 73738 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 Industries, 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 aqueous media to high solids loading.29 The second objective
was to create Si3N4 parts with different shape and architecture 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
2.1

| EXPERIMENTAL PROCEDURE
| 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 densiﬁcation were 6.0 wt. % Y2O3 (D50=0.5 lm; purity 98.9%;
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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 production 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 (without additives) was checked using a particle size analyzer
(S3500; Microtrac, Largo, FL). Dilute suspensions composed of 0.002 vol. % Si3N4 particles were used in measuring 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 cationic polyelectrolyte, polyethylenimine (PEI) (Aldrich Chemical, 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 from measurements of the viscosity versus strain rate for Si3N4 suspensions containing varying
amounts of PEI (as described below).
The powder mixture, composed of Si3N4 powder and sintering 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 powder to a solution of PEI in deionized water, followed by mixing 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 viscometer (Haake Viscotester E; Haake, Paramus, NJ) with a small
sample adaptor. Measurements were performed with TR series 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
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agglomerates, was added to a solution composed of deionized 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 measurements, a combination of 4.0 wt. % L-PEI and 4.0 wt. % HPEI was used. The powder was added to the solution in
steps and mixed for 1 min after each step. Then hydroxypropyl 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 planetary mixer for 1 min. The HPMC was used as a viscosifying agent to modify the rheology of the paste.21 Pastes
containing varying amounts of HPMC were tested to determine 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 apparatus (3D Inks; Stillwater, OK). The three-axis motion of the
x, y and z stages was independently controlled by a computer-aided program (RoboCAD 3.0, 3D Inks, Stillwater,
OK) that allowed for layer-by-layer deposition of 3D architectures. 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 ﬁlaments was varied to achieve two different architectures. A
center-to-center distance of 910 lm was used to form a porous 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 distance 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 distinguish 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
T A B L E 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

3

(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 determine 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. Binder 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 combination 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 determined from the dimensions of the dried and ﬁnal parts.
Field-emission scanning electron microscopy (SEM) (S4700; 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 articulated ﬁxture (outer span=20 mm; inner span=10 mm). The
ﬂexural strength was determined using the equation:
r¼

3PL
4bd 2

(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
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samples in each group were tested and the ﬂexural strength
was determined as an averageSD.

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 (without sintering additives). The average particle size
D50=0.7 lm is consistent with the manufacturer’s speciﬁcations. 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 manufacturer’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 oxides, 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 rheological 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

FIGURE 1
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suspensions is shown in Figure 2B. The use of 8 wt. % of
L-PEI alone did not produce a marked difference in viscosity and rheological behavior when compared to the suspension 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 incorporation of a slightly higher volume fraction of Si3N4 particles
into the paste when compared to slurries with 8.0 wt. % HPEI. 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 successful 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 uniform 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

(A) Particle size distribution and (B) zeta potential versus pH for as-received Si3N4 powder (without sintering additives)
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F I G U R E 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]

binder system with the Si3N4 powder. The samples were
dried prior to TGA. The curve for the binder system without 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 ﬁlament surface morphology was smoother than the fractured cross-section (Figure 5A, B). Higher magniﬁcation

F I G U R E 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]

F I G U R E 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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F I G U R E 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

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 ﬁlaments 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
3.180.01 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 3.230.02 g/
cm3, approximately equal to the density of a fully dense
material. The average of the measured densities for the porous grid-like parts or the solid parts was not dependent on

F I G U R E 6 Optical images of Si3N4 parts after sintering and hot
isostatic pressing (sinter/HIP) [Color ﬁgure can be viewed at
wileyonlinelibrary.com]

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
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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 asfabricated 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 hexagonal 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 (porosity of macropores=51.5%) was higher than ~200 MPa.
The fully dense parts with the solid architecture is

F I G U R E 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

7

expected to have a considerably higher compressive
strength. Four-point bending tests of the as-fabricated
beams showed a ﬂexural strength of 55268 MPa for
the solid parts and 8911 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). However, there was no marked difference in fracture morphology 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 additives (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 process used in the present study could provide a viable manufacturing 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)
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F I G U R E 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 crosssection of a ﬁlament

(A)

(B)

(C)

(D)

F I G U R E 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

4.1 | Paste development and robotic
deposition
The structural integrity of green parts created by robocasting is strongly dependent on the rheological properties of
the paste (or slurry) and on the drying of the deposited layers. 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 robocasting experiments to continuously extrude ﬁlaments from
an aqueous paste composed of the Si3N4 powder, a commercial anionic polyelectrolyte dispersant, Darvan 821A (a
solution of 40 wt. % ammonium polyacrylate) and a ﬂocculating agent (ammonium nitrate), as reported in a previous
study for a different commercial Si3N4 powder.28 Presumably 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 manufacturers have different physical characteristics (e.g., surface
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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 formulation based on the use of a cationic polyelectrolyte dispersant-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 particles 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 electrostatic 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 optimal 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 without 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 structure to maintain its geometry.

4.2 | Microstructure of debinded and ﬁred
parts
In general, the microstructure of debinded (or green) ceramic parts provides a useful indication of their sinterability.
Homogeneous random particle packing and pores of low
coordination number (ﬁne pores) are beneﬁcial for sintering. 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. Neighboring regions with markedly different packing density
were apparently absent, reducing the risk of sintering problems 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
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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 content of the paste, the green parts experienced considerable
densiﬁcation. While the density of the parts was not measured 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 (Figure 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 homogeneous 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, particularly 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 formulation. This powder blend was provided by Amedica Corporation 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 successfully formed into green parts by the same robocasting
technique.
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| Mechanical properties

In the present study, the specimens were tested in fourpoint 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 (55268 MPa) was lower than the value
(73738 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 protruding ﬁbrous grains (Figure 8C). Consequently, the surface 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, consisting of robocasting and sinter/HIP, can provide signiﬁcant
advantages in the production of Si3N4 implants for orthopedic and dental applications. One advantage is the ability to
create custom implants with the requisite dimensions, complex 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 cervical 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 architectures 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 morphology of the ﬁbrous grains at the surface. The average
surface roughness (Ra) found by AFM was 0.75 lm. The
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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 surfaces have been shown to stimulate osteoblastic cell differentiation 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. Consequently, the creation of Si3N4 implants with a ﬁbrous surface 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 surface 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
(55268 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 (8911 MPa) comparable to human cortical 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 continuous robocasting of green parts with different geometry
and architecture. Sintering followed by hot isostatic pressing (sinter/HIP) produced macroporous parts with a gridlike architecture and solid parts with an almost full dense
Si3N4 phase (density 3.230.01 g/cm3) and a microstructure 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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55268 MPa. Samples with a macroporous grid-like architecture (porosity=56.5%; pore width=350 lm) showed a
ﬂexural strength of 8911 MPa. Together, the results indicate 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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couples for improved tribological performance, surface toughness must be considered as a
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indention crack opening displacements (COD) with local stress ﬁeld assessments by

Indentation crack opening

spectroscopy paves the way to reliably compare the structural properties of bioceramics
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and to quantitatively monitor their evolution during environmental exposure.

Crack bridging

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, and Weibull 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
n
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standard simulation testing is the main, and typically only,
evaluation with outputs usually being weight loss, wear rate,
and friction coefﬁcient (Kaddick and Wimmer, 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
enhanced wear detected on retrievals (Nevelos et al., 2000; Stewart
et al., 2003). Repeated micro-shock events that accompany
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microseparation have a profound impact on in vivo micromechanical 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 cupinclination angles (Leslie et al., 2009).
From a micromechanical 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 bioceramics 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 modiﬁcations of the bioceramic surfaces, especially next to grain boundaries. Off-stoichiometric modiﬁcations are quite substantial in
their chemical and crystallographic characteristics, but highly
localized to the very surface of the bioceramic bearings. Consequently, their detection requires advanced microscopy and
spectroscopy methods (Rainforth, 2004; Takahashi et al., 2011).
No systematic studies have properly examined the effects of offstoichiometry 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 roughness (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 environmental 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 microcracks 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 metrological outputs. Many researchers have used this approach
(Petrovic et al., 1975; Petrovic and Jacobson, 1976; Miyoshi et al.,
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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 deconvolute the different stress ﬁelds associated with the indentation imprint. By doing so, an intrinsic surface toughness for crack
initiation (and its increase upon crack propagation) can be directly extracted from experimental data, rather than being indirectly 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 companion paper.

2.

Experimental procedures

A Ø36 mm 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
4 wt% 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 hotisostatically pressed also at 1700 1C for  2 h under  150 MPa
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 crystallization 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 sintering 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 equiaxed microstructure
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 conventional 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 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 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 intensity, which minimized time involved with individual measurements. 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 established 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 experimental determination of Raman probe response and probesize 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

associated with the irreversible displacement of plastically
deformed matter beneath the indenter; (ii) a two-dimensional
stress ﬁeld associated with the presence of microcracks propagating 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 pointload 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 spherical coordinates, ðr; ϕ; ϑÞ, as shown in Fig. 1(a), with their
equations given as follows:
sr ¼


P
4B 
½1 2v 2ð2 vÞ cos ϕ þ 3 ð5 vÞ cos 2 ϕ ð2 vÞ
2πr2
r

ð1Þ

sϕ ¼

P ð1 2vÞ cos 2 ϕ 2B
 3 ð1 2vÞ cos 2 ϕ
2πr2 1 þ cos ϕ
r

ð2Þ

sϑ ¼



Pð1 2vÞ
1
cos ϕ 
2
2πr
1 þ cos ϕ

Fig. 1 – Diagrams of (a) indentation imprint with related geometrical parameters and spherical coordinates (r, ϕ, ϑ) for
describing the Yoffe stress ﬁeld; (b) a surface crack propagated from the corner of an imprint, the related COD proﬁle, δ(x'), the
in-plane hoop stress, and the crack-tip stress ﬁeld with polar coordinates (x, χ) ahead of the crack tip; (c) an indentation crack
proﬁle showing the near-tip zone elastically bridged by elongated grains; and (d) a portion of crack proﬁle far away from the
crack tip, in which the proﬁle morphology is drawn at three successive stages: sub-critical, critical, and relaxed state.
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Table 1 – PRF parameters for the investigated Si3N4
biomaterial.
Probe parameter

þ

p (μm)

α (μm  1)

zd (μm)

R (μm)

7.0

0.014

18.3

2.0



2B
ð1 2vÞ 2 3 cos 2 ϕ
r3

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 independent 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)
d3
E
tan β
2ð1þvÞ 2
ð4Þ
B¼
2ð1 2vÞ
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, ϕ ¼ 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

KI
χ
χ
3χ
1 sin
sin
þΩ
sxx ¼ pﬃﬃﬃﬃﬃﬃﬃﬃ cos
2
2
2
2πx

ð5Þ


KI
χ
χ
3χ
1 þ sin
sin
þΩ
syy ¼ pﬃﬃﬃﬃﬃﬃﬃﬃ cos
2
2
2
2πx

ð6Þ

KI
χ
χ
3χ 
cos
cos
þΩ
τxy ¼ τyx ¼ pﬃﬃﬃﬃﬃﬃﬃﬃ sin
2
2
2
2πx

ð7Þ

where KI is a parameter referred to as the crack-tip stress
~ are higher
intensity factor, χ is an in-plane rotation angle, and Ω
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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.,
KI ¼KIC), 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 concurrent factors: the presence of acicular grains dispersed
throughout the microstructure, and the occurrence of intergranular 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 categories: 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 schematically depicted in Fig. 1(c) and (d), respectively, which
have been drawn from experimentally observed crack proﬁles. The equations that quantitatively describe the morphology 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

Crack opening displacements in a bridged equilibrium

The total crack opening displacement of an indentation crack
can be expressed as (Barenblatt, 1962; Fett et al., 2005)
pﬃﬃﬃﬃ
Z a
2
Ktot ða0 Þ a0 0
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ da
ð8Þ
δðr~ Þ ¼ pﬃﬃﬃ 0
πE r
a02  r2
where a is the crack length, E0 ¼ 1 Ev2 and v are the planestrain 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
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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).

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:
4KI pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
δðrÞ ¼ pﬃﬃﬃ 0 2ða rÞ
πE

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:
Ktot ¼ KtipþΔKbrþΔKY. 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 threedimensional 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:
Z a0
2
r  sbr ðrÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ dr
ð10Þ
ΔKbr ða0 Þ ¼ pﬃﬃﬃ 0
π a a0
a2 r2
2
ΔKY ða0 Þ ¼ pﬃﬃﬃ 0
πa

Z

a0

a0

r  sY ðrÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ dr
a2  r2

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
a  Δr
2 r ¼X
r  sbr ðrÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Δr
ΔKbr ða0 Þ  pﬃﬃﬃ 0
π a r ¼ a0
a2  r2

ð12Þ

a  Δr
2 r ¼X
r  sY ðrÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ Δr
ΔKY ða0 Þ  pﬃﬃﬃ 0
π a r ¼ a0
a2 r2

ð13Þ

0

0

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):
pﬃﬃﬃﬃ
Z
2Ktip a
a0
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ da
δtot ðrÞ ¼ pﬃﬃﬃ 0
πE r
a0 2 r2
pﬃﬃﬃﬃ
r ¼X
a  Δa0
a0  Δa0
2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
þ pﬃﬃﬃ 0 
π E a0 ¼ rþΔa0 a0 2 r2

journal of the mechanical behavior of biomedical materials 54 (2016) 328 –345

(
)
~ a0  Δr
2 r ¼X
r  ½sbr ðrÞ þ sY ðrÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 pﬃﬃﬃ 0
Δr
π a r ¼ a0
a2  r2

ð14Þ

where the term, δtot ðrÞ, represents the COD proﬁle as developed 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 displacement 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., sbr 40) 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 externally 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 reclosure of the crack faces leads to the formation of compressive stresses sbro0. Compressive stresses arise from interlocking 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 schematically 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 crackwake 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 procedure 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 associated 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
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geometrical center of the laser beam focused at the sample
surface) will actually resolve a convolution of different information 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 socalled 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 indepth 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 threedimensional 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 ðz; z0 Þ
"
#
ðx x0 Þ2 þ ðy y0 Þ2
p2
¼ exp 2
expð  2αzÞ
ð15Þ
R2
p2 þ ðzz0 Þ2
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 “averaging” 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 Po ðx0 ; y0 ; z0 Þ , 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

 

R1
R1
R1
x ¼  1 y ¼  1 z ¼ 0 ℘ x; y; z G x; y; z; x0 ; y0 ; z0 dx dy dz


R1
R1
R1
¼
x ¼  1 y ¼  1 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 z0 ¼0, 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
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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.

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 coordinates. 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
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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 deformation 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 ðrÞ ¼ ωðrÞ  ω0 ¼ Π  sY ¼ Π


 sr ðr; ϕÞ þ sϑ ðr; ϕÞ þ sϕ ðr; ϕÞ

ð17Þ

Owing to the ﬁnite size of the Raman probe, the wavenumber shift, ΔωYobs ðrÞ, detected by the probe can be related to
the true wavenumber shift, ΔωY ðrÞ, through the PRF algorithm
in Eq. (16), as follows:




ΔωYobs x0 ; y0 ; z0 ¼ ∭V Δω x; y; z  Gðx; y; z; x0 ; y0 ; z0 Þdx dy dz
∭ Gðx; y; z; x0 ; y0 ; z0 Þdx dy dz

¼Π 

V


∭V sr ðx; y; zÞ þ sϑ ðx; y; zÞ þ sϕ ðx; y; zÞ  Gðx; y; z; x0 ; y0 ; z0 Þdx dy dz

∭V Gðx; y; z; x0 ; y0 ; z0 Þdx dy dz

ð18Þ

Fig. 5 – Experimental plots of crack length, a, (a) and of the
tip
magnitude of the hoop stress, rϕ , 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.
the real distribution function) (Pezzotti, 2013). This approach is
followed to deconvolute the complex residual stress ﬁeld developed 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 equilibrium cracks propagated from the corner of the indentation
are embedded. The ﬁrst step of the experimental program with
the Raman microprobe was the quantitative characterization

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 P¼ 5 and 10 kgf, respectively.
An understanding of the residual stress ﬁeld associated with
the imprint represents a fundamental prerequisite in the quantitative 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,
tip
a, and the magnitude of the hoop stress, sϕ , 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 signiﬁcantly smaller in the vicinity of the crack tip as compared to
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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
5
10
20
30

26.8
37.3
54.1
61.0
72.1

50.6
123.6
203.6
232.3
274.2

5.1
9.5
12.8
12.6
13.0

7137
64,080
112,834
114,332
118,206

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 the microcracks
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 ðr; ϕÞ, sr ðr; ϕÞ, and sϑ ðr; ϕÞ, 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 ðxÞ,
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 ðxÞ, ahead of the
crack tip, provided that the shift contribution from the Yoffe
ﬁeld, ΔωY ða þ xÞ, is subtracted beforehand. Accordingly, the total
shift of the Raman band detected straight ahead of the indentation crack tip (i.e., at χ ¼ 0; cf. Fig. 1(a)) arises from the cumulative
contributions of two parts as follows:
Δωobs ðxÞ ¼ Δω ðx; φÞ þ Δω ðxÞ


¼ Π  sr ða þ x; φÞ þ sϑ ða þ x; φÞ þ sφ ða þ x; φÞ
 
 
 
þsxx x; y þ syy x; y þ sxy x; y
Y

tip

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 ðxo Þ ¼
¼

∭V Δωðx; y; zÞ  Gðx; y; z; x0 ; y0 ; z0 Þdx dy dz
∭ Gðx; y; z; x0 ; y0 ; z0 Þdxdydz

V


Π  ∭V sxx ðx; yÞ þ syy ðx; yÞ þ sxy ðx; yÞ  Gðx; y; z; x0 ; y0 ; z0 Þdx dy dz

∭V Gðx; y; z; x0 ; y0 ; z0 Þdxdydz



þΠ  ∭V sr ða þ x; y; zÞ þ sϑ ða þ x; y; zÞ þ sϕ ða þ x; y; zÞ  Gðx; y; z; x0 ; y0 ; z0 Þdx

dy dz

∭V Gðx; y; z; x0 ; y0 ; z0 Þdx dy dz
ð20Þ
Substituting into Eq. (20) for Eqs. (1)–(3) and (5)–(7), the
parameter, KI, can be determined by superimposing a best-

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).
ﬁtting criterion of the experimental data into the computational 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 substituting 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 n¼ 40 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
P ¼5 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,
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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).
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 independent 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, KI ¼ 1.7 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 independent of the propensity of the crack to continue its propagation.
However, the experimental data did not support this conclusion. 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 measurements 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):
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
a þ a2  ða þ rÞ2
2 a  Ktip
pﬃﬃﬃ 0
ð21Þ
δtot ðrÞ ¼
 ln
πE
aþr
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-

sive micro-stresses in the wake of a crack propagated in
polycrystalline Si3N4. As discussed earlier, the radial component 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 ¼ Δωbr ðx0 Þ þ ΔωYϕ ðx0 Þ þ ΔωYϑ ðx0 Þ þ ΔωYr ðx0 Þ


¼ Π  sbr ðx0 Þ þ Π  sϑ ðx0 ; ϕÞ þ sϕ ðx0 ; ϕÞ þ sr ðx0 ; ϕÞ

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, ΔωYϕ ðx0 Þ þ ΔωYϑ ðx0 Þ þ ΔωYr ðx0 Þ,
expected from the three components of the Yoffe stress ﬁeld (i.e.,
sϕ ðx'Þ, sϑ ðx'Þ, and sr ðx'Þ) in order to retrieve the bridging stress
contribution, Δωbr ðx0 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. 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.

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. 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 grains with 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 compressive stress components. The random morphological nature of
the fracture surface obviously plays a role, namely, that, in “rejoining” 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 reclosure. 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 indentation 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 ðx'Þ, which
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is a consequence of the material's acicular microstructure; and, (ii)
a residual stress component merely related to the indentation
testing procedure, namely the Yoffe hoop stress, sϕ ðx'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 according 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. Therefore, 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,

Fig. 11 – Bridging stress distributions developed along the wake of cracks propagated from the corner of 5 and 10 kgf
imprinted indentations (in (a) and (b), respectively). In (c) and (d), histograms and cumulative fractions are plotted for the
bridging stress distributions given in (a) and (b), respectively.
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within tens of microns, bridging tractions that lead to a
remarkable toughening effect (cf., ΔKbr ¼ 5 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 ¼ Ktip þ ΔKbr ðΔaÞ þ ΔKY ðΔaÞ

ð23Þ

where Δa represents the crack extension. Eq. (23) clariﬁes how
the apparent toughness value obtained from COD measurements
on surface cracks might be overestimated, due to a signiﬁcant
crack-closure contribution by the residual hoop-stress component 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 abovementioned 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 toughness measurement methods 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 between macroscopic fracture mechanics using notched
bend test bars and microscopic indentation. In the work presented here, direct stress measurements by spatially resolved
Raman spectroscopy shed further light on the complex micromechanics involved with the measurement of fracture toughness 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 introduced 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 evaluation 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,
P Z10 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 subtracting 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-thicknessnotched 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 propagated from a notch are residual-stress-free due to the fact that
their tips lie on the tensile side of the bending bar. The magnitude
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 (apparent) 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 1.7 MPa m1/2, 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., KI ¼ 1.770.05 MPa m1/
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 measurements, 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 unreasonably high KI0 values (i.e., 6–9 MPa m1/2). 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
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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 halfpennyshaped 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 found when 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 toughening effect by crack-face bridging as a function of crack length.
The plots shown in Fig. 12 predict the occurrence of a substantial ΔKbr contribution within only  40 mm of crack extension. 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, 2.5rKR ¼KI0þΔKbr r3.8
MPa m1/2, 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 distribution 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
KR ¼ 7.1 MPa m1/2 was found for a  40 mm extension of the
crack front. A bulk toughness value, KIC ¼ 1071 MPa m1/2, was
measured for mm-long cracks propagated in a standard
through-thickness test on notched (without notch-root sharpening) bending bars (ASTM, 1997) for the same Si3N4 biomaterial (Taylor et al., 2010; Bal and Rahaman, 2012). Also, a value
of  7.070.5 MPa m1/2 was measured on notched (with notchroot 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 Raman microprobe-assisted COD measurements on indentation cracks. Local stress measurements by Raman piezospectroscopy 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 deconvolution method was 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
KI0 ¼ 1.7–2.0 MPa m1/2 and a sharply rising R-curve behavior (i.e.,
over a  40 mm crack extension) up to a crack resistance, KR ¼7.1
MPa m1/2. Coupled with an appropriate sampling procedure to
ensure statistical validity, the proposed method 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 fundamental parameter in evaluating the potentiality of ceramic biomaterials with respect to their long-term tribochemical performance.
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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 ðz; z0 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 displacements, 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 calibrations 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.

Fig. A1 – (a) Geometry of the Raman probe when a confocal pinhole is used to achieve a confocal conﬁguration; (b) procedure
for in-depth PRF calibration; and, (c) procedure for and in-plane PRF calibration. Deﬁnition of the two sets of Cartesian




coordinates x; y; z and x0 ; y0 ; z0 , as described in Section 3.3, is also shown in (b) and (c).
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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.
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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 equivalent 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) indentation 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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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.
Glaser, D., Komistek, R.D., Cates, H.E., Mahfouz, M.R., 2008.
Clicking and squeaking: in vivo correlation of sound and
separation for different bearing surfaces. J. Bone Joint Surg. 90
(Suppl. 4), S112–S120.
Goldsmith, A., Dowson, D., Isaac, G., Lancaster, J., 2000. A
comparative joint simulator study of the wear of metal-onmetal and alternative material combinations in hip replacements. Proc. Inst. Mech. Eng. Part H: J. Eng. Med. 214 (1), 39–47.
Haerle, A.G., Cannon, W.R., Denda, M., 1991. Direct measurement
of crack tip stresses. J. Am. Ceram. Soc. 74 (11), 2897–2901.
Heros, R.J., 1998. Ceramic in total hip arthroplasty: history,
mechanical properties, clinical results, and current manufacturing state of the art. Semin. Arthroplast.
Irwin, G.R., 1958. Handbuch der Physik. 6. Springer-Verlag, Berlin,
Germany551.
Kaddick, C., Wimmer, M., 2001. Hip simulator wear testing
according to the newly introduced standard ISO 14242. Proc.
Inst. Mech. Eng. Part H: J. Eng. Med. 215 (5), 429–442.
Komistek, R.D., Dennis, D.A., Ochoa, J.A., Haas, B.D., Hammill, C.,
2002. In vivo comparison of hip separation after metal-onmetal or metal-on-polyethylene total hip arthroplasty. J. Bone
Joint Surg. 84 (10), 1836–1841.
Kruzic, J., Kim, D., Koester, K., Ritchie, R., 2009. Indentation
techniques for evaluating the fracture toughness of biomaterials and hard tissues. J. Mech. Behav. Biomed. Mater. 2 (4),
384–395.
Kruzic, J.J., Ritchie, R.O., 2003. Determining the toughness of
ceramics from vickers indentations using the crack-opening
displacements: an experimental study. J. Am. Ceram. Soc. 86
(8), 1433–1436.
Lawn, B., Wilshaw, R., 1975. Indentation fracture: principles and
applications. J. Mater. Sci. 10 (6), 1049–1081.
Lawn, B.R., Fuller, E., 1975. Equilibrium penny-like cracks in
indentation fracture. J. Mater. Sci. 10 (12), 2016–2024.
Leslie, I.J., Williams, S., Isaac, G., Ingham, E., Fisher, J., 2009. High
cup angle and microseparation increase the wear of hip
surface replacements. Clin. Orthop. Relat. Res.s 467 (9),
2259–2265.
Lipkin, D.M., Clarke, D.R., 1995. Sample-probe interactions in
spectroscopy: sampling microscopic property gradients. J.
Appl. Phys. 77 (5), 1855–1863.
Marshall, D., Lawn, B., 1979. Residual stress effects in sharp
contact cracking. J. Mater. Sci. 14 (8), 2001–2012.
Martin, L., Chevalier, J., Gremillard, L., 2012. Slow Crack Growth
Behavior of Silicon Nitride Using the Double Torsion Test
Method. Villeurbanne, France.

journal of the mechanical behavior of biomedical materials 54 (2016) 328 –345

McKellop, H.A., D’Lima, D., 2008. How have wear testing and joint
simulator studies helped to discriminate among materials
and designs. J. Am. Acad. Orthop. Surg. 16 (Suppl. 1),
S111–S119.
Miyoshi, T., Sagawa, N., Sasa, T., 1985. Study of evaluation for
fracture toughness of structural ceramics. J. Jpn. Soc. Mech.
Eng. A 51, 2489–2497.
Muraki, N., Katagiri, G., Sergo, V., Pezzotti, G., Nishida, T., 1997.
Mapping of residual stresses around an indentation in β-Si3N4
using Raman spectroscopy. J. Mater. Sci. 32 (20), 5419–5423.
Nevelos, J., Ingham, E., Doyle, C., Streicher, R., Nevelos, A., Walter,
W., Fisher, J., 2000. Microseparation of the centers of alumina–
alumina artificial hip joints during simulator testing produces
clinically relevant wear rates and patterns. J. Arthroplast. 15
(6), 793–795.
Niihara, K., 1983. A fracture mechanics analysis of indentationinduced Palmqvist crack in ceramics. J. Mater. Sci. Lett. 2 (5),
221–223.
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1.

Introduction

interface (Mattei et al., 2011; Hosseinzadeh et al., 2012). Several
types of surface degradation behaviors have been observed
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a complex phenomenon, which is affected by surface micro-
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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, bioﬁlm 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-onhard 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-onceramic 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 surfaces were clearly visualized after both in vivo and in vitro
exposures (Pezzotti et al., 2010; Takahashi et al., 2011). Additionally, 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 environment (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 consequence of grain detachment due to repeated microseparation
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 determining 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 dependence 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
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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 hydrothermal conditions trigger a reduction of surface as compared to
bulk fracture toughness are explored. Raman microprobeassisted 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 criterion 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 a minor
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 Ø36 mm 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 indentation 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

the focal plane was similar for all the investigated biomaterials 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.

stretching (A1g) mode, whose stress dependence is linear
with a slope (i.e., a PS coefﬁcient) equal to 0.76 cm  1/GPa.

3.

Results and discussion

Regarding the tetragonal and monoclinic polymorphs of ZrO2,
the piezo-spectroscopic behavior of the Raman bands located

3.1.

Yoffe stress ﬁelds in different bioceramics

at 145 and  179 cm  1 was used, respectively. The former
band represents Eg symmetry and arises from the combination 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 dependences 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 negative PS coefﬁcient means that a shift toward higher frequencies occurs in the presence of a compressive stress and
vice versa.
Raman experiments were conducted with a pinhole aperture of 100 mm by employing an objective lens with a
magniﬁcation of 100  . The diameter of the probe waist in

Our applicative analysis of surface toughness by the indentation 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 indentation 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

Fig. 1 – Proﬁles of Raman band spectral position as observed upon scanning along a straight line perpendicular to the edge of
indentations imprinted with 5 kgf before and after autoclaving in Si3N4 (a)/(b) and Al2O3 (c)/(d).
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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.

be recognized from a comparison of the plots in Fig. 1 for
these two biomaterials, as follows:

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

(i) Unlike the case of Al2O3, the stress-free Raman frequencies 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 oxynitride 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

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 neighborhood 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, respectively. 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

study by direct experimental evidence, this phenomenological 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 offstoichiometry 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-

Fig. 3 – Trends of Raman shift and the Yoffe (residual) stress ﬁeld as observed in the t-ZrO2 (a), m-ZrO2 (b), and Al2O3 (c) phase
of the ZTA composite upon scanning along a straight line perpendicular to the edge of an indentation imprinted with 5 kgf
before autoclaving. In (d), (e), and (f), similar characterizations are shown after long-term exposure to the hydrothermal
environment for the above materials, respectively.
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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 interesting features, as follows:
(i) Proﬁles of tetragonal-to-monoclinic (t-m) transformed
fractions of zirconia phase, Vm, before and after autoclaving were both steeply graded. The maximum content (i.e.,
Vm ¼36%), which was detected at the edge of the indentation 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 previously been shown to alter the residual stress ﬁeld at the
surface of ZTA bioceramics (Pezzottia et al., 2008). Accordingly, 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 geometry) 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 magnitude 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
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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 experimental 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 st V t þ sm Vm þ sa Va

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 equilibrium stress along a line perpendicular to the indentation
edge in the ZTA samples before and after autoclaving, respectively. 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. Nevertheless, both samples experienced equilibrium stresses with
magnitudes on the order of 1–2 GPa. Interestingly, the equilibrium 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 subsurface, 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 delineation 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 underestimate. Having acknowledged this uncertainty, shown in
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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.

Fig. 4(a), (b), and (c) presents the stress proﬁles recorded

toughness values shown in Table 1 were computed according

before and after autoclaving ahead of the crack tip in Si3N4,

to the spatial probe deconvolution procedure developed in

Al2O3, and ZTA, respectively. Stress intensity factors, KI,

the companion paper. No statistically meaningful difference

representative of the surface fracture toughness of mono-

could be found in both monolithic materials between the KI

lithic and composite samples before and after autoclaving

values measured before and after autoclaving. In other

were obtained by best-ﬁtting of these proﬁles to the crack-tip

words, the surface toughness of both Si3N4 and Al2O3 was

stress ﬁeld trial functions developed in the companion paper.

not signiﬁcantly affected by prolonged exposure to the

The crack-tip KI data are shown in insets to Fig. 4(a)–(c) and

hydrothermal environment. Regarding the ZTA material,

are summarized in Table 1 together with other parameters

the same equilibrium stress formalism put forward with Eq.

related to the indentation imprint. Note that the crack-tip

(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. companion 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 asreceived 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 micromechanical scale (i.e., according to Eq. (1)), embrittlement is
obviously related to decreased availability of transformable
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(metastable) tetragonal ZrO2 dispersoids at the material surface. 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 environmentally 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 bioceramics 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.

Table 1 – Geometrical parameters associated to the indentation imprint and stress intensity factors obtained by
different approaches in Si3N4, Al2O3, and ZTA biomaterials.
Si3N4

Crack length, a (μm)
Print size, b (μm)
Plastic-zone side, d (μm)
KI (Eq. (13)a) (MPa m1/2)
KI (Eq. (25)a) (MPa m1/2)
KI (Eq. (24)a) (MPa m1/2)
rϕ-tip (GPa)
a

Al2O3

ZTA

Before

After

Before

After

Before

After

124
37
10.5
1.7
8.5
1.8
0.186

96
24
5
1.8
9
1.8
0.366

115
24
3.7
1.65
2.0
1.6
0.321

135
24
5.5
1.5
2.5
1.5
0.227

125
24
5.5
1.7
7.5
1.6
 0.359

125
24
7
1.2
9
1.2
 0.255

Companion paper, Ref. [18].

Fig. 5 – Experimental COD data for cracks propagated from indentations imprinted with 5 kgf in Si3N4 (a), Al2O3 (b), and ZTA
(c) before and after autoclaving. Data were collected into the FEG-SEM and ﬁtted to the Fett's equations (Fett et al., 2005) and to
the newly proposed approach in this study.
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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 experimentally determined on cracks propagated from the corners of
5 kgf imprints in Si3N4, Al2O3, and ZTA biomaterials, respectively. As discussed in the companion paper, there might be
different approaches to rationalize the COD data. The computational 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 Ramanassisted 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

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, compressive stresses exerted in the crack wake arise from the
presence of interlocking grains, a consequence of locally nonconservative crack-opening displacements occurring during
fracture. It has been noted that compressive “bridging” stresses 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

Fig. 6 – Bridging stress distributions developed along the wake of cracks propagated in Si3N4 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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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.

equiaxed microstructure produces bridging sites of signiﬁcantly 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 hydrothermal environment and under the stress ﬁeld induced by
the indentation imprint (cf. Fig. 3(a)–(f)). Microscopic inspection 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 schematic explanations of the different mechanisms. For a comprehensive spectroscopic description and proof of
transformation paths around the crack tip in ZTA, the interested 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 polymorphic 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,
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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.

Fig. 9 – Schematic diagrams of crack-face bridging and transformation toughening mechanisms and the respective
development of crack shielding mechanisms.

it is possible to compute the material toughness by ﬁtting the

Al2O3 and ZTA biomaterials, respectively, as compared to

experimental COD curves to the computational algorithms

their respective pristine samples. Regarding Si3N4, the reduc-

explicitly developed in the companion paper. These values

tion in toughness upon hydrothermal treatment was negli-

are shown in Table 1 as an average of four different cracks

gible. Moreover, these toughness measurements were in

for each material. The computational procedure showed a

agreement with the values determined by Raman stress

reduction of  10% and  42% in toughness for autoclaved

assessments ahead of the crack tip (cf. Table 1).
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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).

3.4.
Environmental effects on surface toughening
mechanisms
The ﬁnal step of our micromechanical characterization consisted 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, independent 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
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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.

tested (cf. Table 1). The ﬁnal plots of this Raman spectroscopic study, given in Fig. 13(a) and (b), summarize the neartip rising R-curve behavior of different biomaterials before
and after autoclaving, respectively. Displayed in these plots
are the total crack resistance, KR(Δa) ¼ KI0þΔK(Δa), using data
for different crack lengths obtained from 1 and 5 kgf imprints.
Environmentally driven effects were conﬁrmed to be negligible 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 behavior resides in the “mechanical” nature of its toughening
mechanism. Crack-face bridging in Si3N4 is unaffected by
hydrothermal conditions in contrast to the stoichiometricand 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 nonoxide versus oxide bioceramics.
Finally, from a general perspective, the present Ramanassisted fracture mechanics characterizations conﬁrmed the
complex nature of surface toughness assessments by indentation, which nevertheless remains the only possible measurement 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 procedure 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 piezospectroscopy both ahead and behind the crack tip clariﬁed
the roles of different toughening mechanisms and gave a
consistent picture of the micromechanics of surface microfracture. 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 behavior 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 Rcurve 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 biomedical grade Si3N4 was not only more effective, but also more
durable in an aggressive hydrothermal environment as compared to the corresponding behavior of ZTA.
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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: Subsidence measurements showed that lower foam density
had the greatest influence on subsidence, followed by smaller cage
footprint. Cage material 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 cage material
to subsidence.

I

n cervical spine fusion surgery,
vertebral interbody spacers preserve disk height and sagittal alignment, 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 alignment.2 A clinical study demonstrated
.2 mm loss of disk space height in
77% of patients with paired rectangular 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 inexpensive, is radiolucent, and has a
modulus of elasticity that approximates that of cortical bone.8 In contrast to roughened titanium alloy
surfaces that promote osteogenesis
when implanted in living bone,
PEEK surfaces result in the development 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 density, cage footprint size, cage surface
texture, and cage filling to the degree
of subsidence. The relative effect of
these factors was ranked to provide the
surgeon with a strategy to minimize
subsidence.

Methods
Testing Substrate
Closed-cell, rigid polyurethane foam
(Sawbones; Pacific Research Laboratory) was chosen in two densities to
model two discrete scenarios of bone
quality. The lower-density foam had a
density of 160.19 kg/m3 and a compressive modulus of 58 MPa, whereas
the higher-density foam had a density
of 320.37 kg/m3 and a compressive
modulus of 210 MPa. The higherdensity 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 interbody 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 crosssectional 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, designed 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 texture 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 additional cage types were investigated.
Specifically, two small-footprint
Si3N4 cage types with smooth, nontextured end plates were tested. In
one group (n = 8), the central
cavity was left empty. The cages
in the other group (n = 8) were

Dr. Suh or an immediate family member has received royalties from Zimmer Biomet, is a member of a speakers’ bureau or has made paid
presentations on behalf of Eli Lilly, and serves as a paid consultant to or is an employee of Amedica and Zimmer Biomet. Dr. Puttlitz or an
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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
immediate family member is an employee of Amedica and Elevate Medical. Dr. Bal or an immediate family member serves as a paid
consultant to or is an employee of Amedica, ConforMIS, and MicroPort. Dr. McGilvray or an immediate family member has received research
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).

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 experimental 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 offcenter loading). Cyclic compression
between 50 and 250 N (in a sinusoidal wave form) was applied at a
rate of 1 Hz under force control
feedback. Compression of 50 N
corresponds to the load of the average 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 published 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 tracking markers were fixed to
each cage with cyanoacrylate, and
one tracking marker was rigidly fixed
to each of the adjacent foam blocks.
Subsidence was detected with a highresolution digital camera (Grasshopper 3; Point Grey Research) and an
attached macro lens (50 mm/F1.8,
No. 86574; Edmund Optics), producing an effective pixel resolution
of 5 mm. Digital image correlation
(DIC) was used to quantify
Month 2016, Vol 0, No 0

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 demonstrated 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 observations, other investigators reported
that most subsidence occurred during the first 500 cycles of loading.16
The DIC data were analyzed with
the use of custom software code
(MATLAB release R2014a; MathWorks). The geometric centers of the
tracking markers were calculated in
two-dimensional space, and subsidence was expressed as the mean
cage displacement, in micrometers,
into the adjacent foam at the highest
load for each cycle of interest. Specifically, the distance between the
tracking markers on the cage and
those on the top and bottom substrates 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 performed to assess the stiffness and
yield point of the foam-cage-foam
constructs, in accordance with the
ASTM F2267-04 standard for cervical devices. This testing was performed 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-
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ment data were recorded at 100 Hz;
output parameters of the ramp-tofailure testing included yield load and
construct stiffness (in newtons per
millimeter). Yield load was 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. Stiffness 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 demonstrated 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 interactions 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 general 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 contribution 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 determined using Tukey post hoc adjusted
least squares means to control type I
error rate. Statistical tests were performed 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. Statistical analyses were performed after
3,600 cycles. All data passed normality 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). Lowerdensity foam was associated with
significantly greater subsidence
compared with higher-density foam
(P , 0.01) (Figures 3 and 4). In
lower-density foam, the smallfootprint cages had significantly
greater subsidence (approximately
5.3 times greater) than the largefootprint cages had (P , 0.01)
(Figures 3 and 4). Subsidence magnitudes 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 compared 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; largefootprint 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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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
Subsidence (mm)a
Lower-Density Foam Substrate

Higher-Density Foam Substrate

No. of Cycles Cage Size (mm) Si3N4 Cage Ti4Al6V Cage PEEK Cage Si3N4 Cage Ti4Al6V Cage PEEK Cage
1
500
1,000
2,000
3,600

16 · 12
17 · 14
16 · 12
17 · 14
16 · 12
17 · 14
16 · 12
17 · 14
16 · 12
17 · 14

120 6
103 6
291 6
160 6
325 6
169 6
368 6
180 6
406 6
189 6

18
7
61
13
65
16
78
19
91
22

118 6
122 6
286 6
192 6
342 6
204 6
391 6
219 6
449 6
233 6

9
28
34
33
36
34
52
36
61
38

123 6
111 6
315 6
178 6
358 6
188 6
412 6
204 6
468 6
214 6

7
8
20
24
25
30
28
33
36
37

68 6
50 6
86 6
63 6
90 6
66 6
95 6
69 6
99 6
71 6

10
7
12
11
13
12
14
11
15
12

51 6
43 6
61 6
49 6
65 6
51 6
69 6
52 6
72 6
53 6

11
4
13
5
14
5
16
5
18
6

55 6
52 6
65 6
61 6
70 6
65 6
73 6
68 6
77 6
75 6

4
4
12
7
12
8
13
9
15
15

PEEK = polyether ether ketone
a
Subsidence is given as mean 6 standard deviation.

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 cavity with a load-bearing porous mateMonth 2016, Vol 0, No 0

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 original 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, cages with textured
end plates had less subsidence than
nontextured cages had in testing with
lower-density foam, but the difference 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
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and those with nonfilled cores was
not significant (P = 0.99; filled, 93 6
8 mm; nonfilled textured, 99 6 15 mm;
nonfilled nontextured, 78 6 0 mm).

Figure 4

Relative Contribution of
Foam Density, Footprint
Area, and Material to
Subsidence

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

Table 2
Subsidence of Small-footprint Si3N4 Cages After Cyclic Loading According
to Cage End Plate Surface Texture and Cage Filling
Subsidence (mm)
Lower-Density Foam
Substrate
No. of Regular
Cycles Cageb
1
500
1,000
2,000
3,600

120 6
291 6
325 6
368 6
406 6

18
61
63
78
91

Nontextured
Cage
133 6
365 6
416 6
470 6
513 6

2
3
8
9
2

a

Higher-Density Foam
Substrate

Filled
Cage
137 6
185 6
194 6
203 6
212 6

8
24
26
29
31

Regular Nontextured
Cageb
Cage

Filled
Cage

68 6
86 6
90 6
95 6
99 6

61 6
83 6
87 6
89 6
93 6

10
12
11
14
15

52 6
74 6
75 6
77 6
78 6

18
0
1
1
0

1
5
7
9
8

Subsidence is given as mean 6 standard deviation.
Regular indicates the standard Si3N4 cage type (textured end plate surface and no central
cavity filling).

a
b

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

6

with an empty core (with or without
textured end plates) in lower-density
foam (P , 0.01; filled, 212 6 31 mm;
nonfilled textured, 406 6 91 mm;
nonfilled nontextured, 513 6 2 mm).
In higher-density foam, the difference between cages with filled cores

Using the model comparison
approach, the proportional reduction 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 subsidence (approximately 1.7 times and
approximately 67 times greater than
the contributions of footprint area
and material, respectively). The relative 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, 642.1 6 343.3 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 significant 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 density had the greatest effect on construct stiffness; specifically, the
higher-density foam constructs had,
on average, three times more stiffness 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 higherdensity foam than in lower-density
foam when data were averaged
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Table 3
Ramp-to-Failure Dataa
Lower-Density Foam Substrate
Cage Material

Cage Size (mm)

Si3N4
Ti4Al6V
PEEK

16 · 12
17 · 14
16 · 12
17 · 14
16 · 12
17 · 14

Stiffness (N/mm)
259.8 6
366.5 6
259.8 6
371.16 6
274.5 6
379.3 6

26.8
7.4
25.4
4.5
14.0
13.0

Offset Yield (N)
2368.7
2432.8
2368.2
2426.6
2355.6
2417.7

6
6
6
6
6
6

9.5
7.8
7.7
18.8
11.5
19.6

Higher-Density Foam Substrate
Stiffness (N/mm)
995.9 6
964.9 6
913.5 6
1,095.7 6
976.5 6
938.1 6

261.6
159.6
194.8
230.1
146.8
146.1

Offset Yield (N)
21,469.8
21,880.1
21,472.9
21,785.6
21,416.9
21,795.3

6
6
6
6
6
6

5.9
17.2
19.9
25.9
27.0
14.2

PEEK = polyether ether ketone
a
All data are given as mean 6 standard deviation.

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 material and cage size, did not show significant differences in construct
stiffness and yield point.

Discussion
This biomechanical investigation was
designed to simulate cyclic, axial
loading in the cervical spine after
single-level fusion with a spacer
device. The loads applied were similar to physiologic conditions in the
human cervical spine. Our methods
allowed the detection of subsidence at
the 5-mm level; thus, the experimental setup allowed increased fidelity compared with that of a digital
radiograph.19 This consistent and
reproducible model, coupled with
the high measurement sensitivity,
yielded data that allowed determination of the relative impact of different factors on cage subsidence.
The results demonstrated that lower
substrate density was associated
Month 2016, Vol 0, No 0

with higher subsidence. To a lesser
degree, a smaller cage footprint resulted in more subsidence. Also,
filling the cage with structural
material reduced subsidence in testing 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 subsidence, 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 subsidence 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 reported 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 surface area and provides structural
support against the vertebral end
plate, thereby decreasing the risk of
subsidence.20 When identical interbody cages were tested in a biomechanical 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 subsidence was compared among cervical fusions in which a fibular
allograft, a titanium mesh cage
packed with cancellous bone chips,
or a trabecular metal cage was used
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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 predicting subsidence. Destructive compression testing and finite element
analyses have shown that load
to failure is associated with
bone mineral density but not with 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 Threedimensional 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, PEEK may produce
lower contact stresses, resulting in
less subsidence.26 The Young modulus of PEEK (4 GPa) is closer to that
of cancellous bone (100 MPa) compared with the other materials
examined and is much lower than
that of Ti4Al6V.26 Although these
numbers suggest that a stiffer material 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 isotropic and cannot completely model
the mechanical behavior of living
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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 catastrophic failure. Our model was
purely biomechanical and did not
consider biologic responses to cages,
which may also contribute to subsidence. 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 relevant 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, to maximize
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 designed 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 leading to subsidence. Our study investigated 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 following meaningful conclusions. First,
although end plate preparation for
interbody fusion must include
removal of the cartilaginous end plate
to facilitate fusion, our data suggest
that the surgeon should preserve the
cortical end plate and avoid perforating the cancellous bone to reduce
the risk of subsidence. The peripheral
rim of the end plate has thicker cortical 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 resulted 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, independent 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.

References
Evidence-based Medicine: Levels of
evidence are described in the table of
contents. In this article, reference 22
is a level I study. References 5, 9, 14,
and 23 are level II studies. References
2, 3, 10, 11, 19, 24, and 25 are level
III studies. References 4, 6, 7, 12, 16,
20, 21, 26, and 27 are level IV
studies. References 1, 8, 13, 15, 17,
and 18 are level V expert opinion.
References printed in bold type are
those published within the past 5 years.

Journal of the American Academy of Orthopaedic Surgeons

Paul B. Suh, MD, et al
1. Weiner BK, Fraser RD: Spine update:
Lumbar interbody cages [published
correction appears in Spine (Phila Pa 1976)
1998;23(12):1428]. Spine (Phila Pa 1976)
1998;23(5):634-640.
2. Lee YS, Kim YB, Park SW: Risk factors for
postoperative subsidence of single-level
anterior cervical discectomy and fusion:
The significance of the preoperative cervical
alignment. Spine (Phila Pa 1976) 2014;39
(16):1280-1287.
3. Choi JY, Sung KH: Subsidence after
anterior lumbar interbody fusion using
paired stand-alone rectangular cages. Eur
Spine J 2006;15(1):16-22.
4. Mohammad-Shahi MH, Nikolaou VS,
Giannitsios D, Ouellet J, Jarzem PF: The effect
of angular mismatch between vertebral
endplate and vertebral body replacement
endplate on implant subsidence. J Spinal
Disord Tech 2013;26(5):268-273.
5. Marchi L, Abdala N, Oliveira L, Amaral R,
Coutinho E, Pimenta L: Radiographic and
clinical evaluation of cage subsidence after
stand-alone lateral interbody fusion.
J Neurosurg Spine 2013;19(1):110-118.
6. Truumees E, Demetropoulos CK, Yang KH,
Herkowitz HN: Failure of human cervical
endplates: A cadaveric experimental model.
Spine (Phila Pa 1976) 2003;28(19):
2204-2208.
7. Tan JS, Bailey CS, Dvorak MF, Fisher CG,
Oxland TR: Interbody device shape and
size are important to strengthen the
vertebra-implant interface. Spine (Phila Pa
1976) 2005;30(6):638-644.
8. Kurtz SM, Devine JN: PEEK biomaterials in
trauma, orthopedic, and spinal implants.
Biomaterials 2007;28(32):4845-4869.
9. Olivares-Navarrete R, Hyzy SL, Slosar PJ,
Schneider JM, Schwartz Z, Boyan BD:
Implant materials generate different periimplant inflammatory factors: Poly-etherether-ketone promotes fibrosis and

Month 2016, Vol 0, No 0

microtextured titanium promotes
osteogenic factors. Spine (Phila Pa 1976)
2015;40(6):399-404.
10. Bock RM, McEntire BJ, Bal BS,
Rahaman MN, Boffelli M, Pezzotti G:
Surface modulation of silicon nitride
ceramics for orthopaedic applications.
Acta Biomater 2015;26:318-330.
11. McEntire BJ, Enomoto Y, Zhu W, Boffelli M,
Marin E, Pezzotti G: Surface toughness
of silicon nitride bioceramics: II.
Comparison with commercial oxide
materials. J Mech Behav Biomed Mater
2016;54:346-359.
12. Pezzotti G, Enomoto Y, Zhu W, Boffelli M,
Marin E, McEntire BJ: Surface toughness
of silicon nitride bioceramics: I. Raman
spectroscopy-assisted micromechanics.
J Mech Behav Biomed Mater 2016;54:
328-345.

19. Bansal GJ: Digital radiography: A
comparison with modern conventional
imaging. Postgrad Med J 2006;82(969):
425-428.
20. Polikeit A, Ferguson SJ, Nolte LP, Orr TE:
The importance of the endplate for
interbody cages in the lumbar spine. Eur
Spine J 2003;12(6):556-561.
21. Polikeit A, Ferguson SJ, Nolte LP, Orr TE:
Factors influencing stresses in the lumbar
spine after the insertion of intervertebral
cages: Finite element analysis. Eur Spine J
2003;12(4):413-420.
22.

Fengbin Y, Jinhao M, Xinyuan L, Xinwei
W, Yu C, Deyu C: Evaluation of a new type
of titanium mesh cage versus the traditional
titanium mesh cage for single-level, anterior
cervical corpectomy and fusion. Eur Spine J
2013;22(12):2891-2896.

13. Bal BS, Rahaman MN: Orthopedic
applications of silicon nitride ceramics.
Acta Biomater 2012;8(8):2889-2898.

23. Lowe TG, Hashim S, Wilson LA, et al: A
biomechanical study of regional endplate
strength and cage morphology as it relates
to structural interbody support. Spine
(Phila Pa 1976) 2004;29(21):2389-2394.

14. Schmieder K, Wolzik-Grossmann M,
Pechlivanis I, Engelhardt M, Scholz M,
Harders A: Subsidence of the wing titanium
cage after anterior cervical interbody
fusion: 2-year follow-up study. J Neurosurg
Spine 2006;4(6):447-453.

24. Barsa P, Suchomel P: Factors affecting
sagittal malalignment due to cage
subsidence in standalone cage assisted
anterior cervical fusion. Eur Spine J 2007;
16(9):1395-1400.

15. Imwinkelried T: Mechanical properties of
open-pore titanium foam. J Biomed Mater
Res A 2007;81(4):964-970.
16. Ordway NR, Rim BC, Tan R, Hickman R,
Fayyazi AH: Anterior cervical interbody
constructs: Effect of a repetitive
compressive force on the endplate.
J Orthop Res 2012;30(4):587-592.
17. The R Foundation: The R Project for
Statistical Computing. http://www.r-project.
org/. Accessed November 21, 2016.
18. Judd CM, McClelland GH, Ryan CS: Data
Analysis: A Model Comparison Approach,
ed 2. New York, NY, Routledge, 2009.

25. Lim TH, Kwon H, Jeon CH, et al: Effect of
endplate conditions and bone mineral
density on the compressive strength of the
graft-endplate interface in anterior cervical
spine fusion. Spine (Phila Pa 1976) 2001;26
(8):951-956.
26. Chiang MF, Teng JM, Huang CH, et al:
Finite element analysis of cage subsidence in
cervical interbody fusion. J Med Biol Eng
2004;24(4):201-208.
27. Adam C, Pearcy M, McCombe P: Stress
analysis of interbody fusion—finite element
modelling of intervertebral implant and
vertebral body. Clin Biomech (Bristol,
Avon) 2003;18(4):265-272.

9

Contributed Papers from Materials Science and Technology 2016 (MS&T16)
October 23 – 27, 2016, Salt Palace Convention Center, Salt Lake City, Utah USA
Copyright © 2016 MS&T16®

THE NOVEL USE OF ACOUSTIC EMISSION MONITORING DURING
PROOF-TESTING OF CERAMIC SPINAL IMPLANTS
Darin A. Ray*1, Ramaswamy Lakshminarayanan†1, Bryan J. McEntire1, and Obdulia Ley2
2

Amedica Corporation, Salt Lake City, UT 84119
MISTRAS Group, Inc., Princeton Junction, NJ 08550
1

Keywords: silicon nitride, acoustic emission, proof test, defects
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 (Valeo TM, AMEDICA Corp, Salt Lake City, UT)
were manufactured using standard industry techniques to mix, consolidate and form Si 3N4,
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

A

Bridge Thickness
(mm)

1.0 mm (top only)

Wall Thickness
(mm)
1.5

9

B

1.0 mm (top only)

2.0

10

1.5

9

C

1.5 mm
(top and bottom)

Max Applied
Stress Factora

Failure /
Total Tested

1.00
8/9
1.27
1/1b
1.00
4/10
1.27
6/6b
1.00
7/9
1.27
2/2b
1.00
1/10
1.54
9/9b
standard proof test stress. Failures

2.5
10
(standard thickness)
a. Maximum applied stress expressed as a factor of the
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.
D

1.0 mm (top only)

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 nondefective 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 nondefective 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;
cathodoluminescence spectroscopy
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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].

Materials 2014, 7

4369

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:


→ 4Al + 3O 2
2Al2O3 ←


(1)

This is in turn associated with the elementary reaction:


→ H2 +
H 2O ←


1
2

O2

(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:

Y2O3 
→ 2YZr' + 3OOx + VO••

(3)

where, YZr' represents the Y3+ ions on regular cationic sites (i.e., replacing Zr4+ ions) associated with a
relative charge of −1; O Ox stands for oxygen ions on regular anionic sites and VO•• 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:
1

 VO••  =  YZr' 
2

(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 3YTZP 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

Materials 2014, 7

4392

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:
Si3 N 4 +6H 2O 
→ 3SiO 2 + 4NH 3

(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:
SiO 2 +2H 2O 
→ Si(OH) 4

(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.
Conflicts of Interest
The author declares no conflict of interest.
References
1.

Learmonth, I.D.; Young, C.; Rorabeck, C. The operation of the century: total hip replacement.
Lancet 2007, 370, 1508–1519.

Materials 2014, 7
2.
3.

4.
5.
6.

7.

8.
9.
10.

11.
12.

13.
14.

15.

16.

17.

4402

Courpied, J.P.; Caton, J. Total hip arthroplasty, state of the art for the 21st century. Int. Orthop.
2011, 35, 149–150.
Räsänen, P.; Paavolainen, P.; Sintonen, H.; Koivisto, A.M.; Blom, M.; Ryynänen, O.P.; Roine, R.P.
Effectiveness of hip or knee replacement surgery in terms of quality-adjusted life years and costs.
Acta Orthop. 2007, 78, 108–115.
Stea, S.; Bordini, B.; Sudanese, A.; Toni, A. Registration of hip prostheses at the Rizzoli
Institute: 11 years’ experience. Acta Orthop. Scand. Suppl. 2002, 73, 40–44.
Kurtz, S.; Ong, K.; Lau, E.; Mowat, F.; Halpern, M. Projections of primary and revision hip and
knee arthroplasty in the United States from 2005 to 2030. J. Bone Joint Surg. 2007, 89, 780–785.
Okita, S.; Hasegawa, M.; Takahashi, Y.; Puppulin, L.; Sudo, A.; Pezzotti, G. Failure analysis of
sandwich-type ceramic-on-ceramic hip joints: A spectroscopic investigation into the role of the
polyethylene shell component. J. Mech. Behav. Biomed. Mater. 2014, 31, 55–67.
Pezzotti, G.; Sakakura, S.; Porporati, A.A.; Clarke, I.C.; Green, D.D. Phase transformation and
residual stresses in retrieved zirconia hip implant—a Raman microprobe spectroscopy study.
In Bioceramics: Materials and Applications IV; Sundar, V., Rusin, R.P., Rutiser, C.A., Eds.;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006; Volume 147, pp. 141–154.
Pezzotti, G. Advanced Materials for Joint Implants, 1st ed.; Pan Stanford Publ Pte Ltd.:
Singapore, Republic of Singapore, 2013.
Pezzotti, G.; Yamamoto, K. Artificial hip joints: The biomaterials challenge. J. Mech. Behav.
Biomed. Mater. 2014, 31, 3–20.
Kim, T.I.; Jung, Y.H.; Chung, H.J.; Yu, K.J.; Ahmed, N.; Corcoran, C.J.; Park, J.S.; Jin, S.H.;
Rogers, J.A. Deterministic assembly of releasable single crystal silicon-metal oxide field-effect
devices formed from bulk wafers. Appl. Phys. Lett. 2013, 102, doi:10.1063/1.4804139.
Pezzotti, G. Stress microscopy and confocal Raman imaging of load-bearing surfaces in artificial
joints. Expert Rev. Med. Devices 2007, 4, 165–189.
Pezzotti, G.; Munisso, M.C.; Porporati, A.A.; Lessnau, K. On the role of oxygen vacancies and
lattice strain in the tetragonal to monoclinic transformation in alumina/zirconia composites and
improved environmental stability. Biomater 2010, 31, 6901–6908.
Pezzotti, G.; Yamada, K.; Sakakura, S.; Pitto, R.P. Raman spectroscopic analysis of advanced
ceramic composite for hip prosthesis. J. Am. Ceram. Soc. 2008, 91, 1199–1206.
Takahashi, Y.; Zhu, W.; Sugano, N.; Pezzotti, G. 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. 2011, 4, 993–1003.
Fukatsu, K.; Leto, A.; Zhu, W.; Sugano, N.; Pezzotti, G. Kinetics and the role of off-stoichiometry in
the environmentally driven phase transformation of commercially available zirconia femoral
heads. Acta Biomater. 2012, 8, 1639–1647.
Leto, A.; Zhu, W.; Matsubara, M.; Pezzotti, G. 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. 2014, 21, 135–144.
Zhu, W.; Sugano, N.; Pezzotti, G. Nondestructive inspection of phase transformation in
zirconia-containing hip joints by confocal Raman spectroscopy. J. Biomed. Opt. 2013, 18,
doi:10.1117/1.JBO.18.12.127002.

Materials 2014, 7
18.

19.

20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

34.
35.

4403

Pezzotti, G.; Kumakura, T.; Yamada, K.; Tateiwa, T.; Puppulin, L.; Zhu, W.; Yamamoto, K.
Confocal Raman spectroscopic analysis of cross-linked ultra-high molecular weight polyethylene
for application in artificial hip joints. J. Biomed. Opt. 2007, 12, doi:10.1117/1.2710247.
Pezzotti, G.; Takahashi, Y.; Takamatsu, S.; Puppulin, L.; Nishii, T.; Miki, H.; Sugano, N.
Non-destructively differentiating the roles of creep, wear and oxidation in long-ter, in vivo
exposed polyethylene cups. J. Biomater. Sci. Polym. Ed. 2011, 22, 2165–2184.
Takahashi, Y.; Puppulin, L.; Zhu, W.; Pezzotti, G. Raman tensor analysis of ultra-high molecular
weight polyethylene and its application to study retrieved hip joint components. Acta Biomater.
2010, 6, 3583–3594.
Schlenker, B.R. Introduction to Materials Science: SI Edition; John Wiley & Sons: Australasia
Pty: Sydney, Australia, 1974.
Basu, B.; Kalin, M. Tribology of Ceramics and Composites: Materials Science Perspective;
John Wiley & Sons: Hoboken, NJ, USA, 2011.
Williams, D.F. Bioinertness: An outdated principle. In Tissue Engineering of Prosthetic Vascular
Graft; Zilla, P., Greisler, H.P., Eds.; R.G. Landes Co.: Georgetown, TX, USA, 1999.
Jeng, M.C.; Yan, L.Y. Environmental effects on wear behavior of alumina. Wear 1993, 161,
111–119.
Mori, S. The lubrication of ceramics—Adsorption and chemical reaction. Tribol. J. Jpn. Soc.
Tribol. 1991, 36, 130–134.
Shapovalov, V.; Truong, T.N. Ab initio study of water adsorption on α-Al2O3 (0001) crystal
surface. J. Phys. Chem. B 2000, 104, 9859–9866.
Fernandez, E.M.; Eglitis, R.I.; Borstel, G.; Balbas, L.C. Ab initio calculations of H2O and O2
adsorption on Al2O3 substrates. Comput. Mater. Sci. 2007, 39, 587–592.
Freund, H.J.; Kuhlenbeck, H.; Staemmler, V. Oxide surfaces. Rep. Prog. Phys. 1996, 59, 283–347.
Lippens, B.C.; Steggerda, J.J. Active alumina. In Physical and Chemical Aspects of Adsorbents
and Catalysts; Linsen, B.G., Ed.; Academic: New York, NY, USA, 1970.
Knözinger, H.; Ratnasamy, P. Catalytic aluminas: Surface models and characterization of surface
sites. Catal. Rev. Sci. Eng. 1978, 17, 31–70.
Morterra, C.; Ghiotti, G.; Garrone, E.; Boccuzzi, F. Infrared spectroscopic characterization of the
γ-alumina surface. J. Chem. Soc. Faraday Trans. 1976, 72, 2722–2734.
Morterra, C.; Magnacca, G.; Cerrato, G.; Del Favero, N.; Filippi, F.; Folonari, C.V. X-ray
diffraction, high-resolution transmission electron microscopy and Fourier-transform infrared
study of Ca-doped Al2O3. J. Chem. Soc. Faraday Trans. 1993, 89, 135–150.
Morterra, C.; Magnacca, G. A case study: Surface chemistry and surface structure of catalytic
aluminas as studied by vibrational spectroscopy of adsorbed species. Catal. Today 1996, 27,
497–532.
Tsyganenko, A.A.; Mardilovich, P.P. Structure of alumina surfaces. J. Chem. Soc. Faraday
Trans. 1996, 92, 4843–4852.
Tsyganenko, A.A.; Mirnov, K.S.S.; Rzhevskij, A.M.; Mardilovich, P.P. Infrared spectroscopic
evidence for the structural OH− groups of spinel alumina modifications. Mater. Chem. Phys.
1990, 26, 35–46.

Materials 2014, 7
36.
37.
38.
39.
40.
41.
42.

43.
44.
45.
46.
47.

48.

49.
50.
51.
52.

53.
54.

4404

Liu, X.; Truitt, R.E. DRFT-IR studies of the surface of γ-alumina. J. Am. Chem. Soc. 1997, 119,
9856–9860.
Ahn, J.; Rabalais, J.W. Composition and structure of the Al2O3{0001}-(1×1) surface. Surf. Sci.
1997, 388, 121–131.
Nygren, M.A.; Gay, D.H.; Catlow, C.R.A. Hydroxylation of the surface of the corundum basal
plane. Surf. Sci. 1997, 380, 113–123.
Wang, X.G.; Chaka, A.; Scheffler, M. Effect of the environment on α-Al2O3 (0001) surface
structures. Phys. Rev. Lett. 2000, 86, 3650–3653.
Elam, J.W.; Nelson, C.E.; Cameron, M.A.; Tolbert, M.A.; George, S.M. Adsorption of H2O on a
single-crystal α-Al2O3 (0001) surface. J. Phys. Chem. B 1998, 102, 7008–7015.
Wade, W.H.; Hackerman, N. Heats of immersion. IV. The alumina-water system-variations with
particle size and outgassing temperature. J. Phys. Chem. 1960, 64, 1196–1199.
Venable, R.I.; Wade, W.H.; Hackerman, N. Heats of immersion. VIII. Differential heats of
adsorption as a function of particle size for the alumina-water system. J. Phys. Chem. 1965, 69,
317–321.
Peri, J.B.; Hannan, R.B. Surface hydroxyl groups on γ-alumina. J. Phys. Chem. 1960, 64,
1526–1530.
Peri, J.B. Infrared and gravimetric study of the surface hydration of γ-alumina. J. Phys. Chem.
1965, 69, 211–219.
Yu Yao, Y.-F. Adsorption of polar molecules on metal oxide single crystals. J. Phys. Chem.
1965, 69, 3930–3941.
Hendriksen, B.A.; Pearce, D.R.; Rudham, R. Heats of adsorption of water on α- and γ-alumina.
J. Catal. 1972, 24, 82–87.
Della Gatta, G.; Fubini, B.; Stradella, L. Energies of different surface rehydration processes on
“eta”, “theta” and “alpha” aluminas. J. Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys. 1997, 73,
1040–1049.
Chen, J.G.; Crowell, J.E.; Yates, J.T., Jr. Assignment of a surface vibrational mode by chemical
means: Modification of the lattice modes of aluminum oxide by a surface reaction with water.
J. Chem. Phys. 1986, 84, 5906–5909.
Thiel, P.A.; Madey, T.E. The interaction of water with solid surfaces: fundamental aspects.
Surf. Sci. Rep. 1987, 7, 211–385.
Frederick, B.G.; Apai, G.; Rhodin, T.N. Electronic and vibrational properties of hydroxylated
and dehydroxylated thin alumina films. Surf. Sci. 1991, 244, 67–80.
Rossi, P.F.; Oliveri, G.; Bassoli, M. Heat of water chemisorption on α-Al2O3 at 200–400 °C.
J. Chem. Soc. Faraday Trans. 1994, 90, 363–366.
McHale, J.M.; Navrotsky, A.; Perrotta, A.J. Effects of increased surface area and chemisorbed
H2O on the relative stability of nanocrystalline γ-Al2O3 and α-Al2O3. J. Phys. Chem. B 1997,
101, 603–613.
McHale, J.M.; Auroux, A.; Perrotta, A.J.; Navrotsky, A. Surface energies and thermodynamic
stability in nanocrystalline alumina. Science 1997, 277, 788–791.
Hass, K.C.; Schneider, W.F.; Curioni, A.; Andreoni, W. The chemistry of water on alumina
surfaces: Reaction dynamics from first principles. Science 1998, 282, 265–268.

Materials 2014, 7
55.

56.

57.
58.

59.
60.

61.
62.

63.
64.
65.
66.
67.

68.
69.

70.

4405

Nevelos, J.E.; Ingham, E.; Doyle, C.; Streicher, R.; Nevelos, A.B.; Walter, W.; Fisher, J.
Microseparation of the centers of alumina-alumina artificial hip joints during simulator testing
produces clinically relevant wear rates and patterns. J. Arthropl. 2000, 15, 793–795.
Manaka, M.; Clarke, I.C.; Yamamoto, K.; Shishido, T.; Gustafson, A.; Imakiire, A. Stripe wear
rates in alumina THR—Comparison of microseparation simulator study with retrieved implants.
J. Biomed. Mater. Res. B Appl. Biomater. 2004, 15, 149–157.
Zeng, H.; Chittur, K.K.; Lacefield, W.R. Analysis of bovine serum albumin adsorption on
calcium phosphate and titanium surfaces. Biomater 1999, 20, 377–384.
Garrett, Q.; Griesser, H.J.; Milthorpe, B.K.; Garrett, R.W. Irreversible adsorption of human
serum albumin to hydrogel contact lenses: A study using electron spin resonance spectroscopy.
Biomater 1999, 20, 1345–1356.
Mishina, M.; Kojima, M. Changes in human serum albumin on arthroplasty frictional surfaces.
Wear 2008, 265, 655–663.
Nevelos, J.E.; Prudhommeaux, F.; Hamadouche, M.; Doyle, C.; Ingham, E.; Meunier, A.;
Nevelos, A.B.; Sedel, L.; Fisher, J. Comparative analysis of two different types of alumina-alumina
hip prosthesis retrieved for aseptic loosening. J. Bone Joint Surg. 2001, 83B, 598–603.
Deckman, D.E.; Jahanmir, S. Wear mechanisms of alpha alumina lubricated with a paraffin oil.
Wear 1991, 149, 155–168.
Dahl, L.E.; Dahl, I.M.; Engström-Laurent, A.; Granath, K. Concentration and molecular weight
of sodium hyaluronate in synovial fluid from patients with rheumatoid arthritis and other
arthropathies. Ann. Rheum. Dis. 1985, 44, 817–822.
Kelly, J.R.; Denry, I. Stabilized zirconia as a structural ceramic: An overview. Dent. Mater.
2008, 24, 289–298.
Fabris, S.; Paxton, A.T.; Finnis, M.W. A stabilization mechanism of zirconia based on oxygen
vacancies only. Acta Mater. 2002, 50, 5171–5178.
Hannink, R.H.J.; Kelly, P.M.; Muddle, B.C. Transformation toughening in zirconia-containing
ceramics. J. Am. Ceram. Soc. 2000, 83, 461–487.
Kröger, F.A.; Vink, H.J. Relations between the concentrations of imperfections in solids. J. Phys.
Chem. Solids 1958, 5, 208–223.
Morikawa, H.; Shimizugawa, Y.; Murumo, F.; Harashawa, T.; Ikawa, H.; Tohji, K.; Udagawa, Y.
Local structures around Y atoms in Y2O3-stabilized tetragonal ZrO2. J. Jpn. Ceram. Soc. 1988,
96, 253–258.
Guo, X. Low temperature degradation mechanism of tetragonal zirconia ceramics in water: Role
of oxygen vacancies. Solid State Ion. 1998, 112, 113–116.
Clarke, I.C.; Manaka, M.; Green, D.D.; Williams, P.; Pezzotti, G.; Kim, Y.H.; Ries, M.; Sugano, N.;
Sedel, L.; Delauney, C.; et al. Current status of zirconia used in total hip implants. J. Bone Joint
Surg. 2003, 85A, 73–84.
Clarke, I.C.; Green, D.D.; Pezzotti, G.; Sakakura, S.; Ben-Nissan, B. The bio-lubrication
phenomena: Proteins may control the wear performance of zirconia hip joints. In Bioceramics:
Materials and Applications IV; Sundar, V., Rusin, R.P., Rutiser, C.A., Eds.; John Wiley & Sons,
Inc.: Hoboken, NJ, USA, 2006; Volume 147.

Materials 2014, 7
71.
72.
73.
74.
75.

76.

77.
78.
79.
80.
81.
82.
83.
84.
85.

86.
87.
88.

89.

4406

Lee, K.H.; Crawford, J.H. Luminescence of the F center in sapphire. Phys. Rev. B 1979, 19,
3217–3221.
Draeger, B.G.; Summers, G.P. Defects in unirradiated α-Al2O3. Phys. Rev. B 1979, 19, 1172–1177.
Ghamnia, M.; Jardin, C.; Bouslama, M. Luminescence centres F and F+ in α-alumina detected by
cathodoluminescence technique. J. Electron Spectr. Rel. Phenom. 2003, 133, 55–63.
Pezzotti, G.; Wan, K.; Munisso, M.C.; Zhu, W. Stress dependence of F+-center cathodoluminescence
of sappire. Appl. Phys. Lett. 2006, 89, doi:10.1063/1.2234307.
Munisso, M.C.; Zhu, W.; Leto, A.; Pezzotti, G. Stress dependence of sapphire cathodoluminescence
from optically active oxygen defects as a function of crystallographic orientation. J. Phys. Chem.
A 2007, 111, 3526–3533.
Brandt, G.; Mikus, M. An electron microprobe and cathodoluminescence study of chemical
reactions between tool and workpiece when turning steel with alumina-based ceramics. Wear
1987, 115, 243–263.
Petrik, N.G.; Taylor, D.P.; Orlando, T.M. Laser-stimulated luminescence of yttria-stabilized
cubic zirconia crystals. J. Appl. Phys. 1999, 85, 6770–6776.
Li, P.; Chen, I.W.; Penner-Hahn, J.E. X-ray-absorption studies of zirconia polymorphs. I.
Characteristic local structures. Phys. Rev. B 1993, 48, 10063–10073.
Smits, K.; Grigorjeva, L.; Qojkowski, W.; Fidelus, J.D. Luminescence of oxygen related defects
in zirconia nanocrystals. Phys. Stat. Solidi C 2007, 4, 770–773.
Smits, K. Luminescence of Zirconia Nanocrystals. Ph.D. Thesis, Faculty of Physics and
Mathematics, University of Latvia, Riga, Latvia, May 2010.
Gholinia, A.; Leach, C. Cathodoluminescence microscopy of impurity phases in ZrO2/Ni
nano-composites. J. Mater. Sci. 1997, 32, 6625–6628.
Pezzotti, G.; Munisso, M.C.; Lessnau, K.; Zhu, W. Quantitative assessments of residual stress fields
at the surface of alumina hip joints. J. Biomed. Mater. Res. B Appl. Biomater. 2010, 95B, 250–262.
Zhu, W.; Munisso, M.C.; Matsutani, A.; Ge, W.; Pezzotti, G. Stress perturbation method for the
assessment of cathodoluminescence probe response function. Appl. Spectr. 2009, 63, 185–191.
Evans, A.G. Microfracture from thermal expansion anisotropy—I. Single phase systems.
Acta Metall. 1978, 26, 1845–1853.
Dillon, S.; Miller, H.; Harmer, M.P.; Rohrer, G.S. Grain boundary plane distributions in
aluminas evolving by normal and abnormal grain growth and displaying different complexions.
Int. J. Mat. Res. 2010, 101, 1–7.
West, G.D.; Perkins, J.M.; Lewis, M.H. The effect of rare earth dopants on grain boundary
coesion in alumina. J. Eur. Ceram. Soc. 2007, 27, 1913–1918.
Buban, J.P.; Matsunaga, K.; Chen, J.; Shibata, N.; Ching, W.Y.; Yamamoto, T.; Ikuhara, Y.
Grain boundary strengthening in alumina by rare earth impurities. Science 2006, 311, 212–215.
Zeghad, A.; N’Guyen, F.; Forest, S.; Gourgues, A.F.; Bouaziz, O. Ensemble averaging
stress-strain fields in polycrystalline aggregates with a constrained surface microstructure—Part
1: Anisotropic elastic behavior. Phil. Mag. 2007, 87, 1401–1424.
Ma, Q.; Pompe, W.; Clarke, D.R. Residual stress in Al2O3-ZrO2 composites: A test of stochastic
stress models. Acta Metall. Mater. 1994, 42, 1673–1681.

Materials 2014, 7
90.
91.
92.

93.

94.
95.
96.

97.
98.
99.
100.

101.
102.

103.
104.

105.
106.

4407

Ma, Q.; Clarke, D.R. Piezo-spectroscopic determination of residual stresses in polycrystalline
alumina. J. Am. Ceram. Soc. 1994, 77, 298–302.
Willmann, G. Ceramic femoral head retrieval data. Clin. Orthop. Rel. Res. 2000, 379, 22–28.
Takahashi, Y.; Sugano, N.; Zhu, W.; Nishii, T.; Sakai, T.; Takao, M.; Pezzotti, G. Wear
degradation of long-term in vivo exposed alumina-on-alumina hip joint: Linking nanometer-scale
phenomena to macroscopic joint design. J. Mater. Sci. Mater. Med. 2012, 23, 591–603.
Shishido, T.; Clarke, I.C.; Williams, P.; Boehler, M.; Asano, T.; Shoji, H.; Masaoka, T.;
Yamamoto, K.; Imakiire, A. Clinical and simulator wear study of alumina ceramic THR to 17
years and beyond. J. Biomed. Mater. Res. Part B Appl. Biomater. 2003, 67, 638–647.
Larché, F.; Cahn, J.W. The interactions of composition and stress in crystalline solids.
Acta Metall. 1985, 33, 331–357.
Pezzotti, G.; Takahashi, Y.; Zhu, W.; Sugano, N. In-depth profiling of elastic residual stress and
the in vivo wear mechanism of self-mating alumina hip joints. Wear 2012, 284–285, 91–97.
Oonishi, H.; Clarke, I.C.; Good, V.; Amino, H.; Ueno, M. Alumina hip joints characterized by
run-in wear and steady state wear to 14 million cycles in hip-simulator model. J. Biomed. Mater.
Res. Part A 2004, 70, 523–532.
Rainforth, W.M. The wear behaviour of oxide ceramics—A Review. J. Mater. Sci. 2004, 39,
6705–6721.
Barceinas-Sanchez, O.; Rainforth, W.M. On the role of plastic deformation during the mild wear
of alumina. Acta Mater. 1998, 46, 6475–6483.
Kalin, M.; Novak, S.; Vižintin, J. Wear and friction behavior of alumina ceramics in acqueous
solutions with different pH. Wear 2003, 254, 1141–1146.
Castaing, J.; Kronenberg, A.K.; Kirby, S.H.; Mitchell, T.E. Hydrogen defects in α-Al2O3 and
water weakening of sapphire and alumina ceramics between 600 °C and 1000 °C—II.
Mechanical properties. Acta Mater. 2000, 48, 1495–1504.
Rieth, P.H.; Reed, J.S.; Naumann, A.W. Fabrication and flexural strength of ultra-fine grained
yttria-stabilised zirconia. Bull. Am. Ceram. Soc. 1976, 55, 717–721.
Christel, P.; Meunier, A.; Heller, M.; Torre, J.P.; Peille, C.N. Mechanical properties and
short-term in vivo evaluation of yttrium-oxide partially-stabilized zirconia. J. Biomed. Mater.
Res. 1989, 23, 45–61.
Tateishi, T.; Yunoki, H. Research and development of alumina and zirconia artificial hip joint.
Clin. Mater. 1993, 12, 219–225.
Piconi, C.; Burger, W.; Richter, H.G.; Cittadini, A.; Maccauro, G.; Covacci, V.; Bruzzese, N.;
Ricci, G.A.; Marmo, E. Y-TZP ceramics for artificial joint replacements. Biomater 1998, 19,
1489–1494.
Samaras, D.; Dimitroulias, A.; Varitimidis, S.E.; Malizos, K.N. Delayed fracture of a zirconium
head after total hip arthroplasty. Am. J. Orthop. 2011, 40, E14–E16.
Medical Devices Agency-Adverse Incident Centre. Zirconia Ceramic Heads for Modular Total
Hip Femoral Components: Advice to Users on Resterilization; Safety Notice MDA SN 9617;
Medical Devices Agency: London, UK, 1996.

Materials 2014, 7

4408

107. Kawanabe, K.; Liang, B.; Ise, K.; Nakamura, T. Alumina and zirconia heads in cemented total
hip arthroplasty. In Bioceramics and Alternative Bearings in Joint Arthroplasty; Chang, J.D.,
Billau, K., Eds.; Steinkopff Verlag: Heidelberg, Germany, 2007; pp. 83–87.
108. Guo, X. Roles of alumina in zirconia for functional applications. J. Am. Ceram. Soc. 2003, 86,
1867–1873.
109. Guo, X. On the degradation of zirconia ceramic during low- temperature annealing in water or
water vapor. J. Phys. Chem. Solids 1999, 60, 539–546.
110. Matsui, K.; Ohmichi, N.; Ohgai, M.; Enomoto, N.; Hojo, J. Sintering kinetics at constant rates of
heating: Effect of Al2O3 on the initial sintering stage of fine zirconia powder. J. Am. Ceram. Soc.
2005, 88, 3346–3352.
111. Matsui, K.; Yamakawa, T.; Uehara, M.; Enomoto, N.; Hojo, J. Mechanism of alumina-enhanced
sintering of fine zirconia powder: Influence of alumina concentration on the initial stage
sintering. J. Am. Ceram. Soc. 2008, 91, 1888–1897.
112. Li, J.F.; Watanabe, R. Influence of a small amount of Al2O3 addition on the transformation of
Y2O3-partially stabilized ZrO2 during annealing. J. Mater. Sci. 1997, 32, 1149–1153.
113. Mullens, S.; Cooymans, J.; Smolders, C.; Luyten, J. Processing oxide-based nanocomposites.
Am. Ceram. Soc. Bull. 2005, 84, 9101–9103.
114. Nasu, N.; Hirota, D.; Inoue, K.; Hashimoto, T.; Ishihara, A. Luminescent properties of
amorphous Al2O3 prepared by sol-gel method. J. Ceram. Soc. Jpn. 2008, 116, 835–836.
115. Adiga, S.P.; Zapol, P.; Curtiss, L.A. Structure and morphology of hydroxylated amorphous
alumina surfaces. J. Phys. Chem. C 2007, 111, 7422–7429.
116. Chevalier, J.; Gremillard, L.; Virkar, A.V.; Clarke, D.R. The tetragonal-monoclinic transformation in
zirconia: Lessons learned and future trends. J. Am. Ceram. Soc. 2009, 92, 1901–1920.
117. Burger, W.; Richter, H.G. High strength and toughness alumina matrix composites by
transformation toughening and “in situ“ platelet reinforcement (ZPTA). Key Eng. Mater. 2001,
192–195, 545–548.
118. Nakanishi, T.; Sasaki, M.; Ikeda, J.; Miyaji, F.; Kondo, M. Mechanical and phase stability of
zirconia toughened alumina. Key Eng. Mater. 2007, 330–332, 1267–1270.
119. Ikeda, J.; Pezzotti, G.; Nakanishi, T. Phase stability of zirconia toughened alumina composite for
artificial joints. Key Eng. Mater. 2006, 309–311, 1243–1246.
120. Richter, H.G.; Willmann, G. Reliability of ceramic components for total hip prostheses.
Br. Ceram. Trans. 1999, 98, 29–34.
121. Kuntz, M. Validation of a new high performance alumina matrix composite for use in total joint
replacement. Semin. Arthropl. 2006, 17, 141–145.
122. Insley, G.M.; Streicher, R.M. Next generation ceramics based on zirconia toughened alumina for
hip joint prostheses. Key Eng. Mater. 2004, 254–256, 675–678.
123. Chevalier, J.; Grandjean, S.; Kuntz, M.; Pezzotti, G. On the kinetics and impact of tetragonal to
monoclinic transformation in an alumina/zirconia composite for arthroplasty applications. Biomater.
2009, 30, 5279–5282.
124. Schubert, H.; Frey, F. Stability of Y-TZP during hydrothermal treatment: neutron experiments
and stability considerations. J. Eur. Ceram. Soc. 2005, 25, 1597–1602.

Materials 2014, 7

4409

125. Kreher, W.; Pompe, W. Internal Stresses in Heterogeneous Solids; Akademie Verlag: Berlin,
Germany, 1988.
126. Gregori, G.; Burger, W.; Sergo, V. Piezo-spectroscopic analysis of the residual stresses in
zirconia-toughened alumina ceramics: The influence of the tetragonal-to-monoclinic transformation.
Mater. Sci. Eng. A 1999, 271, 401–406.
127. Scardi, P.; Leoni, M.; Bertamini, L. Residual stresses in plasma sprayed partially stabilized
zirconia TBCs: Influence of the deposition temperature. Thin Solid Films 1996, 278, 96–103.
128. Lushchik, A.; Lushchik, C.; Kirm, M.; Nagirnyi, V.; Savikhin, F.; Vasil’chenko, E. Defect
creation caused by the decay of cation excitons and hot electron-hole recombination in wide-gap
dielectrics. Nucl. Instr. Meth. B 2006, 250, 330–336.
129. Mohapatra, S.K.; Kröger, F.A. Defect structure of α-Al2O3 doped with titanium. J. Am. Ceram.
Soc. 1977, 60, 381–387.
130. Zhu, W.; Puppulin, L.; Leto, A.; Takahashi, Y.; Sugano, N.; Pezzotti, G. In situ measurements of
local temperature and contact stress magnitude during wear of ceramic-on-ceramic hip joints.
J. Mech. Behav. Biomed. Mater. 2014, 31, 68–76.
131. Puppulin, L.; Leto, A.; Zhu, W.; Sugano, N.; Pezzotti, G. Innovative tribometer for in situ
spectroscopic analyses of wear mechanisms and phase transformation in ceramic femoral heads.
J. Mech. Behav. Biomed. Mater. 2014, 31, 45–54.
132. Bal, B.S.; Khandkar, A.; Lakshminarayanan, A.; Clarke, I.C.; Hoffman, A.A.; Rahaman, M.N.
Testing of silicon nitride ceramic bearings for total hip arthroplasty. J. Biomed. Mater. Res. Part
B Appl. Biomater. 2008, 87, 447–454.
133. Mazzocchi, M.; Gardini, D.; Traverso, P.L.; Faga, M.G.; 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, 2889–2901.
134. Zhang, W.; Titze, M.; Cappi, B.; Wirtz, D.C.; Telle, R.; Fischer, H. Improved mechanical
long-term reliability of hip resurfacing prostheses by using silicon nitride. J. Mater. Sci. Mater.
Med. 2010, 21, 3049–3057.
135. Bal, B.S.; Rahaman, M.N. Orthopedic applications of silicon nitride ceramics. Acta Biomater.
2012, 8, 2889–2898.
136. Pezzotti, G.; Yamada, K.; Porporati, A.A.; Kuntz, M.; Yamamoto, K. Fracture toughness analysis
of advanced ceramic composite for hip prosthesis. J. Am. Ceram. Soc. 2009, 92, 1817–1822.
137. Hampshire, S. Silicon nitride ceramics—Review of structure, processing and properties.
J. Achiev. Mater. Manuf. Eng. 2007, 24, 43–50.
138. Ziegler, G.; Heinrich, J.; Wötting, G. Review: Relationships between processing, microstructure,
and properties of dense and reaction-bonded silicon nitride. J. Mater. Sci. 2007, 22, 3041–3086.
139. Kleebe, H.J.; Pezzotti, G.; Ziegler, G. Microstructure and fracture toughness of Si3N4 ceramics:
Combined roles of grain morphology and secondary phase chemistry. J. Am. Ceram. Soc. 1999,
82, 1857–1867.
140. Becher, B.F.; Sun, E.Y.; Plucknett, K.P.; Alexander, K.B.; Hsueh, C.H.; Lin, H.T.; Waters, S.B.;
Westmoreland, C.G.; Kang, E.S.; Hirao, K.; et al. Microstructural design of silicon nitride with
improved fracture toughness: I, Effects of grain size and shape. J. Am. Ceram. Soc. 1998, 81,
2821–2830.

Materials 2014, 7

4410

141. Sun, E.Y.; Becher, P.F.; Plucknett, K.P.; Hsueh, C.H.; Alexander, K.B.; Waters, S.B.; Hirao, K.;
Brito, M.E. Microstructural design of silicon nitride with improved fracture toughness: II, Effects
of yttria and alumina additives. J. Am. Ceram. Soc. 1998, 81, 2831–2840.
142. Sun, E.Y.; Becher, P.F.; Hsueh, C.H.; Painter, G.S.; Waters, S.B.; Hwang, S.L.; Hoffmann, M.J.
Debonding behavior between β-Si3N4 whiskers and oxynitride glasses with or without an
epitaxial β-Sialon interfacial layer. Acta Mater. 1999, 47, 2777–2785.
143. Becher, P.F.; Painter, G.S.; Shibata, N.; Satet, R.L.; Hoffmann, M.J.; Pennycook, S.J. Influence
of additives on anisotropic grain growth in silicon nitride ceramics. Mater. Sci. Eng. A 2006, 422,
85–91.
144. Gates, R.S.; Hsu, S.M. Boundary Lubrication of Silicon Nitride; National Institute of Standards
and Technology (NIST) Special Publication 876; NIST: Gaithersburg, MD, USA, 1995.
145. Dante, R.C.; Kajdas, C.K. A review and a fundamental theory of silicon nitride tribochemistry.
Wear 2012, 288, 27–38.
146. Tomizawa, T.E.; Fischer, T.E. Friction and wear of silicon nitride and silicon carbide in water:
Hydrodynamic lubrication at low sliding speed obtained by tribochemical wear. ASLE Trans.
1986, 30, 41–46.
147. Mizuhara, K.; Hsu, S.M. Tribochemical reaction of oxygen and water on silicon surfaces. Tribol.
Series 1992, 21, 323–328.
148. Volante, M.; Fubini, B.; Giamello, E.; Bolis, V. Reactivity induced by grinding in silicon nitride.
Mater. Sci. Lett. 1989, 8, 1076–1078.
149. Muratov, V.A.; Luangvaranunt, T.; Fischer, T.E. The tribochemistry of silicon nitride: Effects of
friction, temperature and sliding velocity. Tribol. Int. 1998, 31, 601–611.
150. Jia, Z.; Shen, D.; Xu, W. Synthesis and antibacterial activities of quaternary ammonium salt of
chitosan. Carbohydrate Res. 2001, 333, 1–6.
151. Dong, X.; Jahanmir, S. Wear transition diagram for silicon nitride. Wear 1993, 165, 169–180.
152. Kleebe, H.J.; Cinibulk, M.K.; Cannon, R.M.; Rühle, M. Statistical analysis of the intergranular
film thickness in silicon nitride ceramics. J. Am. Ceram. Soc. 1993, 76, 1969–1977.
153. Webster, T.J.; Patel, A.A.; Rahaman, M.N.; Sonny Bal, B. Anti-infective and osteointegration
properties of silicon nitride, poly(ether ether ketone), and titanium implants. Acta Biomater.
2012, 8, 4447–4454.
154. Gorth, D.J.; Puckett, S.; Ercan, B.; Webster, T.J.; Rahaman, M.; Sonny Bal, B. Decreased
bacteria activity on Si3N4 surfaces compared with PEEK or titanium. Int. J. Nanomed. 2012, 7,
4829–4840.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

Ceramic Materials in Total Joint Arthroplasty
B. Sonny Bal, MD,* Jonathan Garino, MD,† Michael Ries, MD,‡
and 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 articulating 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 articulations 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 alternatives to cobalt-chrome (CoCr) in total hip arthroplasty
(THA) and total knee arthroplasty (TKA) since the 1970s.1-5
The advantage of these ceramic materials in orthopedic bearings is the reduction or possible elimination of polyethylene
wear particles from the periprosthetic space. The accumulation of microscopic wear particles in total joint articulations
is known to produce periprosthetic inflammation, bone loss,
and aseptic loosening of the implants requiring repeat surgery.6,7 Accordingly, any material advancement that can reduce bearing wear rates in THA and TKA can potentially
decrease the morbidity and risks associated with revision
surgery related to wear particles.8-10

*Department of Orthopaedic Surgery, School of Medicine, University of
Missouri–Columbia, Columbia, MO.
†Department of Orthopaedics, University of Pennsylvania Medical Center,
Philadelphia, PA.
‡Department of Orthopaedic Surgery, University of California, San Francisco, San Francisco, CA.
§Department of Materials Science and Engineering, University of Missouri–
Rolla, Rolla, MO.
Address reprint requests to B. Sonny Bal, MD, MBA, Department of Orthopaedic Surgery, University of Missouri, MC213, DC053.00, One Hospital Drive, Columbia, MO 65212. E-mail: balb@health.missouri.edu.

94

1045-4527/06/$-see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1053/j.sart.2006.09.002

Proponents of other materials, such as metal-on-metal and
highly cross-linked polyethylene (XLPE), have advocated the
wear advantages of these bearings materials instead. While
metal–metal couplings do reduce wear in THA, concerns
related to delayed hypersensitivity and to the potential longterm risks associated with the systemic dispersion of fine
metal ions remain unanswered.11,12 XLPE offers several advantages for the surgeon, such as familiarity with the material, modularity, and the ability to use large femoral heads in
THA.13,14 However, other reports have raised concerns regarding the brittleness of XLPE, particularly in association
with component malpositioning and impingement.15-18
XLPE is susceptible to scratching and third-body wear,19 and
the wear reductions achieved in metal–XLPE articulations are
relatively modest20 compared with the thousandfold or
greater reductions in wear reported with ceramic– ceramic
articulations.21 The smaller size of polyethylene particles generated from wear of XLPE bearings may also present an increased particulate load in vivo, and how this will affect the
incidence of osteolysis is still unkown.22 XLPE bearings have
been in clinical use only since 1998, whereas alumina ceramic bearings have been in use for more than 20 years, with
no osteolysis reported in at a minimum 18.5-year follow up
in one report.23 Therefore, while XLPE may have advantages
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in total joint arthroplasty,24 the long-term outcomes of this
material in total joint arthroplasty are unknown.
The superior wear characteristics of ceramic materials in
orthopedic bearings have been documented in many clinical
and experimental investigations.23,25-30 Total hips with alumina–alumina articulations have less osteolysis in the proximal femur when compared with metal-on-PE controls at
5 years following surgery.31 In addition to the alumina and
zirconia bearings that are familiar to orthopedic surgeons,
surface modification of metal to an oxidized zirconium layer
is another ceramic technology that can reduce PE wear in
THA and TKA.32 Composites made by mixing ceramic materials and new ceramic materials will offer increased bearing
options to the arthroplasty surgeon in the future, including
the possibility of metal-on-ceramic couplings. The purpose
of this report is to review the properties, applications, limitations, and future developments in ceramic materials that
are relevant to total joint arthroplasty.

Material Properties of Ceramics
Alumina (Al2O3) and zirconia (ZrO2) ceramics have been
used extensively in total joint bearings, particularly in THA.
Typical of ceramic materials, alumina and zirconia are crystalline structures in which the atoms are held together by
strong ionic and covalent bonds. Strong atomic bonding
gives the characteristic high compressive strength, hardness,
and chemical inertness to ceramics. Alumina and zirconia are
oxidized ceramics, and their high oxidation levels confer
chemical stability, resistance to corrosion, and reliable longterm behavior in vivo.33-36 These material properties are desirable in total joint bearings that must perform reliably in the
in vivo environment for many decades.
The strong crystalline structure of alumina and zirconia is
also responsible for an unfavorable material characteristic,
which is the brittleness or the low resistance to the propagation of cracks within ceramics. The brittle behavior of ceramics is manifested in their low fracture toughness values,
which are lower than those of the metals used in orthopedic
surgery.
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The performance of ceramic bearings also depends critically on the fracture toughness of the material and on the
design of the implant in which the ceramic bearing will be
used. Modern manufacturing methods such as hot isostatic
pressing can practically guarantee the production of ceramic
bearings with near-zero internal porosity and with a fine,
uniform grain size distributed evenly throughout the material. The improved reliability of modern ceramic bearings
compared with earlier versions of the same material is a result
of the improvements in raw materials, manufacturing processes, and implant design.37,38

Catastrophic Failures
of Ceramic Femoral Heads
The unexpected catastrophic failure of a ceramic femoral
head in vivo is a concern for the clinician, no matter how
small the risk, since this mode of failure is not associated with
metal femoral heads.39 Flaws in the ceramic material, such as
microscopic pores, notches, inconsistencies, and scratches
can be introduced during fabrication or surface machining of
the finished bearing. With repetitive loading, stress concentration at a material imperfection can result in a crack migrating through the material, with catastrophic failure as the ultimate result. Under similar conditions, metal bearings
undergo plastic deformation instead, thereby dissipating local stresses without catastrophic failure (Fig. 1).
Clinically, catastrophic failure of a ceramic bearing is usually encountered as the unexpected failure of a ceramic femoral head in THA. While this complication is rare, it can
occur in the absence of any identifiable risk factor.39,40 Patient
obesity, strenuous activity, and trauma have been implicated
in the catastrophic failure of ceramic femoral heads, but these
phenomena produce loads that are well below the fatigue
limit of ceramic materials.39 High compressive loads are well
tolerated by ceramic bearings, but tensile stresses such as
those that can develop inside the taper bore of a femoral head
during impaction on a metal trunion can result in ceramic
failure. In alumina acetabular inserts, tensile forces can concentrate at the edge with impaction of an eccentrically seated

Fabrication of Ceramics
Ceramic bearings for total joints are made by heating fine
particles or powders of the raw material to just below the
melting point. Raw powders are formed into a porous construct with the desired shape, followed by heating (or sintering) in a kiln to a high enough temperature to bond the
particles together. The properties of the fabricated material
vary with its microstructure. The microstructure is characterized by the nature, quantity, and distribution of the material
grains, the porosity within the grains, and the manufacturing
conditions. Grain homogeneity, purity, and size consistency
favorably affect the mechanical properties of the finished
bearing. A higher density (lower porosity) and smaller grain
size will generally lead to superior mechanical properties and
strength in the ceramic bearing.

Figure 1 Ductile versus brittle behavior of orthopedic metals and
ceramics, respectively.
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insert in a metal acetabular shell, resulting in chipping of the
insert edge.41
It has been hypothesized that tensile loads may be stored as
hoop stresses within ceramic femoral heads, leading to delayed failure. This failure mechanism has been described experimentally42 and clinically.43 In one report, a ceramic femoral head broke 1 month after the patient fell and 3 years after
THA implantation.43 A possible explanation for the failure
was that the fall resulted in damage and stress retention in the
ceramic head, with failure occurring when the internal material stress exceeded its fracture strength. Experimentally, a
ceramic femoral head has been shown to survive multiple
forceful impactions on a metal trunion without apparent
damage, with fragmentation occurring after an overnight
delay.44
Improvements in material technology and in implant design have sought to overcome the limitations of ceramic materials and have contributed to the safety of modern ceramic
bearings. Morse tapers on modern femoral stems are optimized to work with ceramic femoral heads, thereby contributing to the safety of ceramic– ceramic THA.39 The design of
the taper– bore junction at the interface between a ceramic
femoral head and the metal stem critically affects the performance of ceramic femoral heads (Fig. 2). Variables such as
the taper material, depth of bore, contact area of the ceramic
head, trunion– bore distance, and the chamfer shape at the
base can influence the clinical outcomes of ceramic
heads.45,46 Tensile stresses localize at the upper bore corner
and can be minimized by increasing the ceramic–metal contact area, increasing the trunion– bore distance, and centering the contact area on the bore.46 Thus, different prosthetic
neck lengths in a ceramic femoral head can influence the risk
of catastrophic fracture in vivo.41
Morse tapers designed to accept ceramic femoral heads
usually have a microscopic pattern of peaks and valleys on
the surface that flatten during head impaction, thereby

evenly distributing the loads and avoiding stress concentration.41 Scratching, corrosive damage to the metal taper or
material interposed between the taper and head can lead to
uneven loading and increase the risk of ceramic failure.47,48
This is the reason for the recommendation that ceramic femoral heads should be implanted on a clean, unused, and
undamaged metal taper.
Limited reports have described the use of femoral components made of alumina and zirconia in TKA.4,49-51 Femoral
components made of oxidized zirconium have been favored
in TKA,32 at least in the United States, because of concerns
related to the brittle nature of all-ceramic components, even
though the catastrophic failure of an all-ceramic femoral
component in TKA has yet to be reported.

Aluminum Oxide
(Alumina) Ceramics
Alumina has been used in THA bearings since the 1970s
(Table 1).52 Pure alumina (Al2O3) has a very low coefficient of
friction, making it very suitable as an orthopedic bearing
surface. Alumina femoral heads decrease polyethylene wear
rates in alumina–polyethylene THA articulations,29 and alumina–alumina articulations can eliminate polyethylene from
THA.23 Alumina has excellent biocompatibility and aging in
vivo does not affect its material properties.53
The contribution of improvements in raw materials, implantation techniques, manufacturing variables, and implant
design in reducing the risk of catastrophic failure is best
illustrated in the evolution of alumina femoral heads.38,39
Almost all alumina THA bearings in the United States are
distributed under the trade name of Biolox Forte (CeramTec,
Plochingen, Germany). The estimated risk of catastrophic in
vivo failure of a Biolox Forte femoral head is between
1/25,000 (0.004%) and 1/10,000 (0.01%).54 Proponents of
alumina bearings in THA point out the much higher risk of
other adverse outcomes associated with routine THA, such as
infection, dislocation, revision, and venous thrombosis.55,56

Zirconium Oxide
(Zirconia) Ceramics

Figure 2 Design variables at the ceramic femoral head–taper junction
that affect the risk of catastrophic femoral head failure.

Zirconia-based oxide (ZrO2) ceramic bearings were introduced in total joints with the goal of reducing catastrophic
failures associated with alumina heads while retaining the
superior wear properties of smaller diameter femoral heads
against PE.57,58 Pure zirconium oxide exists in three crystalline forms, which describes the geometric arrangement of
atoms as cubic, tetragonal, and monoclinic phases.59 Pure
zirconia is not useful as a bearing material because it is unstable, ie, it can undergo transformation from one form
(phase) to the next, with shape and volume changes that
render the material susceptible to cracking.
The addition of stabilizing materials such as MgO, CaO, or
Y2O3 during manufacture can control the phase transformation of zirconia, thereby improving the mechanical properties of the material by a process called transformation tough-

MC2
Ceramic-Ceramic,
Ceramic-Poly,
Ceramic-Metal

Tetragonal Zirconia Polycrystals
Tetragonal zirconia polycrystals is the strongest and toughest
of the ZrO2-based ceramics with full density, fine grain size,
and lack of strength-limiting flaws.64 Because catastrophic
wear can occur with zirconia-on-alumina and zirconia-onzirconia articulations,65 yttria-stabilized zirconia (Y-ZTP)
femoral heads are designed for use only against PE or XLPE
acetabular inserts in THA.66 A serious limitation of Y-ZTP
relates to its instability; the material can undergo uncontrolled phase transformation and cracking in the heat and
moisture of autoclave conditions67 and a time-dependent
degradation at body temperatures.67,68 In theory, these adverse phenomena can be addressed by tightly controlling
grain size and powder composition, but, in practice, the multiple uncontrolled variables encountered in vivo can increase
the risk of catastrophic failure of Y-ZTP femoral heads.68,69 A
single alteration in the manufacture of commercial Y-ZTP
femoral heads by one vendor, for example, led to a high
incidence of premature failure and the ultimate withdrawal of
all Y-ZTP from orthoaedic applications.46
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ening.60-62 If the volume expansion related to phase
transformation is limited to the surface layers of a zirconia
bearing, then cracks become self-limiting and the volume
expansion in the material creates a barrier to crack propagation.63,64 This concept has been used to develop several zirconia compositions for orthopedic bearings, such as partially
stabilized ZrO2 (abbreviated PSZ), tetragonal zirconia polycrystals (TZP), and ZrO2 particle-toughened ceramics, or
ZrO2-toughened Al2O3 (ZTA).
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Yes
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Table 1 Ceramic Materials Used in Total Joint Bearings

Representative
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Clinical
Applications

Articulation
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Partially stabilized zirconia usually contains MgO as an additive. Mg-PSZ (partially stabilized zirconia with magnesium
oxide as stabilizer) was among the first zirconia ceramics
introduced in the United States because of its excellent
smoothness and toughness.70 Mg-PSZ ceramic femoral heads
are still available in the United States for use against PE or
XLPE liners (Biopro, Huron, MI), although they are not
widely used. An advantage of Mg-PSZ over Y–ZTP is its resistance to strength degradation in a moist environment, even
at autoclaving temperatures.71,72 Retrieval data have shown
that, unlike Y-ZTP, femoral heads made of Mg-PSZ do not
undergo phase transformation in vivo.73 However, clinical
data with this material are very limited, and the grain size
distribution and mechanical properties of Mg-PSZ are usually
inferior to those of well-fabricated Y-TZP in the absence of
any material degradation.

Alumina–Zirconia Composites
Zirconia-toughened Alumina
Zirconia-toughened alumina is a two-phase material (or composite), consisting of zirconia particles dispersed in a dense,
fine-grained alumina matrix. This material is an improvement over alumina. ZTA has the high hardness characteristics
of the alumina matrix, with improved strength and fracture
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toughness over alumina and less risk of material degradation
compared with Y-TZP. Hip simulator tests suggest that the
wear rate of ZTA–ZTA couplings in THA is lower than that for
alumina–alumina.74 However, experimental aging of ZTA for
long periods in Ringer’s solution can lead to material degradation and a decrease in the material strength.75 ZTA bearings
do not have extensive clinical data to support their wear
advantages at the present time.

Alumina Matrix Composite
Zirconia-toughened alumina can be modified further with
additives such as SrO and Cr2O3 to fabricate an alumina
matrix composite material (AMC).76,77 These additives react
with the alumina matrix, creating elongated grains that
strengthen the material by providing an additional barrier to
crack propagation.
Hip simulator tests show that the wear rate of AMC–AMC
couplings in THA is less than those for ZTA–ZTA, or alumina–
alumina.78,79 Biocompatibility tests have shown that AMC is
bioinert.76 THA bearings derived from AMC are presently
marketed in the United States under the trade name Biolox
Delta (CeramTec). Because the material is relatively new, its
reliability and advantages over the more widely used Biolox
Forte alumina are not known.

Nonoxide Ceramics
In contrast to alumina and zirconia, both of which are oxidized ceramics, other ceramic materials such as silicon carbide (SiC) and silicon nitride (Si3N4) are classified as nonoxide ceramics. Silicon carbide has increased strength and
hardness characteristics compared with alumina, but comparable fracture toughness values.80 Since the corrosion and
wear behavior of SiC in the physiologic environment is not
known, and its fracture toughness is similar to alumina, it is
uncertain if pure silicon carbide has a role in orthopedic
bearings.
On the other hand, silicon nitride has material properties
that are suitable for high reliability applications such as total
joint bearings.81,82 Material testing of silicon nitride composites has shown a 50% increase in strength and fracture toughness over current ZTA or AMC, and wear tests of silicon
nitride THA bearings have shown excellent wear characteristics.81
The unique mechanical and wear properties of silicon nitride allow CoCr– ceramic articulations in total joints, in a
configuration that retains the traditional advantages of metal
femoral heads. Experimental wear rates of silicon nitride ceramic-on-ceramic and ceramic-on-cobalt chrome couplings
are similar to those of alumina THA bearings.81 Long-term in
vivo exposure to silicon nitride does not result in adverse
biological reactions such as toxicity, mutagenicity, allergenicity, or carcinogenicity.83-85 Silicon nitride bearings for total
joint applications are in development by Amedica Corporation (Salt Lake City, UT) and may offer additional arthroplasty bearing options and combinations.

Hard Coatings on Metals
The wear properties of metal bearings can be improved by the
surface deposition of hard material coatings.86 The techniques used have included nitrogen ion implantation, thermal diffusion, and vapor deposition of a nitride coating.87-89
Many of these wear-reduction strategies have not proven successful in clinical applications. For example, whereas titanium nitride coatings can improve the hardness and wear of
metal orthopedic bearings, their performance under critical
stress conditions is unpredictable.90,91
The application of thin, diamond-like carbon coatings on
femoral heads is a hard coating technology that can improve
the wear performance of metal bearings.92,93 Amorphous diamond coatings have desirable properties such as low friction
and high resistance to wear and corrosion.93 Diamond-like
coatings also show excellent resistance to surface abrasion.94
While experimental data are encouraging, the performance
of diamond-coated bearings in the complex in vivo environment remains unknown. THA bearings with thin diamond
coatings are being developed and tested for clinical trials by
Diamicron (Orem, UT).95

Surface Modifications of Metals
The surface transformation of metal to oxidized zirconium is
a strategy to decrease PE wear in THA and TKA. A wrought
zirconium alloy (Zr-2.5% Niobium) is oxidized by thermal
diffusion to create a 5-m oxidized zirconium layer
(Oxinium, Smith & Nephew, Memphis, TN).96 The surface
oxide is a transformation of the metal into zirconium oxide
ceramic, which can be polished to an articulating surface.
Oxidized zirconium has excellent cohesion and adhesion
compared with other surface modification technologies,97
and it produces less wear against PE than metal.98 A ceramic
surface on a metal substrate allows interchangeability of femoral heads during revision surgery, while avoiding concerns
related to the brittleness of an all-ceramic bearing.99,100 The
limitations of this technology include relatively modest reductions in PE wear rates100 and susceptibility to scratching,
which may be related to the lower surface hardness of oxidized zirconium compared with alumina.101

Summary
The bearings used in THA and TKA must withstand high
cyclic loading for several decades, without major corrosion or
fretting at modular metal tapers, with reliable biocompatibility and material stability in vivo and with very low wear rates.
In addition to encouraging experimental data, clinical studies
must show safe outcomes in vivo, where unpredictable variables can affect material behavior.
In the search for the perfect bearing combination for total
joint arthroplasty, ceramic materials meet many of the experimental requirements of the ideal bearing. Experience has
shown that the outcomes of ceramic bearings can vary drastically based on the composition of the raw material, manufacturing methods, processing parameters, implantation
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techniques, and implant design. New material technologies
based on nonoxide ceramics, composites of oxide ceramics,
and surface modifications will offer more bearing choices to
the arthroplasty surgeon. Previous experience has shown that
each new technology in total joints can be associated with
unforeseen complications. As with other alternative bearing
choices, ceramic materials should be adopted for clinical use
after data have validated the underlying engineering and material science principles and demonstrated safety and reliability of the product in vivo.
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Université Pierre et Marie Curie, Paris, France
c

Musculoskeletal Department, North Bristol NHS Trust,
Southmead Hospital, University of Bristol, Bristol, UK
d

Department of Orthopaedic Medical Engineering,
Osaka University Graduate School of Medicine, Suita, Japan
e

Research & Development, Amedica Corporation,
Salt Lake City, USA

f

Ceramic Physics Laboratory, Kyoto Institute of Technology,
Kyoto, Japan

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
85
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Composition

N/A

Al2 O3

Mg-PSZ

Y-TZP

ZTA

AMC

ATZ

Si3 N4

5.65–5.77
50
Equiaxed
450–700
200–250
0.30
2000–3000

6.00–6.05
0.1–0.6
Equiaxed
900–1200
210
0.30
2000–2200

4.25
0.4–0.7
Equiaxed
1200–1300
340–390
∼0.24
4000–4500

4.37
0.54
Equiaxed
1400
358
0.24
4300

5.51
0.4
Equiaxed
790–1500
240–250
∼0.28
∼2600

3.24–3.35
0.5 × 5.0
Equiaxed
900–1000
296–313
0.27
4000

ASTM
F799
8.29–8.50
∼62
Equiaxed
827 Tensile
197–210
0.27–0.32
600–1800

Density
Grain size

g/cc
µm

3.98
<1.8
Equiaxed
400–580
380
0.23
4100–5000
5–10
4.0–4.2
Grain size

22
8.0–15.0
t→
m-ZrO2

8–12
5.0–10.0
t→
m-ZrO2

8–19
5.7–10.6
Acicular
grains

18.0–23.0
20–58
0.0–6.9
0.02–4.71

10.0–12.0
1.8–5.1
N/A

13.7–15.0
17–32
5.6–6.1
0.02–0.06

15.0
17–25
3.7–6.3
0.18–0.98

N/A
50–100
Elastic
deformation
3.0–4.0
14–201
0.0–11.7
0.18–25.00

W/m◦ K

30

2

11.0–12.5
11–63
5.0–6.0
Catastrophic
2–3

>10
6.4
t→
m-ZrO2
Platelet
19
1–20
0.1–4.4
0.00–0.45

6–17
8.0–12.0
t→
m-ZrO2

GPa
mm3 /MC

N/A
4.2
t→
m-ZrO2
Platelet
15.7–20.8
N/A

∼17

17

∼6

30–50

12.7

N/A

Stable

Marginal

Unstable

Stable

Marginal

Unstable

Stable

Marginal

Flexural strength
MPa
Elastic modulus
GPa
Poisson’s ratio
N/A
Compressive
MPa
strength
Weibull modulus
N/A
Fracture toughness MPa·m1/2
Toughening
N/A
mechanism

Thermal
conductivity
Corrosion and LTD
susceptibility

Key: LTD = low-temperature hydrothermal degradation.
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1
2
3
4
5

87

Comparison of ceramic properties considered for THA.

Parameter

Low-rank

Flexural Strength
Fracture Toughness
LTD Susceptibility
Thermal Conductivity
Hardness

Table 5-3.

Al2 O3
Al2 O3
Al2 O3
ZTA
S3 N4

Mid-rank
<
<
=
<
<

S3 N4
ZTA
S3 N4
Al2 O3
ZTA

High-rank
<
<
<
<
<

ZTA
S3 N4
ZTA
S3 N4
Al2 O3

Tribological issues for CoC bearings.

#

THA parameters

CoC details

1

Severe articular
wear

Mainly one-piece pioneering
designs

2

Steep cups

3

Stripe wear

4

Metal debris

5

Squeaking

Risk common to all hip
designs
Consequence of cup edge
wear
Ceramic hardness
(sapphire) close to
diamond
Incidence varies greatly

6

Alternative
ceramics

ZTA, Si3 N4 , DHOxZr

CoC commentary
Believed patients
ambulated on loose
cups
To be avoided at
surgery
Seldom perceived as
clinical risk
Least risk of any
bearing material
Believed multifactorial
(lubricant failure)
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 lubrication 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 combined with ultra-low wear and high reliability are stringent requirements for ceramic bearings (Table 5-1).
The literature with respect to hip simulators has been successful 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 unpredictable in the activities of daily life (Table 5-4). Depending on
Table 5-4.
Item

Features

Clinical risks for COC bearings.
Risks and beneﬁts

1

Fracture

Heads and cups

2

Rim chipping

3

Revision
post-fracture

Intra-operatively and in
service
Can be problematic

4

Adverse wear

Observed rarely

5

Ceramic transformation
Head design

Observed problem in some
zirconia heads
Head diameter and neck
length
Cup rim-extension options
Risk of fracture with
current material
concepts
Higher than non-ceramic
options

6
7
8

Cup design
Resurfacing
hip design

9

Implant costs

Commentary
Incidence reduced with
AMC designs
Requires extra care at
surgery
Retained ceramic debris
aﬀects revision
implants
May be unique to
pioneering monoblock
cup design
No longer on market
Fewer options than other
designs
Generally not available
Currrently not available

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 performance in laboratory simulations is absolutely necessary for advancement of clinically relevant test regimes. The question is how ceramic
bearings should be studied in the laboratory so that the test is relevant 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 (Al2 O3 ) has been the gold standard for hip bearings
for four decades. Alternative ceramics for hip bearings include magnesia partially stabilized zirconia (Table 5-2: Mg-PSZ), and yttriastabilized, 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 (Si3 N4 ) 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 surface (monoclinic zirconia) overlying a diﬀusion-hardened (DH) zone
of zirconium metal alloy (DHOxZrTM ) (Parikh, 2013a).
2.1.

Alumina

Many THA designs have incorporated Al2 O3 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 isostatic press sintering, which conspicuously eliminates abnormal grain
growth and keeps the average grain size at around 1 µm (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 aluminamatrix composite microstructures in an attempt to combine the positive 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 developed in Europe when CeramTec obtained regulatory approval to
market its ZTA products (CPE, ceramic-on-ceramic [CoC] bearings) 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; Pezzotti, 2013a). These are to be contrasted with monolithic zirconia (YTZP) 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 zirconia (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 zirconia (ZrO2 ). The alumina matrix utilizes a reinforcing phase consisting of zirconia combined with a low percentage of Y2 O3 stabilizing
phase with other minor fractions of oxides that include chromia. The
main toughening mechanism is the transformation of partially stabilized 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 approximately 20%) than that of the tetragonal zirconia particle. Thus, when
a ZTA ceramic cools from sintering temperature, the zirconia particle contracts more than the alumina matrix. This results in a tensile
stress ﬁeld in the zirconia particle and, for maintaining static equilibrium, in a compressive stress ﬁeld in the surrounding alumina matrix.
Accordingly, the residual stresses in the alumina matrix are compressive in nature when zirconia dispersoids are retained in their tetragonal 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 produced 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 Al2 O3 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 microstructure. 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 Y2 O3 stabilizing phase, thus destabilizing the zirconia dispersion during cooling
from sintering temperature. This would increasingly push the residual 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 unstabilized 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 therefore 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
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ZrO2 vol% (avg. grain size)
Al2 O3 (vol%) (avg. grain size)
Other oxides

(a)

17% (0.45 µm)
82% (1.01 µm)
1%

ZTA-K
14% (0.35 µm)
84% (0.43 µm)
2%

(b)

2µm

0.1µm °
1µm
1µm
Ceramtec

Kyocera

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 Al2 O3 particles and both have ﬂexural 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 (Figure 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% Y2 O3 ) and ZTA-K (zero Y2 O3 ). The Y2 O3
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 fracture 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 microstructures. This topic requires further study.
There are, therefore, two diﬀerent concepts that depend on
microstructural design criterion in ZTA bearings. In the ﬁrst scenario (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 continuous 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 (Si3 N4 ) is a new ceramic candidate for THA bearings. Silicon nitride (Si3 N4 ) 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
Si3 N4 bearings.
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Item

Parameter

Details

1

Ultra-low wear rates

2
3

Unique acicular grain structure
Phase-stable material

4
5

Ceramic wear products
Oxygen aﬃnity

Comparable to Al2 O3 and ZTA
ceramics
Highest fracture toughness
Hydrothermal degradation is not an
issue
Bioresorbable species
May oﬀer beneﬁcial protective
mechanism

2µm

4µm

Figure 5-3. Typical ﬁbrous microstructure created by appearance of acicular
shaped grains of ß-Si3 N4 (micrograph provided courtesy of Amedica).

ceramics (Bal and Rahaman, 2012; Mazzocchi and Bellosi, 2008a;
Mazzocchi et al., 2008b). Si3 N4 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-Si3 N4 particles are converted into acicular
ß-Si3 N4 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. Consequently, by avoiding the ZrO2 toughening mechanism, Si3 N4 is not
susceptible to hydrothermal degradation. Its microstructure is composed of asymmetric needle-like interlocking grains surrounded by
a <2 nm refractory grain-boundary glass. This unique ﬁbrous structure provides Si3 N4 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 Si3 N4 was ﬁrst utilized 1968 in Australia for clinical trials
evaluating a lumbar-spine spacer (Sorrell et al., 2004). Si3 N4 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 coatings can have comparable hardness to the monolithic ceramic but
do not have the same strength or toughness. A European consortium was formed in 2013 to develop PVD silicon nitride coatings
for application to CoCr hip and knee bearings. Beginning in 2008
in the USA, Si3 N4 has been used as a fusion cage for arthrodesis of the cervical and thoracolumbar spine. It has also produced
exceptionally low wear-rates. Pre-clinical testing has indicated suitability 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 contributed 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 delamination. 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 surface 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 (Figures 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 reliable 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 contemporary 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 generally 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, sometimes 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 roughness (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.
Head
New
NWZ
MWZ
MWZ/NWZ

Sample roughness 32-year CoC.

Ra (nm)

Rz (nm)

PV (nm)

Rsk

5–7
17
123
7.2

1354
3686
2.7

1802
4342
2.4

−10.4
−4.6
0.4
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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.
Class

Ra (nm)

Ceramic roughness classiﬁcation.

Classiﬁcation

I
II
III
IV

<10
10–24
25–50
50–100

Superior
Excellent
Good
Mild wear process

V

100–300

Moderate wear process

VI

>300

Adverse wear eﬀect

Observational
New surface
Very ﬁne scratches
Scratches with some pitting
Surface polish removed locally,
porosity increased
Greater loss of surface, more grains
exposed
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 anteriorly) 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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Class
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Stripe
wear

Ranking of clinical wear-rates.

Wear rate
(mm3 /Yr)

A
B

None
Negligible

<0.1
0.1 to 0.5

C

Yes

0.5 to <1

D

Yes

1 to <5

E

Multiples

5 to <10

F

Surface loss

>10

Stripe risks (RSS)
Negligible
None or faint stripe
wear
Mild stripe wear
Moderate stripe
wear
Multiple distinct
stripes, elevated
wear
Aggressive stripe
wear

Squeaking/clicking/
grinding
Unlikely
Some bearing
possible
Some bearing
possible
Bearing noise
likely
Bearing noise

noise
noise
more
likely

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 posterior 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 wellpositioned 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 laboratory 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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Wear
class

Comparison of clinical and simulator wear-rates.

Retrievals
(Esposito
et al., 2012)

A

No stripe damage

B
C
D

103

Wear in retrievals
Simulator
(mm3 /Yr)
(Esposito et al.,
wear rate
2012)[2]
(mm3 /Mc)
0

0.05

Posterior stripe
cases
Anterior stripe cases

0.2

0.19

1.9

1.8

Worst stripe
(revision, squeak)

7.2

6.3

Simulator
test mode
Standard
(average)
Mild microseparation
Severe microseparation
Run-in wear rate
(average)

population. Notching of titanium alloy (Ti6 Al4 V) femoral necks has
resulted in metal transfer onto both CoCr and ceramic bearing surfaces (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 Ti6 Al4 V. 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 Ti6 Al4 V 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 Ti6 Al4 V neck had impinged at three locations
on the Ti6 Al4 V fence surrounding the cup rim (anteriorly, posteriorly, 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 Ti6 Al4 V 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
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R688
Ti6A14V contaminants
(1) arrows
8

R68

(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 Ti6 Al4 V
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 Ti6 Al4 V 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 frequently 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 simulator 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
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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 wellprescribed 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 standard simulator test does not produce microseparation or edge wear
in the bearings (ISO 14242-1, 2002; ISO 14242-3, 2008). Therefore, such wear studies should represent the normal spectrum anticipated 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 ISO14242-1, (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 generally 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 142421, 2002). The objective was to simulate the edge wear seen in certain retrievals (Esposito et al., 2012; Underwood et al., 2012; Walter et al., 2004). Two parameters need to be ascertained for a successful test: (i) the diameter of the wear patch; and, (ii) a criterion 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 hemispherical 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 pattern of 221 mm2 and a hemi-area ratio of 18%. The data from Korduba 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 28 mm 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 Al2 O3 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 Al2 O3 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 Al2 O3 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 Al2 O3 was identical
to the BME study with 28 mm Al2 O3 (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 (Al2 O3 /Al2 O3
and ZTA/ZTA), the heads contributed ∼50% of total CoC wear.
However, in the hybrid pairs the Al2 O3 heads in ZTA liners contributed 33% of total wear. Similarly, when combined with ZTA
heads the Al2 O3 cups contributed only 33% to total wear. Thus, the
ZTA components were preferentially compared to their mating Al2 O3
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Figure 5-17. Wear trends for 28 mm Al2 O3 /Al2 O3 bearings run with (a) standard simulator test, (b) mild microseparation test, and (c) severe microseparation test. Here overall wear rates are indicated for comparison with CoC retrieval
studies.

bearings. This illustrated the diﬀerence the harder Al2 O3 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 thirdbody 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) Al2 O3 and ZTA wear data run in simulators at severe microseparation mode in the Biomedical Engineering Group (BME, Leeds University) and
the Peterson Tribology Laboratory (LLU: Loma Linda University). BME studies
used 28 mm and LLU studies used 36 mm 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 Al2 O3 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 concentration 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 519). 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 biomaterial 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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1
2
3
4
5
6
7
8
9
10
11
12

Material for Total Joint Arthroplasty

Comparison of squeaking parameters–surgical and design.
Parameter

Risk

Details

Brand mismatches
CoC material mismatch
CoM material mismatch
Cup steeply inclined
Cup anteversion too low/high
Contact area too conforming/too large
Stripe wear
Metal contamination on ceramic bearing
Debris interposed between bearings
High friction/ lubrication failure
Edge loading
Impingement (patient driven)

Surgical
Unlikely
Surgical
Surgical
Surgical
Unlikely
Possible
Likely
Possible
Possible
Possible
Possible

Oﬀ-label use
ZTA head/Al2 O3 cup
ZTA head/CoCr cup
Frequently reported
Frequently reported
Due to high wear?
Biomechanics study
Biomechanics study
Biomechanics study
Biomechanics study
Common?
Common?

and utility? It is therefore necessary to carefully interrogate the
clinical and retrieval records to deduce what type of failure mechanism 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 underestimated 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 arthroplasty. Explanations for noise production, such as popping, clicking, squeaking, grinding, and grating, have been varied (Table 511) (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 bearings 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 demonstrated 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 wearing 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 520c). 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 (Figure 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 impingement 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 Al2 O3 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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Simulator test mode

3
4
5
6

5-Mc duration standard
test
14-Mc duration standard
test
Stop-and-go mechanics
Steep cup eﬀect
Severe micro-separation
Severe micro-separation

7
8
9
10
11
12

Debris
Debris
Debris
Debris
Surface contamination
Physico-chemical changes
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Table 5-12.
Item

9in x 6in

Details

Results

Al2 O3

Not eﬀective (class A wear)

Al2 O3

Not eﬀective (class A wear)

With reversal
Edge wear
Al2 O3
Al2 O3 , ZTA-C

Not eﬀective (class A wear)
Not eﬀective (class A wear)
Wear corresponded to class B
Excellent discrimination with
class D wear
PMMA
Not eﬀective (class A wear)
CoCr
None
Ti64
None
Al2 O3
None
Ti6Al4V
None
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 followup extending from one to ten years, CoC wear was immeasurable in
cases that displayed no stripe wear (Table 5-10). Thus, early concepts of THA designs that achieved well-ﬁxed and well-positioned
implants have performed well for over 30 years (Figure 5-23). In contrast, 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 Ti6 Al4 V femoral
neck that was cut by cup rim over hundreds of thousands of cycles in approximately one year to revision. This illustrates that hip impingement is the conundrum for all THA procedures.

Standard simulator test guidelines (ISO14242-1,2,3) used with
Al2 O3 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 1 mm3 per million cycles in a hip simulator (1 mm3 /Mc) is analogous 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 immeasurable wear (Table 5-10: Class A). In the mild MSX test mode (Figure 5-17), overall wear rates for Al2 O3 averaged 0.19 mm3 /Mc. This
corresponded well to CoC retrievals with posterior stripe damage
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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, Al2 O3 averaged
wear an order of magnitude higher at 1.8 mm3 /Mc (Figure 17). This
corresponded well to CoC retrievals featuring anterior stripe damage (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 provided clear discrimination between ZTA and Al2 O3 combinations
not apparent in the standard simulator test mode (ISO-14242-1).
It was also notable that the BME and LLU studies were in complete 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 resistant to stripe wear mechanisms than Al2 O3 /Al2 O3 . The MSX mode
also discriminated against implants with a zirconia ceramic overlying
a metal substrate. Parikh et al. (2013a) demonstrated stripe formation 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 reversals, 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 28 mm 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 512: Class A). In fact, one conclusion is that the standard simulator 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 materialize (Table 5-12). Similarly, one CoC abrasion study with bone
cement also produced a class A wear rate. Clearly lacking were abrasion studies with clinically relevant particles, such as CoCr, Ti6 Al4 V,
or Al2 O3 (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 addition, minimal attention has been given to physic-chemical interactions at the ceramic surfaces and how these are resisted by diﬀerent
microstructures (Al2 O3 , ZTA, S3 N4 , etc). Clearly the microseparation test modes have proved of considerable utility (Table 5-10). However, 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 >5 mm3 /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 causation 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 indirectly attributable to repetitive hip impingement in particular
patient postures, and as such should not be reported as lubrication or bearing failure per se.
Clinical retrieval studies (Al2 O3 /Al2 O3 ) 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.
Overall wear rates (Al2 O3 /Al2 O3 ) 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.
Overall wear rates (Al2 O3 /Al2 O3 ) in the mild and severe
microseparation tests averaged 0.19 and 1.84 mm3 /Mc (classes
B and C).
The severe microseparation simulator test in two independent
laboratory studies successfully diﬀerentiated between Al2 O3 and
ZTA wear performance. The ZTZ/ZTA combination reduced
wear six-fold compared to the Al2 O3 /Al2 O3 combination.
The severe microseparation test also diﬀerentiated between
the hybrid combinations of Al2 O3 and ZTA. Compared to
Al2 O3 /Al2 O3 , the Al2 O3 /ZTA hybrids reduced CoC wear by
two-fold. It was notable that as either the head or cup, the Al2 O3
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 following release of ceramic particles. The ZTA toughness oﬀered
protection against mechanical damage and the Al2 O3 hardness
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oﬀered protection against abrasive wear. Both hybrid combinations were eﬀective but not as beneﬁcial as the ZTZ/ZTA combination.
There was one microseparation study of a new bearing deﬁned as
a monoclinic-zirconia surface (DHOxZr). This proved of discriminatory ability by cracking the ceramic surface within 3 million
cycles.
There is minimal data available on microseparation tests and
therefore this mode cannot truly be considered a proven and clinically relevant method of testing. Fortuitously, it has provided
good discrimination between Al2 O3, 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 arguments that simulator wear rates were not clinically relevant. The
three levels of wear rate correlations outlined here may be fortuitous but will certainly stimulate simulator studies of ceramic
systems in development.
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.
The review of clinical and retrieval literature indicated that subluxation 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 adequately recognized or studied. While one CoC simulator study
did introduce bone-cement particles, that test mode did not challenge CoCr surfaces and would be unlikely to damage harder
ceramic surfaces.
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.
In all of the foregoing it is noted that there exists a paucity
of information on the physico-chemical interactions present at
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the microstructural level of ceramic bearings in such pre-clinical
testing.
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a b s t r a c t
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- ﬁxation 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
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.

1. Introduction
Orthopaedic reconstructive surgery typically involves the use
of prosthetic biomaterials to repair or replace damaged or diseased
musculoskeletal tissue in order to relieve pain and restore function for patients suffering from bone fractures, tumors, congenital
deformities, arthritis, osteoporosis, scoliosis, infection, and other
etiologies coincident with an ageing population. While these procedures were envisioned by medical practitioners for a long time,
it was not until the advent of safe anesthesia techniques, sterility, and improved biomaterials in the 20th century that prosthetic
correction of bone defects and replacement of diseased or damaged joints became practical [1]. The pioneering work in total hip
arthroplasty by Sir John Charnley in the 1960s [2,3] paved the way
for reconstructive procedures in other areas, including spine, knee,
shoulder, ankle, wrist, and phalanges. Worldwide, the number of
people affected from bone and joint disorders was estimated to be
1.78 billion in 2012, with spinal and lower extremity disabilities
being the most prevalent [4]. In 2010–2011, the number of mus-
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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 replacements [11].
Ceramics and ceramic coated devices have been incorporated
into various prostheses almost from inception either for osseousﬁxation or articulation devices. Current ceramics include alumina
(Al2 O3 ), zirconia (ZrO2 ), zirconia-toughened alumina (ZTA), alumina matrix composites (AMC), alumina-toughened zirconia
(ATZ), silicon nitride (Si3 N4 ), 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 composite 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.
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2. Modern uses of orthopaedic ceramics and coatings
An excellent review of the early history of arthroplasty including
the use of ceramics was provided by Steinberg et al [1]. This section will not retrace their effort but instead focus on developments
during the past century. There has been explosive growth in the
science and application of biomaterials in joint replacement during the past 50 years. In fact, total hip arthroplasty has been referred
to as the most successful operation of the 20th century [12]; and
its success has led to the development of arthroplastic procedures
for other human joints. Ceramic materials have been integral to
this evolution. They were ﬁrst considered for use as prostheses in
the 1920s when hip reconstructive procedures were devised using
hollow hemispherical molded glass as femoral heads. However,
these devices lacked sufﬁcient strength and toughness to withstand
acetabular loads and many fractured in vivo [13]. A nearly 50 year
hiatus ensued during which physicians turned principally to metals and polymers. However, in the latter third of the 20th century,
orthopedists returned to ceramics because of favorable properties
such as biocompatibility, strength, hardness, wear, and corrosion
resistance. This period saw the introduction and proliferation of
alumina, hydroxyapatite, zirconia, silicon nitride, ceramic-coated
metals, and zirconia-toughened alumina. For an in-depth treatise
on the physicochemical characteristics of most of these biomaterials, the interested reader is referred to a recently published work
by Pezzotti [14].
2.1. Alumina
Interest in polycrystalline bioceramics started in 1970 when Dr.
Pierre Boutin implanted the ﬁrst hip prostheses with Al2 O3 ceramic
bearings [15,16]. His success led to a string of ceramic biomaterial innovations, with patents appearing shortly thereafter claiming
various ceramics, including Al2 O3 , as viable orthopedic materials
[17–20]. Recognizing a potential for limb reconstruction and correction of skeletal defects in veterans, the US Defense Department
investigated and demonstrated the usefulness of porous Al2 O3 as a
bone scaffold in 1972 [21], and a similar Scandinavian study in 1973
established its osseointegration effectiveness [22]. Al2 O3 has been
the most widely used structural ceramic in total hip arthroplasty
(THA) for the past approximately 50 years, typically in articulation
against polyethylene [23] or itself [24,25]. Its success in THA led
to its adoption in other joints including knee [26,27], elbow [28],
ankle [29], wrist [30], phalanges [31], spine [32,33], and also bone
reconstruction [34]. Industrial speciﬁcations for its composition,
processing, and properties have been issued [35,36]. It has been
repeatedly shown to be biocompatible [16,37], possessing high
hardness and a low coefﬁcient of friction, all of which signiﬁcantly
reduce the occurrence of wear debris [38]. However, it also has
relatively modest fracture strength and toughness, both of which
increase the risk of brittle failure [39,40]. Yet, enhanced reliability
has been realized with three generations of processing improvements, including increased raw material purity, reﬁnement of its
microstructure, use of hot- isostatic pressing (HIP), and inclusion
of post-manufacturing proof testing [41].
2.2. Hydroxyapatite and calcium phosphates
Apatite-based ceramics were investigated and introduced in
the 1960–70s concurrent with Al2 O3 [42], although their therapeutic bone remodeling beneﬁts have been known for centuries
[43]. ␤-Tri-calcium phosphate (Ca3 (PO4 )2 , TCP) and its close chemical cousin, calcium hydroxyapatite (Ca10 (PO4 )6 (OH)2 , HAp), in
granular, porous and dense forms, were suggested as corrective
therapies for various bone defects, such as tooth repair and replacement, alveolar ridge augmentation, maxillofacial reconstruction,

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 osseointegration [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 initiated 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]. Unfortunately, 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 osteoconductive 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 ongrowth 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 biologic 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 solubility of these compounds is as follows: ACP  ␣- or ␤-TCP  HAp
[55]. Their dissolution rate is not only related to crystal chemistry, 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 percentage of the amorphous phase [55]. Its dissolution increases the local
concentration of calcium and phosphate ions followed by precipitation of a calcium carbonaceous phosphate with a composition
similar to native bone. These precipitates attract osteoblasts inducing bone growth towards the implant. Concurrently, osteoclasts
remodel native bone surrounding the implant according to applied
physiologic stresses. The osteoclast cells dissolve the carbonate precipitates as new native bone grows into ﬁssures, pits, and defects of
the slower resorbing HAp during post- operative periods. Poor ﬁxation 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 osseointegration. 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 concentrations 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 experimental parameters. Recent work has also explored the preparation
and characterization of biomimetic and nano-hydroxyapatite compositions with the hope that they might also lead to improved
implant ﬁxation [58–60]. Although not indispensable in arthroplasty surgery, HAp and its associated calcium phosphates are
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useful for promoting bone ingrowth and accelerating the biologic
anchoring of joint prostheses to host bone. Their effectiveness for
this purpose continues to be robustly demonstrated and reviewed
[53,61–63,656].

2.3. Zirconia
Continuing concerns over in vivo fractures of Al2 O3 femoral
heads and liners in total hip arthroplasty in the 1980s led to the
introduction of zirconia ceramics in 1985 [64], including partially
stabilized zirconia using magnesia (Mg-PSZ) and a yttria-doped
composition known as Tetragonal Zirconia Polycrystals (Y-TZP)
[64–66]. These ceramics represented a new generation of implants.
They were biocompatible [37] and had approximately twice the
strength and toughness of Al2 O3 [66]. They also had exceptionally low coefﬁcients of friction and lower wear on polyethylene.
They promised to provide a new level of care and safety over
metallic and Al2 O3 implants [64,67–69]. Their improved mechanical properties were achieved by taking advantage of a polymorphic
phase transformation that occurs in doped zirconia known as phase
transformation toughening [70]. This mechanism involves the
meta-stabilization of a high-temperature tetragonal phase through
the incorporation of magnesia, yttria, or other dopants. In the presence of an advancing crack, the metastable phase transforms to
its stable monoclinic polymorph with an accompanying volume
increase of ∼4–5%. The sudden volume change exerts compressive
forces on the crack tip, thereby slowing or arresting its propagation.
Mg-PSZ implants entered the marketplace and an industrial standard for their composition, processing, and properties was created
[71]. However, the strength of Mg-PSZ was inferior to Y-TZP, so,
considerable physician interest and rapid uptake of Y-TZP ceramics occurred after its clearance by US and EU regulatory bodies.
Over 600,000 Y-TZP femoral heads were implanted between 1985
and the turn of the century largely based on bench test data, with
little clinical evidence as to the material’s longer-term effectiveness [72,73]. There were initially few reported in vivo failures [69],
but a change in manufacturing methods (from batch to tunnel
furnace) by the leading vendor of Y-TZP in 1998 resulted in a significant increase in fractures beginning in 2000, many occurring only
months after implantation [73]. Independent investigations by a
number of scientiﬁc groups in cooperation with regulatory agencies
highlighted the material’s inherent instability [72–74]. After more
than a decade of use, Y-TZP was withdrawn from the US and EU
markets in 2001 and its industrial standard was subsequently abandoned [75]. Despite its improved initial strength, Y-TZP possesses
one critical weakness. It may spontaneously transform to its stable
monoclinic form under in vivo conditions. This effect has become
known as low-temperature hydrothermal degradation (LTD) [76].
The transformation results in increased implant surface roughness,
enhanced wear, weakening of the material, and eventual fracture
[72–74,77,78]. Despite its withdrawal from EU and US markets, YTZP femoral heads are still available for implantation in Asia, and
recent physical chemistry analyses suggest that the unconstrained
transformation experienced by the original EU manufacturer may
be limited and controlled through improved processing and careful assessment before clinical use [79]. Y-TZP is also extensively
used and preferred as esthetic and functional dental prostheses
[80], although concerns have also been raised about its longevity
in this application due to low-temperature hydrothermal degradation [81]. LTD is considered the Achilles’ heel of zirconia with its
occurrence being highly dependent on its microstructure; therefore, the overall process must be strictly controlled and any change
in one of the process steps must be carefully assessed. In other, simple terms, Y-TZP may perform better than Al2 O3 but is less robust
as far as industrial variations are concerned.
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2.4. Silicon nitride
Silicon nitride (Si3 N4 ) is another high-strength and tough industrial 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 arthrodesis 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 Si3 N4 became a commercially available biomaterial in the US
and EU, partially thanks to a small grant from the US National Institutes 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 Si3 N4 spinal fusion cages have been
implanted with few adverse reported events [93]. Extensive testing
of silicon nitride has indicated its potential as an articulation member 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 appropriate for its use as a biomaterial, but need to be augmented with
provisions that address biologic issues. Si3 N4 has been shown to
be biocompatible, possessing favorable cell interaction characteristics [83,84,97–102]. These and other studies indicate that porous
or unpolished Si3 N4 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].
Si3 N4 derives its strength and toughness through microstructural
engineering and not from phase transformation. Similar to Al2 O3 ,
Si3 N4 exists as an irreversibly stable phase at room temperature;
but unlike Al2 O3 , its microstructure is composed of asymmetric
needle-like interlocking grains surrounded by a thin (<2 nm) refractory grain-boundary glass [119]. This unique structure provides
Si3 N4 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]. Si3 N4 can not only be produced as a polycrystalline ceramic, but it can also be applied as a wear resistant
coating using physical vapor (PVD) or chemical vapor deposition
(CVD) methods [123–127]. Si3 N4 is the only ceramic material being
considered thus far for both bulk and metal-coated orthopedic
applications. Although bulk and coated silicon nitrides are chemically 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 silicon nitride. The ﬁrst of these was PVD deposited titanium nitride
(TiN) on titanium. It was developed and introduced into the marketplace 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. Neither 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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and were quickly removed from distribution [132]. The ﬁrst and
only legitimate premarket approved clinical trial of DLC coated
devices was initiated in 1993 [133]. Other hard ceramic coatings
were subsequently introduced, including zirconium nitride (ZrN)
on a cobalt chromium (CoCr) substrate [134] and titanium niobium nitride (TiNbN) also on CoCr [135,136]. These single or mixed
nitride coatings are nano-crystalline and have thicknesses in the
range of 1 m to 15 m. All have been shown to be biocompatible [123–127,136–139], and they are currently used or considered
for use as hip resurfacing implants, for total hip arthroplasty, or
as femoral knee components. In 1997 another new metal–ceramic
composite was introduced via clinical trials [140,141]. Known by
the trade name of Oxinium® [142], it is not technically a coating. It
consists of a ∼5 m thick monoclinic ZrO2 ceramic layer which is
grown in situ on a Zr–2.5Nb alloy. However, like coatings, it combines the strength of a metal core with the wear resistance of a
ceramic surface. This composite has been shown to be biocompatible [143] and is currently successfully used in both hip and
knee arthroplasty [144,145]. In principle, ceramic coatings appear
to be excellent solutions for three prevalent problems in articulating prostheses. First, they eliminate brittle fracture because of their
high toughness metallic substrates. Second, in comparison to metal
implants, they minimize wear debris due to the high hardness and
abrasion resistance of the outer ceramic layer. Third, they place
a barrier between the metallic implant and human bone or tissue,
which lessens allergic reactions from soluble metal ions (Co, Cr, and
particularly Ni) for hypersensitive patients [146]. However, there
are concerns with all thin ceramic coatings or layers. Their fabrication processes can generate high surface stresses, which challenge
adhesion to their respective substrates. Thermal expansion differences can exacerbate these stresses. Also, in vivo scratching,
pitting, or even delamination of these coatings have been observed
[147–149], leading to increased surface roughness and excessive
wear of the coating, the underlying metal, or the counterface material [150,151].
2.6. Zirconia toughened alumina
A group of new ceramics containing mixtures of Al2 O3 and ZrO2
were brought to US and EU markets beginning in about 2000, almost
simultaneous with the withdrawal of Y-TZP [152]. They were introduced in an attempt to overcome the hydrothermal deﬁciencies of
Y-TZP and the relatively modest strength of Al2 O3 . At one end of
the composition spectrum are zirconia-toughened alumina (ZTA)
[153,154] and an alumina matrix composite (AMC) [152]. ZTA is a
fully dense ceramic consisting typically of about 7–25 wt.% unstabilized ZrO2 or Y-TZP incorporated into an Al2 O3 matrix [155,156].
Alternative ZTA materials have also been developed using cerium
oxide as the stabilization additive instead of yttria [157–159]. AMC
became a special ZTA composition consisting of 24 wt.% ZrO2 (i.e.,
17 vol.%) with 1.7 wt.% mixed oxides (Y2 O3 , Cr2 O3 , and SrO), the
balance being Al2 O3 (74 wt.%) [160]. Since its introduction in 2000,
AMC has become the most popular orthopaedic ceramic for articulation implants used in the world today. It is commercially known
as BIOLOX® delta [160]. An industrial standard for its composition
and testing has been prepared and published [161]. At the opposite end of the spectrum, but still consisting of Al2 O3 and ZrO2 , is
alumina-toughened zirconia (ATZ) [162]. ATZ is also a completely
dense ceramic composed of 80 wt.% Y-TZP and 20 wt.% Al2 O3 [162].
As might be expected, this broad range of Al2 O3 –ZrO2 mixtures
resulted in marked differences in properties, but all are superior to
both pure Al2 O3 and Y-TZP. All have been tested and determined to
be biocompatible [163,164]. They have excellent strength, toughness, and hardness [154,165,166], and are highly abrasion [167] and
wear resistant [168–174]. Clinical studies using these devices have
been on-going since their introduction with acceptable overall out-

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
Al2 O3 phase.
Undoubtedly, there will be other ceramics and coatings considered for arthroplasty over the coming decades as scientists and
engineers attempt to match speciﬁc material properties or characteristics to existing or new orthopaedic applications. However, in
learning from past experience, they will likely be introduced gradually [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 mechanisms. 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 performance 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 representative 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 considered 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 manufacturing plants. A perusal of this information provides an interesting
contrast between reported data from technical literature and
actual speciﬁcations from the standards. They indicate considerable 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 lowtemperature hydrothermal degradation (LTD). Additionally, for
bioceramics used as arthrodesis devices or for bone ﬁxation, such as
HAp, Al2 O3 , or Si3 N4 , the ceramic’s hydrophilicity, bacterial resistance, 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.

Table 1a
Physical and mechanical properties, and performance of biomaterials.
Units

Alumina

Zirconia

Silicon
nitride

Cobalt
chromium

Ti6Al4V

PEEK

Cortical
bone

Composition or
designation

NA

Al2 O3

Mg-PSZ

Ce- or
Y-TZP

m-ZTA

AMC

ATZ

Si3 N4

ASTM F799

ASTM F136

ASTM
F2026

4.37
0.54
Equiaxed
1250–1400
Flexural
4300

5.51
0.4
Equiaxed
755–1163
Flex./biaxial
∼2600

3.22– 3.35
0.5 × 5.0
Equiaxed
800–1100
Flexural
4000

8.29– 8.50
∼62
Equiaxed
827 Tensile

4.43–4.50
∼10 × 60 Lamellar

1.29
NA

Collagen,
proteins,
HAp
1.5–2.0
NA

Density
Grain size

g/cc
m

5.65–5.77
50 Equiaxed

Flexural or tensile
strength
Compressive
strength
Elastic modulus

MPa
MPa

3.98
<1.8
Equiaxed
400–580
Flexural
4100–5000

2000–3000

6.00–6.05
0.1–0.6
Equiaxed
700–1500
Flexural
2000–2200

4.25
0.4–0.7
Equiaxed
700– 1248
Flexural
4000–4500

860–970 Tensile

600–1800

800–970

170
Flexural
118

GPa

380

200–250

210–223

340–390

358

240–250

296–313

197–210

105–120

4

Poisson’s ratio
Weibull modulus
Fracture toughness
KIC
Fatigue resistance
KTH /KIC
Biocompatibility
Surface phase
Composition

NA
NA
MPa m1/2

0.23
5–29
3.3–4.2

0.30
22
2.9–16.0

0.30–0.33
7–87
4.5–20.0

∼0.24
NA
>4.1

0.24
10–15
6.4–8.5

∼0.28
6–17
8.0–12.0

0.27
8–53
4.4–15.0

0.27–0.32
NA
50–100

0.31–0.34
NA
46.3–93.3

0.45–0.90

0.37–0.92

NA

0.67

NA

0.50– 0.97

0.14–0.36

0.10–0.40

0.4
NA
7.6 kJ/m2
Impact Test
0.53–0.62

0.52–0.84
NA
%

Pass
100%
␣-Al2 O3

Pass
42–54% t-ZrO2

Pass
65–95%
t-ZrO2

Pass
83–93%
t-ZrO2

Pass
58–90%
t-ZrO2

Pass
95–99%
t-ZrO2

Pass
100%
␤-Si3 N4

Marginal
NA

Pass
Mixture of ␣ & ␤ Ti

LTD susceptibility

NA

Stable

Marginal

Stable

Marginal

Metastable

Stable

Stable

Stable

Hardness

GPa

18.0–23.0

10.0–12.0

Metastable
(Y-TZP;
marginal
(Ce-TZP)
11.0–12.5

15.7–20.8

19

13.7–15.0

15.0

3.0–4.0

2.8–3.3

Wear rate PE
HXLPE
Hard-on-hard
Thermal expansion
coefﬁcient
Thermal
conductivity
X-ray
radiolucency
Sessile water
contact angle
Bacteriostatic
capabilities
Osseointegration
ability

mm3 /MC

– 1.8–5.1 NA

NA

10−6 /◦ C

20–58
0.0–6.9
0.02–4.71
8

17–32
5.6–6.1
0.02–0.06
∼10

17–25
3.7–6.3
0.18–0.98
2.0–4.6

14–201
0.0–11.7
0.18–25.00
7.32

W/m K

450–700 Flexural

Zirconia–alumina composites

90–228
Flexural
150–260 
70–110 ⊥
7.5–25.8 
5–20 ⊥
0.19– 0.48
NA
1.0–5.0 
3.0–20.0 ⊥
0.30–0.83

Marginal
Amorphous
&
crystalline
Stable

Pass
Collagen
and HAp

NA

99
Rockwell M
NA

0.68–0.78 
0.46–0.57⊥
NA

8.5–9.7

47

22.0–32.4

NA

7–10

11–63
5.0–6.0
Catastrophic
11

∼8

1–20
0.1–4.4
0.00–0.45
8.1

30

2

2–3

∼17

17

∼6

30–50

12.7

6.7–7.0

0.29

0.41–0.63

NA

Radiolucent

Opaque

Opaque

Opaque

Opaque

Opaque

Radiolucent

Opaque

Opaque

Transparent

Radiolucent

Degree (◦ )

50–72

79

82

90

90

90

40–70

55–93

76

95

NA

+

+

NA

+

NA

⊕

⊗

+

x

NA

+

+

NA

+

NA

⊕

⊗

+

x

⊕

⊕ = excellent;
+ = good;
= fair;
⊗ = poor;
x = very poor
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Property or
performance

NA = not applicable or not available. MC = Million cycles.
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Table 1b
Physical and mechanical properties, and performance of biomaterials.
Units

Titanium nitride

Diamond-like carbon

Zirconium nitride

Titanium–niobium nitride

Oxidized zirconium

Hydroxyapatite

Composition or
designation
Density
Grain size
Adhesion or
bond strength
Compressive
strength
Elastic
modulus
Poisson’s ratio
Weibull
modulus
Fracture
toughness
Fatigue
resistance
KI0 /KIC
Biocompatibility
Surface phase
composition
LTD
Susceptibility
Hardness
Wear rate PE
HXLPE
Hard-on-hard
Thermal
expansion
coefﬁcient
Thermal
conductivity
X-ray
Radiolucency
Sessile water
contact angle
Bacteriostatic
capabilities
Osseointegration
ability

NA

TiN

DLC

ZrN

TiNbN

Ox–Zr

ASTM F1609

g/cc
m
MPa

4.87–5.22
30–300 nmColumnar
10–60 N LC Adhesion

0.90–3.20
Amorphous 2–25 nm
35–160 NLC Adhesion

7.09
10–30 nmNanocrystals
24–60 N LC Adhesion

∼5.69
10–30 nm Nanocrystals
83 N
LC Adhesion

5.84
40 × 200 nm
35 N LC Adhesion

2.55–3.21
0.4–100 m splats
39–89 Bond 25–60

MPa

400–5500

NA

NA

NA

∼2000

102–1000

GPa

402–550

110–900

175–395

200–600

200

3.2–122 coat vs. bulk

NA
NA

0.21
5–18

0.17–0.20
6–12

0.19
NA

∼0.20
NA

0.34
NA

0.11–0.27
2–19

MPa m1/2

0.7–12.4

1.6–5.1

2.3–7.5

NA

2.2–2.8

0.5–1.2

NA

NA

NA

NA

NA

0.61

NA
%

Pass
TiN nanocrystals

Pass
Amorphous

Pass
ZrN nanocrystals

Pass
TiN, NbN nanocrystals

Pass
95% m-ZrO2 5% t-ZrO2

Pass
ACP, TCP, HA

NA

Stable

Stable

Stable

Stable

Stable

Purposely degradable

GPa
mm3 /MC

14.5–80.0
28–67
2.8
NA
2.3

14.0–31.0
NA
3.5
NA
5.9–7.2

14.0–24.5
NA
NA
∼7.4–9.2

12.0–14.0
–
0.2–1.7
NA
7–10

3.0–9.0
NA
NA

10−6 /◦ C

33–56
21
NA
NA
7.4–9.2

W/m◦ K

11.9

0.2–30

20

∼12–14

2–3

1.1–1.2

NA

Opaque

Opaque

Opaque

Opaque

Opaque

Radiolucent

Degree (◦ )

31 - 69

55–71

89

73–75

71

34–39

⊕ = excellent;
+ = good;
= fair;
⊗ = poor;
x = very poor

+

+

⊕

NA

+

+

+

+

⊕

NA

NA

⊕

NA = not applicable or not available. See text for discussion of adhesion and bond strength differences.

11.6–14.2
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Property or
performance

≥18
≥380

NS = Not speciﬁed.
a
Two ﬂexural strength determination methods are allowed within ASTM F-2094 and ISO- 26602: For 3-point bending, the speciﬁcation is ≥900 MPa versus ≥760–765 MPa for 4-point bending. ASTM and ISO speciﬁcations for
the other bioceramics of Table 5 utilize 4-point bending.
b
(YS) = yield strength; (TS) = ultimate tensile strength.
c
Impact strength, notched izod method, (J/m).

NA
3
NA
NA
≥ 3.3
NA
≥14.2
270–330
≥15.5
≥320

NS
≥2.5
NS

≥18
≥380

≥10
≥8
≥8

Weibull
modulus
Fracture
toughness
(MPa m1/2 )
Hardness (GPa)
Elastic
modulus (GPa)

≥10
≥180

≥12
≥200

≥15
270–330

50c
NA
NA
≥6.0
≥3.5
NS

≥6.0

NA
825 (TS)
NA
≥12
≥8
NR

≥12

1172 (TS)b
NA

110
760 (YS)
827 (YS)
≥600
≥500
≥400
Flexural
strength
(MPa)a

≤2.5

≥800

≥765

≥760

NA
NA
≤64
NS

1.28–1.32
NA
NA
3.0–3.6 NS

≥4.31
≥98.6
Al2 O3 ≤1.5
ZrO2 ≤ 0.6
≥750
≥3.94

≥3.93
≥98.6
≤4.5

≥5.80
≥98.8
NS

≥6.00
≥98.4
≤0.6

3.0–3.4
≥99.8
NS

NA
≥99.3
NA
NS
≥97.0
≥99.8
≥99.0
≥99.7
≥99.5

Chemical
purity (%)
Density (g/cc
and %)
Grain size (m)

≥99.8

ZTA, AMC
ISO
6474-2
Al2 O3 ISO6474-1
Al2 O3
ASTM
F-603
Property

Table 2
ASTM or ISO speciﬁcations for biomaterials.

Mg-PSZ
ASTM
F-2393

Y-TZP
ASTM
F-1873

Si3 N4
ASTM
F-2094a

Si3 N4
ISO
26602a

CoCr
ASTM
F799

Ti6Al4V
ASTM
F136

PEEK
ASTM
F2026
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3.1. Density
Although absolute density values (in g/cc) are not directly
comparable for bioceramics due to chemical composition differences, 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 materials [16,182–185]. As an example, Garino et al. reported that
HIPing of Al2 O3 was implemented as part of a number of process 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 ceramics 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 defectfree 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 ﬁxation. 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 speciﬁcations 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 Al2 O3 . Minimizing grain size
is the only method of improving the performance of devices made
from this material [40,198]. While larger grained microstructures
in Al2 O3 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 limiting ﬂaws. Consequently, smaller grains are preferred. One approach
to designing brittle ceramics for structural applications (as has
been done for Al2 O3 ) is to reduce the probability of failure through
grain-reﬁnement and ﬂaw elimination, both of which increase fracture strength and improve Weibull modulus (i.e., less variability in
strength). Provided in Fig. 1(a) is a microstructural example of a
biomedical Al2 O3 [154].
Unlike Al2 O3 , 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 precipitates 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) Al2 O3 ; (b) Y-TZP; (c) ZTA; and, (d) ␤-Si3 N4 ; Courtesy Kyocera and Amedica Corporations.

nano-sized acicular t-ZrO2 precipitates, grain size control of the
larger c-ZrO2 is less important. Trials were conducted in the 1990s
in an effort to decrease the grain size of Mg-PSZ by adding a small
amount of yttria and/or a second phase (alumina or an aluminate)
[201,202]. The purpose of these additives was to limit grain boundary mobility. However, follow-up studies were limited because
Y-TZP was considered the system of choice during that period.
Because of concerns with LTD in Y-TZP, there might be renewed
interest in these Mg-PSZ systems, with the goal of improving their
strength by careful control of their microstructure.
Grain reﬁnement is essential for Y-TZP, ZTA, AMC, and ATZ composites, but for one additional key reason. The transformation of
the t-ZrO2 phase within these materials occurs more readily when
ZrO2 grains are beyond a critical size [203]. This size for Y-TZP under
hydrothermal conditions is reportedly less than 360 nm [204]. Deville et al. conﬁrmed that small ZrO2 grains <500 nm are also required
in ZTA ceramics [205], with the Al2 O3 matrix inﬂuencing their critical transformation size. Typically, the t- ZrO2 grains are located at
alumina grain boundaries or at triple-point grain junctions [206];
but unique intragranular composites have been developed having submicron Al2 O3 /t-ZrO2 grains embedded within larger Al2 O3
grains [207]. The concentration and dispersion of the t-ZrO2 grains
within the Al2 O3 matrix (or the converse for ATZ composites)
is important for optimum strength. Adequate intermixing of the
Al2 O3 and ZrO2 ceramic powders prior to densiﬁcation is essential [208]. For ZTA composites, where Al2 O3 is the dominant phase,
keeping the ZrO2 concentration below the theoretical percolation
limit (∼16 vol.%) prevents linking-up of t-ZrO2 grains throughout
the Al2 O3 matrix [205]. Their isolation is important in inhibiting
intergranular H2 O diffusion which leads to premature transformation. AMC composites have an additional tertiary phase engineered
into their microstructure composed of magnetoplumbite platelet
grains [209]. Their purpose is to increase the ceramic’s overall resistance to fracture via crack deﬂection [152,156], which is plausible
in principle, but their actual contribution to increased toughness,
considering their small volume percentage in the composition, has

not been fully veriﬁed [210]. For ATZ, where t-ZrO2 is the matrix and
Al2 O3 is the minor phase, strength improvements are due to transformation toughening and intergranular crack deﬂection induced
by the presence of the Al2 O3 particulates at t- ZrO2 grain boundaries
[211,212]. Dispersion of the Al2 O3 and ZrO2 grains is therefore an
important design element of this material. However, this ceramic is
also highly susceptible to hydrothermally induced phase transformation 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 Si3 N4 , yet it is not as
critical as it is for transformation-toughened materials. Because
␤-Si3 N4 grains are acicular, it has been shown that bimodal structures [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 compressive stresses [122]. The acicular grain structure of Si3 N4 is
unique among bioceramics. Elongated grains are generated during densiﬁcation via a dissolution re-precipitation process that
irreversibly converts equiaxed ␣-Si3 N4 particles to their acicular
␤-Si3 N4 counterparts. The ␤-Si3 N4 grains impart high toughness
and strength comparable to transformation-toughened ceramics
without the inclusion of a metastable phase. Consequently, Si3 N4
is not susceptible to hydrothermal degradation. A representative microstructure of a biomedical Si3 N4 ceramic is provided in
Fig. 1(d).
A summary of grain sizes for the various ceramic coatings is provided in Table 1b. PVD ceramic coatings are either amorphous or
nano-crystalline. Their stoichiometry can vary depending on chemistry and deposition conditions [215]. For instance, DLC coatings are
amorphous but can differ in their atomic bonding structure. Codeposition of carbon with hydrogen results in softer sp2 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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Fig. 2. Microstructures of ceramic coatings on metallic substrates: (a) TiN coating at 1.26 m thickness [226]; (b) cross-section of TiN coating [227]; (c) fracture surface of
TiN coating showing the presence of pit and droplet defects [228] ; and, (d) cross-section of Ox–Zr in situ grown layer [180]. Reprinted with permission.

ZrN, and TiNbN possess nano-crystalline columnar microstructures
[129,208,209]. Their acicular size can be 30 × 300 nm, with the
thickness of the grains increasing proportionately in the crystallite growth direction. It is also common practice within industry
to deposit multiple transitional layers to increase substrate adhesion [217–219]. For example, in coating a CoCr alloy with ZrN, one
manufacturer includes a bond layer and up to ﬁve interlayers, alternating between CrN and CrCN, with the ﬁnal surface layer being ZrN
[134,220]. The initial layer, which is generally a compositional variant of the substrate, is designed to achieve good chemical bonding
while subsequent layers modulate a transition in elastic properties.
These layers reduce deposition and thermally induced compressive residual stresses, which can be signiﬁcant—up to 11 GPa [221].
Delamination of the coating would readily occur in their absence
[222]. The composition of these layers is experimentally determined, with the thickness of the total deposition typically being
less than about 15 m. Most PVD coatings also contain undesirable micro-droplets as a result of the deposition process. These
are larger particles ablated from the PVD target and accelerated
toward the substrate within the plasma. They result in degradation
of the smoothness, uniformity and thickness of the deposited layer,
and can be a source of mechanical or corrosive failure [223,224].
Elimination of 100% of these defects is statistically improbable,
and special ﬁlters have been added to PVD equipment to minimize
their occurrence [225] . Examples of the surface texture and crosssection of two different TiN coatings are shown in Fig. 2(a) and (b),
respectively [226,227], and a graphic example of coating defects is
shown in Fig. 2(c) from the work of Kamiya et al. [228] .
A detailed examination of the grain morphology of OxZr was
performed by Hobbs et al. [190] This in situ grown layer predominately consists of nano- crystalline columnar monoclinic ZrO2
grains that are about 20–70 nm wide × 200–300 nm long, arranged
in an anisotropic brickwork pattern, with their long axis orthogonal to the surface of the Zr–2.5Nb substrate. Fortuitously, this
aligned grain structure resists crack propagation parallel to the
alloy’s surface, thus reducing the layer’s chances for delamination.

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, further 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 composed 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 particle 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 proportional 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 amorphous phase (ACP) dominates the composition in the as-sprayed
condition; but controlled crystallization of ACP can be accomplished 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.

Fig. 4. Flame-sprayed HAp coating: (a) surface grain structure; (b) cross-section of grain structure [229]. Reprinted with permission.

Ti6Al4 V as additives to improve substrate bonding and increase
coating toughness [231]. More recently, HAp has also been coated
onto, or incorporated into polyetheretherketone (PEEK) to improve
osseointegration of spinal fusion cages. In the former case, HAp
coatings are applied using PVD methods [232,233]. In the latter
instance, HAp particles are compounded into PEEK prior to thermal
forming and machining of the implant [234,235,236].
In summary, microstructural engineering has been essential in
enabling and improving biologic functions of ceramics and ceramic
coatings. Reduction of grain size is necessary for increased strength
and toughness in Al2 O3 . Its control is also critical for phase transformation toughening at the crack tip under applied stresses and
the prevention of premature transformation under hydrothermal
conditions in Y-TZP, ZTA, AMC, and ATZ compositions. Conversely,
growth of acicular ␤- Si3 N4 grains to an appropriate aspect ratio
results in increased strength and toughness without the necessity
of a metastable transformable phase. Microstructures for PVD coatings are amorphous or nano- crystalline, and vary in size based on
chemistry and deposition conditions, but micro-droplet defects and
high residual deposition stresses are common. Improved substrate
adhesion via incorporation of multiple interlayers is employed to
reduce stress and modulate differential elastic properties. OxZr
microstructures are also nano- crystalline with excellent substrate
adhesion and anisotropic grain orientation that resists delamina-

tion and grain pull-out. Plasma sprayed HAp (or HAp mixtures with
toughening additives) coupled with post-deposition heat treatments provide microstructures possessing adequate bond strength
and fortuitous mixtures of apatite phases, porosity, and other
defects for effective osseointegration. Finally, HAp has been incorporated 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 fracture. The common method for measuring bulk strength of ceramics
is ﬂexural testing, which involves symmetrical bending of carefully
prepared parallelepiped specimens in accordance with international standards [237,238]. Shown in Table 1a are compiled ﬂexural
strengths for ceramics, which range from 400 MPa for Al2 O3 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 testing methods. Three specimen geometries and the use of either 3or 4-point bending are allowed within the standards. Due to the
stochastic nature of brittle fracture, maximum strengths are always
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observed when using the smallest specimens in 3-point bending.
Consequently, some of the highest reported strengths in Table 1a
were obtained in this manner. Using Si3 N4 as a model material,
Katayama et al. found up to a ∼60% difference in strength between
3- and 4-point ﬂexural testing, when using the smallest and largest
allowable specimens, respectively [239]. However, they and Quinn
et al. [240] pointed out that reconciliation of differing data can be
accomplished through a simple relationship, provided an adequate
number of specimens have been tested and a meaningful Weibull
modulus determined. Nevertheless, this reconciliation might be
more difﬁcult in highly transformable ceramics, such as Ce-TZP,
where the maximum failure stress relates to the transformation
itself rather than to pre-existing defects.
Al2 O3 has a modest ﬂexural strength of about 580 MPa, (cf.,
Table 1a) [40]. The ASTM and ISO speciﬁcations for this material are
listed as ≥400 MPa and ≥500 MPa, respectively (cf., Table 2). Al2 O3 ’s
lower strength is the primary reason it has lost favor in recent years
for use as femoral heads and liners, having been replaced by the
higher strength and toughness ZTA and AMC ceramics. Nevertheless, in vivo fractures of Al2 O3 components are now extremely rare.
Reported failures declined from about 13.4% for implants produced
prior to 1990 to 0.021% for parts produced between 2000 and 2013
[40,241]. This reduction was due to the aforementioned process
improvements; and suggests that even a modest strength material
can provide excellent in vivo reliability.
With the advent of Mg-PSZ and Y-TZP, ﬂexural strengths
improved markedly—from 700 up to 1500 MPa, respectively (cf.,
Table 1a) [65,70,187]. However, their ASTM speciﬁcations were
only set at 600 and 800 MPa, respectively (cf., Table 2). Y-TZP might
have been one of the best materials for articulation, were it not for
its susceptibility to LTD. An incompletely validated process change
by the leading manufacturer of Y-TZP in the late 1990s led to a dramatic increase of in vivo fractures, from 0.002% prior to the process
change to 8% afterwards [73], resulting in their recall from US and
EU markets in 2001 [242].
The introduction of ZTA and AMC composites was a signiﬁcant
step forward in joint arthroplasty due to a combination of improved
ﬂexural strength and reduced sensitivity to hydrothermal degradation. ZTA strengths as high as 1248 MPa have been observed,
and ﬂexural strengths of up to 1400 MPa have been reported for
AMC on a series of ∼40 production lots (cf., Table 1a) [154,243].
In vivo fracture rates for AMC are extremely low, at 0.001% [40].
It is now the preferred ceramic worldwide for hip joint replacements, although its LTD resistance remains an area of long-term
research [79,172,244–248]. In spite of their high reported values,
the minimum ﬂexural strength for ZTA and AMC ceramics per the
ISO standard was set at ≥750 MPa (cf., Table 2).
Only limited strength data are available for ATZ composites,
with values ranging between 755 and 1163 MPa (cf., Table 1a)
[249,250]. The lower average value was determined from 4-point
bending of standard test bars, whereas the higher strength was
obtained by biaxial ﬂexural testing [251]. One manufacturer lists
their ATZ’s biaxial strength at 2000 MPa; but this extraordinary
value is not found in the technical literature [252]. ATZ orthopaedic
devices clearly show a certain degree of LTD since their major phase
is Y-TZP [81], although the transformation kinetics appear to be
slower than Y-TZP and the impact less dramatic.
Si3 N4 is the latest entrant in load-bearing medical applications. It is a non-oxide ceramic with ﬂexural strengths comparable
to the oxide materials, typically between 800 and 1100 MPa (cf.,
Table 1a) [82], with ASTM or ISO speciﬁcations of ≥760 MPa (cf.,
Table 2). It has an advantage over ZTA and AMC ceramics in that
its high strength is not reliant on the presence of a metastable
transformable phase. It is therefore immune to LTD. Its acicular microstructure is responsible for its high ﬂexural strength. An
advancing crack must follow a tortuous and chaotic high-energy
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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 BorreroLopez 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 ﬂexural 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 surface 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. Consequently, scratch adhesion testing was developed as a practical
engineering method for assessing coating viability [257]. This technique 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 cohesive failure, with LC2 noted at complete coating failure. One or both
of these values are often reported in the literature, with LC2 typically 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 properties, 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 adhesion 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 hardness 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 remarkably 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 coating. Even though scratch adhesion does not determine the intrinsic
strength of thin ﬁlms, it is an important engineering measurement
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in predicting in vivo viability. As will be discussed in more detail
later in this review, one of the failure modes for coated orthopaedic
devices is poor adhesion. Adhesion can be signiﬁcantly improved by
closely matching elastic properties between the coating and substrate, and by ensuring strong chemical and mechanical interfacial
bonding.
Strength testing of HAp coatings is also problematic due to their
thin nature and inherently defective structure. However, ﬂexural
tests have been obtained for bulk HAp densiﬁed using conventional sintering, spark-plasma sintering, and hot-isostatic pressing
with reported values ranging from 113 MPa to 189 MPa [260–262].
Strengths were increased up to 220 MPa by reactive sintering of
HAp and ﬂuorapatite admixed with up to 40 vol.% ZrO2 [263], and
values of ∼250 MPa were obtained when using 40 vol.% Al2 O3 [264].
Even higher strengths of about 300 MPa were obtained when combining HAp with 30 vol.% Al2 O3 and 15 vol.% ZrO2 [265]. While these
compositional studies on bulk HAp are instructive, they are not
directly transferrable to coatings, and strength testing of coatings
is essentially impossible. Scratch adhesion can be employed, but
the more practical approach for evaluating HAp coatings is to utilize “pull-off” testing in accordance with international standards
[266,267]. Specimen preparation and testing is straightforward.
After applying the HAp coating to one end of a 25.4 mm diameter metallic rod, an identical rod is bonded to the coating using
adhesive glue. The joined test specimen is then subjected to tensile
loading, and the “pull-off” load recorded. The test yields valuable
engineering data about the bond strength of the coating; but, similar to scratch adhesion, it does not provide scientiﬁc data on the
strength of the coating itself. The standards require that the “pulloff” adhesion strength be greater than 15 MPa, which is one-fourth
to one-tenth of the reported ﬂexural strengths for dense HAp.
Different deposition practices have been explored to improve “pulloff” strengths, including plasma, induction, vacuum–aerosol and
high velocity oxy-fuel combustion spraying, hot-isostatic pressing,
dip coating, electrophoretic deposition, sol–gel adhesion, pulsedlaser, ion-beam, or co-spraying HAp with a toughening agent such
as Al2 O3 , ZrO2 , or a titanium alloy [268–272]. However, none of
these processes produce “pull-off” strengths approaching ﬂexural data for bulk HAp, with values ranging between about 10 MPa
and 80 MPa [54,268]. The highest reported “pull-off” strengths of
60–80 MPa were produced using either a high power laminar jet
coating method or vacuum deposition [268,272]. Shown in Fig. 5
is a range of “pull- off” adhesion strengths obtained using various deposition techniques [268]. It is easy to understand why both
bulk HAp and HAp coatings cannot be used as structural members in orthopaedic devices given these observed low ﬂexural and
“pull-off” strengths.
This section on strength was initiated with a discussion of
observed fracture rates for ceramics in THA. Even though their
occurrence is small, they are serious events, requiring immediate
revision surgery, debridement of damaged tissue, and replacement
of THA components. Nevertheless, it is now evident that failure
rates for metals have eclipsed those of ceramics. National registries and follow-up studies indicate that the hip systems with
metal-on-metal (MoM) articulation have higher revision rates than
any current ceramic based devices [273–275]. Fig. 6 shows survivability statistics for a combination of cemented and uncemented
THAs from the UK national joint registry [273]. The revision rate
for MoM articulation is over four times that of ceramic containing
devices at ten-years postoperatively. The pathology of these MoM
failures is not catastrophic fracture, but rather, excessive component wear, which symptomatically presents itself as groin pain,
component loosening, metallosis, formation of pseudotumors, and
localized tissue necrosis, with elevated serum levels of Co and Cr
ions. Patient morbidity and the requirement for revision surgery to
replace worn metal components are no less serious, and in many

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 consequence of high elastic modulus and lack of plasticity. Material
strength is therefore only one of many factors that should be considered 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 parameter 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
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m



dV
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v

where  0 is the Weibull scale parameter or characteristic strength,
which is a measure of the centrality of the distribution and represents 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 followed 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 ceramics 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 Al2 O3 [171], but
this appears inconsistent when compared with the aforementioned
repetitive studies. Extreme values of 53 and 87 were found for Si3 N4
and ZTA, respectively, but these are not routinely observed for standard production batches [279,280]. Note that the ASTM and ISO
speciﬁcations for Al2 O3 , Mg-PSZ, Y-TZP, ZTA, and AMC have been
set at ≥8–10 (cf., Table 2). Conversely, for Si3 N4 , its Weibull modulus
was set at ≥12, (cf., Table 2). Si3 N4 ’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 mechanical properties of equiaxed Si3 N4 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 coatings 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. Limited Weibull statistics have been compiled for HAp using biaxial
ﬂexural strength (BFS) and nano-indentation hardness measurements. 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 methods. Adapted from Mohseni et al. [268] Used with permission.

results for coatings is not markedly different than those observed
for bulk ceramics.
Consistently attaining both high characteristic strengths and
Weibull moduli on sequential production ceramic batches is a signiﬁcant challenge for process engineers. Strength-limiting defects
can occur at any manufacturing step, but are most likely to be
entrained during powder processing (including spray- drying).
Coarse particles (or granules), large or hard agglomerates, and foreign contamination are common ﬂaws. Inadequate particle packing
after compaction further exacerbates their negative contribution,
leading to formation of pores or voids during sintering [290].

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 properties have different processing than components. Therefore, their
characteristic strengths and Weibull moduli may not be representative 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 deposition conditions can generate droplets, or produce voids, inclusions,

Fig. 6. Cumulative number and percentage of revisions for cemented and uncemented hips with different bearing surfaces (MoP = metal-on-polyethylene, MoM = metal-onmetal, CoC = ceramic-on-ceramic, and CoP = ceramic-on-polyethylene) [273].
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and pits, all of which reduce reliability. Low characteristic strengths
and Weibull moduli are signals to process engineers that special
cause variation has occurred, requiring investigation and corrective
action.
Alternatively, an increase in characteristic strength and Weibull
modulus can be accomplished by truncating the ﬂaw population
through the use of proof-testing [198,294,295]. Proof-testing is an
inspection technique that subjects ﬁnished components to a stress
in excess of physiologic loads. Proof-testing eliminates a priori any
component that has unacceptable strength, and therefore provides
a threshold stress, below which no failure is likely to occur. Today,
ceramic THA components and spinal fusion cages are subjected to
proof-testing. Proof-test levels are based on ﬁnite element analyses, or in vitro and in vivo studies, and regulatory requirements.
Because of this fact, the measurement of a Weibull modulus, while
important for process investigation and control, has less meaning and is less relevant as a design parameter. Consequently, as
shown in Tables 1a and 1b, the reliability of ceramics and coatings, as expressed by their respective Weibull moduli, is essentially
equivalent.
3.5. Fracture toughness
Fracture toughness is a fundamental property governing
strength. It describes the material’s intrinsic resistance to crack
propagation. While it is applicable for all materials, it is critically
important for ceramics. The strength of a ceramic is related to its
fracture toughness by the Grifﬁth equation [296]:
R =

KIC
√
Y a

(2)

where  R = fracture strength; KIC = fracture toughness, or critical
stress intensity for fast fracture; Y = a geometrical factor related
to the crack; and, a = crack length. Fast fracture occurs when the
stress intensity at the crack tip exceeds the material’s innate fracture toughness, KIC . From the Grifﬁth equation, there are two routes
for improvement of a ceramic’s fracture strength. One method is to
control processing of the material in order to reduce pre- existing
defects. This approach was discussed in the prior section on Weibull
modulus. The second method is to engineer the microstructure to
increase its KIC .
A myriad of procedures for determining fracture toughness of
ceramics have been developed. Common methods include chevronnotch (CVN), indentation fracture (IF), indentation-strength (IS),
single-edge notched beam (SENB), single-edge v-notched beam
(SEVNB), single-edge pre-cracked beam (SEPB), surface- crack in
ﬂexural (SCF), and Vickers indentation (VIF), with newer techniques
being developed periodically – the details of which are beyond
the scope of this review. The reader is referred to critical commentary by a number of noted fracture mechanics authorities for
in-depth discussions of these various methods [297–301], including their applicability to biomaterials [302]. Round-robin testing
was conducted in the 1990s to evaluate, reconcile, and standardize fracture toughness procedures [303–306]. Shown in Fig. 7 are
results for ﬁve different ceramic materials – sintered silicon carbide
(Si–SiC), alumina (Al2 O3 ), Y-TZP, hot-pressed silicon nitride (HPSN),
and magnesia partially stabilized zirconia (Mg-PSZ), tested in ten
laboratories using ﬁve methods – CVN, IF, IS, SEPB, and SENB [304].
Note that differences between techniques can range up to 95% for
some materials. Conclusions from this, and the other cited studies, highlighted inadequacies with indentation methods (IF, IS and
VIF), and preferences for CVN, SEPB, and SENB techniques which
were judged to produce the most consistent results. These three
techniques were eventually incorporated into an ASTM standard
with recommendations to utilize at least two methods for assessing
toughness of unfamiliar or new materials [306].

A number of strategies have been devised to enhance toughness
in ceramics. For single phase materials with equiaxed structures, grain size control and grain boundary engineering are
performed, with sub-critical-micro-cracking, crack-bridging, and
branching yielding toughness improvements [307,308]. Transformation toughening is used in Mg-PSZ, Y- and Ce-TZP, ZTA, AMC,
and ATZ; whereas in situ growth of elongated grain structures in
Si3 N4 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] . Fracture toughness values for the ceramics are listed in Table 1a. Al2 O3
has a fracture toughness between 3.3 and 4.2 MPa m1/2 , which is
the lowest among the structural ceramics used in joint arthroplasty [309,310]. It also has the lowest ISO speciﬁcation at 2.5
MPa m1/2 (cf., Table 2). Its toughness is related to its microstructure, which consists of equiaxed grains of less than about 2 m.
Strength improvements in Al2 O3 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 aor m-axes leads to weak grain interfaces in the densiﬁed ceramic
[311]. These interfaces become defect origins under applied tensile 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 principally a difﬁculty in engineering the strength of grain boundaries
while concurrently controlling the grain morphology that limits
the toughness of Al2 O3 . 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 Al2 O3 , 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 . Si3 N4 has the highest ASTM or ISO speciﬁcation 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 processing, 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 intensities at crack tips by absorbing signiﬁcant tensile energy (up to
1.5 GPa), which enhances R-curve behavior [308,313]. Indeed, Si3 N4
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 Al2 O3 , Y-TZP, ZTA, and two Si3 N4 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 practiced 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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Fig. 7. Results from round robin evaluation of different methods of assessing fracture toughness [304].

Fig. 8. Comparative R-curve measurements of bioceramics [311]. Reprinted with
permission.

methods which use the equations and measurement methods for
ceramics suffer from the same inconsistencies [316]. Due to their
thinness, nano-indentation is often employed to avoid substrate
interactions, with concomitant difﬁculties arising in the formation
and measurement of acceptable crack lengths. Compounding these
problems are issues associated with intrinsic coating defects and
residual stress which also alter apparent KIC values [315].
Increased fracture toughness is deemed to be important for
coatings, particularly in tribology applications. As reviewed by
Zhang et al., research continues to be conducted on improving
toughness of these brittle ﬁlms [222]. Not surprisingly, the envisioned techniques are similar to “tried and true” practices used
for ceramics, including cohesive strengthening of grain boundaries and its juxtaposition of providing for grain boundary sliding,
phase transformation, utilization of multiple layers, ﬁber reinforcement (i.e., carbon nanotubes), compressive stress toughening, and
incorporation of a ductile phase. The most practiced and therefore
the most reported method for improving toughness is incorporation of multiple interlayers. Sequential layering of coatings with

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]. Provided 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. However, 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 function 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 highlights 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 exception 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.
To understand this evolution requires a brief review of the
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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3.6. Slow crack growth and fatigue resistance

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 perpendicular (⊥) to the longitudinal anatomic axis. Adapted from Roeder et al. [328]
Used with permission.

However, as previously noted, HAp is too brittle for use as a structural member alone. Consequently, the remaining 30% of bone is
composed of collagen that is bound and supported by an arrangement of apatite nanocrystals, forming mineralized ﬁbrils that are
organized into lamellar structures. The basic metabolic unit is
an osteon, which consists of vascular canals that are surrounded
by the lamellae in concentric rings. Bone composition is essentially constant despite the fact that its properties vary based on
location—from its dense and strong exterior cortical surface to its
porous and ﬂexible cancellous core.
Due to this architecture, its mechanical properties are generally
reported as a function of density [329]. For cortical bone, alignment
of the osteons with the bone’s long axis bestows unique and beneﬁcial anisotropy. Strength and elastic modulus are higher parallel
to the axis [330–336]; whereas, hardness and fracture toughness
are greater in the orthogonal direction [337] (cf., Table 1a). It is stiff
and strong in its longitudinal direction and yet tough and ﬂexible
in its transverse direction. Although soft when compared to nonliving engineered materials, cortical bone of the femur is hardest
along the diaphysis and the distal radius next to the articulation surface [338]. It exhibits remarkable R-curve behavior in its transverse
direction, with toughness values increasing from approximately
5–20 MPa m1/2 under crack extensions of up to 400 m [337]. It can
withstand reasonable loads and deformation with no residual damage, and yet, absorb considerable energy through micro-cracking,
crack deﬂection, ﬁber pullout, or crack bridging to prevent complete failure when stress levels are excessive [335]. Because it
is living tissue, bone remodeling is a natural response to applied
stress, allowing it to reshape and repair itself. Nature has indeed
engineered bone to be an extraordinary responsive composite consisting of a native bioceramic (hydroxyapatite) and a native polymer
(collagen ﬁbrils). It uniquely combines appropriate mechanical
attributes from each material into a living composite. It is therefore
not surprising that modern arthroplasty designs typically consist
of combinations of two or more engineered materials. Yet, because
biomaterials are non-living, they lack the ability to self-repair or
remodel, and therefore a level of additional safety is needed in their
properties, particularly fracture toughness and strength, both of
which must exceed native bone to ensure adequate performance
and prevent premature failure.

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, respectively. 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 section, 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 threshold 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). Measurements 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
m
= A(K)
dN

(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 maximum 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

p
= C (Kmax )n (K)
dN

(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 therefore 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 values 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
in the Table are inclusive of various environmental conditions –
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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conducted for most of the biomaterials of Table 1a, and the reader
is referred to selected publications for Al2 O3 [357–362], Mg-PSZ
[363–365], Ce-TZP [366,367], Y-TZP [346,368–370], Ce- and YZTA [212,348,355,371,372], ATZ [211], Si3 N4 [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 hydroxyapatite [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 hardness, 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]. Comprehensive 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 importance of R-curves in determining fatigue resistance. First elucidated
by Kruzic et al. [388] using Al2 O3 and Si3 N4 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

Fig. 10. (a) V–KI /KIC of biomedical grade alumina, yttria stabilized zirconia, conventional zirconia-toughened alumina ‘micro’-composite, and nano-structured
alumina–zirconia composite. Schematic V–KI /KIC of covalent ceramics (SiC and
Si3 N4 ) are given for comparison [310]; and (b) Microstructure of an Al2 O3 –ZrO2 composite showing a nano-ZrO2 grain imbedded in a larger Al2 O3 grain. (a) Reprinted
with permission; (b) courtesy INSA Lyon.

Ceramics with fewer impurities are less sensitive [212,345], and
grain boundaries that have high nitrogen content show increased
resistance to SCG [349,350]. Compositional and microstructural
engineering of these advanced ceramics is on-going by many organizations in an effort to reduce their sensitivity to fatigue. For
example, shown in Fig. 10(a) is a V–KI diagram demonstrating ∼50%
improvement in KTH /KIC between a biomedical alumina and two
ZTA composites, one of which has a highly reﬁned microstructure [310] . Projected values for SiC and Si3 N4 are also shown
for reference purposes. This ﬁgure highlights intrinsic differences
between oxide and non-oxide ceramics. Traditional oxide ceramics, such as Al2 O3 and ZrO2 , have higher propensities for SCG
than do non-oxides (i.e., SiC and Si3 N4 ) because of differences
in atomic bonding. Ionic bonds in oxide ceramics are particularly sensitive to attack by moisture at crack-tips (driven by a
strong decrease in surface free energy), whereas covalent ceramics
are more resistant to bond breakage [356]. Selection of covalent ceramics is therefore preferred for demanding structural
applications. However, it is remarkable that the nano-Al2 O3 –ZrO2
composite shown in Fig. 10(a) has SCG behavior similar to that
of covalent ceramics [355]. Furthermore, this accomplishment
is indicative of the importance of microstructural engineering
and of its impact on mechanical properties. Shown in Fig. 10(b)
is a representative microstructure of these types of Al2 O3 –ZrO2
nano-composites. For reference purposes, fatigue testing has been

(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 substitutional 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 Al2 O3 and Si3 N4 , 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 Si3 N4 is reproduced 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 demonstrated 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 service 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
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Fig. 11. Fatigue map for YM-Si3 N4 , illustrating regimes of stable behavior for
both monotonic and cyclic loading conditions [388]. (YM = Yttria–Magnesia doped).
Reprinted with permission.

provides additional safety because short cracks will arrest after
a small amount of sub-critical extension rather than progress to
failure.
3.7. Biocompatibility
Biocompatibility is an obvious essential requirement for an
implantable material. A comprehensive ISO standard has been
established for assessing biocompatibility which includes both
in vitro and in vivo tests for cytotoxicity, genotoxicity, carcinogenicity, reproductive toxicity, irritation, delayed hypersensitivity, and
systemic toxicity. Testing in accordance with this standard is a prerequisite for legally marketed orthopaedic devices in the US and
EU [393]. In general, all of the materials shown in Tables 1a and 1b
comply with this requirement. However, passing the standard does
not guarantee an absence of adverse reactions or potential systemic problems in vivo. A key example is ASTM F799CoCr. While
it is employed in multiple implantable applications, its use as
both femoral heads and acetabular liners in THA has resulted in
considerable morbidity due to tissue incompatibility. CoCr is considered bioinert per the ISO standard principally due to its apparent
low solubility. However, the testing protocol does not replicate
an evaluation of submicron wear particles which have enhanced
dissolution rates. Clinical evidence of the induced harm of these
small particles is rapidly growing with numerous adverse events
being reported annually. Patients with these devices are advised
to have their blood serum levels frequently checked for high concentrations of cobalt, chromium, and nickel which can lead to
neurologic, cardiac, endocrine, or ocular impairment [394]. Local
formation of pseudo-tumors and tissue necrosis are commonly
observed [395,396], and isolated cases of metallosis induced fatalities have been reported [397]. Even for an Al2 O3 ceramic, which is
considered to be completely bioinert, the presence of small wear
particles can still produce an inﬂammatory response. This was aptly
demonstrated from in vitro and ex vivo studies by Yagil-Kelmer
et al. [398]. They tested the effect of a range of clinically relevant
wear particles from 0.5 m to 1.5 m on the viability and cytokine
expression from human monocyte cells at a particle to cell concentration ratio of 100:1. While no cell lysis was observed, they
found that the smallest particles consistently provoked increased
generation of cytokines, suggesting that the smaller particles are

bio- incompatible. Another pertinent example is the use of PEEK
polymers. Again, these compounds are assessed as being biocompatible, 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 observations 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 prioritizes 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 chemistry 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 determining 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, weardebris 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 arthroplasty pioneers. The body’s rejection of an implant typically leads to
ﬁbrous tissue encapsulation [401]. The etiology of this type of failure can be due to poor surgical placement or inadequate initial ﬁxation, or it may be associated with the biomaterial’s lack of mid- to
long-term functional biocompatibility [402] . It is therefore important 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 assessment 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 biocompatibility advantages over their metal and plastic counterparts.
As an example, direct in vivo comparisons of Al2 O3 , 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 twoto three-times higher osteolytic lesions with signiﬁcantly greater
levels of proinﬂamatory cytokines than the ceramic materials. Nevertheless, as previously discussed, this does not suggest that bioceramics are wholly bioinert. Indeed, as reviewed by Pezzotti, there
are probably no truly bioinert substances [79], with physicochemical 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 ceramics 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 conditions on phase stability.
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Shown in Table 1a are surface phase compositions for ceramics.
Two materials, ␣-Al2 O3 and ␤-Si3 N4 are stable, essentially single
phase materials, whereas all transformation-toughened ceramics
are at least biphasic and purposely metastable. For Al2 O3 , submicron equiaxed powders are received in their ␣-phase form. A
small amount of MgO is added to the Al2 O3 powder to inhibit exaggerated grain growth during densiﬁcation. The ␣-crystal structure
is maintained during sintering, and resulting products consist of
100% ␣-Al2 O3 ; but the presence of MgO, along with raw material
impurities generates a residual thin glass phase at grain boundaries
[404]. Preparation of dense Si3 N4 involves an irreversible phase
transformation. Similar to Al2 O3 , submicron equiaxed Si3 N4 powders are received in their ␣- phase form. With addition of sintering
aids, ␣-Si3 N4 is 100% converted to its ␤- polymorph during densiﬁcation. The ␣-phase has higher free energy (∼30 kJ/mol at 25 ◦ C),
which makes the reverse ␤ to ␣ transformation impossible [405]. A
thin residual glass or crystallized phase exists at Si3 N4 grain boundaries. Its presence is dependent on the type and amount of sintering
aids and powder impurities [406]. As discussed in subsequent sections, the physiologic environment has minimal or no impact on the
phase stability of either ␣- Al2 O3 or ␤-Si3 N4 . The phase composition of ZrO2 -based ceramics, including Mg-PSZ, Ce- and Y-TZP, ZTA,
AMC, and ATZ is composed of tetragonal-, monoclinic- and cubicZrO2 , and ␣-Al2 O3 for composites. Processing of these materials
begins with co-precipitation or intricate mixing of submicron mZrO2 powders with aliovalent cation dopants (MgO, CeO2 , or Y2 O3 )
to form Mg-PSZ, and Ce- or Y-TZP. Separately, admixing submicron
␣- Al2 O3 powder in appropriate proportions with TZP powders is
performed to obtain ZTA, AMC, or ATZ composites. Other minor
additives, such as Cr2 O3 , SrO, TiO2 , and SiO2 are often included, and
these compositions are then densiﬁed at temperatures above the
m- to t- ZrO2 phase transition (950–1170 ◦ C). Metastable t-ZrO2 is
predominantly retained upon cooling due to dopant-stabilization
and the dense constraining matrix. The data of Table 1a indicate
that the surface phase composition of these ceramics varies from
42% to 99% t-ZrO2 , excluding ␣-alumina for the composites. MgPSZ’s phase composition after initial ﬁring is approximately 55%
c-ZrO2 with the balance being t-ZrO2 [70]. The phase composition
of as-ﬁred Ce- and Y-TZP is predominately t-ZrO2 (65–95%), the
remainder being m-ZrO2 and a residual amount of c- ZrO2 [70].
Excluding ␣-Al2 O3 , the phase composition of ZTA, AMC, and
ATZ ranges from 58% to 99% t-ZrO2 , the balance being mostly
m-ZrO2 [162,247]. Minor addition of SrO results in a tertiary
magnetoplumbite phase, SrAl12 O19 , which forms platelet-type
grains. Also, as with the other ceramics, impurities segregate at
grain-boundaries forming an intergranular glass phase. For AMC,
Affatato et al. documented an evolution in the phase chemistry for new, unworn femoral heads over a ten-year period and
found chronological reductions in m-ZrO2 from about ∼40% to
∼12%, indicating progressive improvements in composition and
processing by the manufacturer. Their results are graphically presented in Fig. 12 [247]. Shown also are phase compositions for
retrieved, worn femoral heads during the same period. In all
cases, increased m- ZrO2 was observed on worn components. Their
results, along with similar ﬁndings cited elsewhere within this
review, demonstrate the impact physiologic conditions have on the
phase evolution of ZrO2 -based bioceramics. The metastability of
these ZrO2 -containing materials presents both beneﬁts and risks.
Therefore, careful compositional control of the monoclinic content
is necessary for enhanced toughness and strength in combination
with sufﬁcient hydrothermal resistance, which is seen as a “feature
of safety” [160].
Surface phase compositions for PVD ceramic coatings, OxZr, and
HAp are provided in Table 1b. The PVD coatings (DLC, TiN, ZrN,
and TiNbN) exist as stable amorphous or cubic columnar phases
that are epitaxially grown on their respective metallic surfaces
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Fig. 12. Average monoclinic volume fraction (Vm ) data as obtained from microRaman 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 compressive 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 temperature 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, amorphous 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 biomaterial 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 dissolution is desirable for other materials (i.e., calcium–phosphates and
HAp). Similarly, partial resorption may be preferred for certain hard
coatings such as Si3 N4 [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 corrosion 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 resorption. 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

Al2 O3
ZrO2
Si3 N4
TiN
ZrN
440C SS

⊕

⊕

⊕ = excellent; + = good;

+
+
+
⊗

+
+
+
⊗

Strong acids

Strong bases

⊗

⊗

x

x

Molten salts

Organic solvents

Saline or SBF

⊗
⊗
⊗
⊗
x

⊕
⊕
⊕
⊕
⊕
+

⊕
+
⊕
⊕
⊕
+

= fair; ⊗ = poor; x = very poor; SBF = simulated body ﬂuids.

corrosion in the presence of various body ﬂuids or simulated solutions is less-well characterized. This section reviews the corrosive
behavior of these bioceramics in both types of environments. A
qualitative assessment of the corrosive behavior of ceramics and
selected coatings in acids, bases, organic solvents, molten salts, and
saline or simulated body ﬂuids is provided in Table 3. A common
medical grade stainless steel (440 ◦ C) is also included for comparative purposes.
For ceramics, ␣-Al2 O3 shows excellent corrosion resistance
under hydrothermal conditions at neutral pH, in saline solution
[410] , or in the presence of weak acids or bases [411,412]. It is stable
in static saline and body ﬂuids at room temperature [413]. Strong
acidic or alkaline solutions [411,412,414,415], high-temperatures,
and/or pressures are generally required to initiate signiﬁcant corrosion [416–418]. Al2 O3 also exhibits moderate corrosion resistance
in the presence of high-temperature molten salts [418]. In all cases,
corrosive attack occurs at grain boundaries where impurities such
as SiO2 , Na2 O, CaO, and MgO segregate [412], with higher purity
compositions showing improved corrosion behavior. Also, minor
beneﬁcial corrosion improvements for Al2 O3 were obtained using
nitrogen ion implantation by formation of aluminum nitride at the
ceramic’s surface [413,419] .
The corrosion characteristics of ZrO2 -based ceramics (i.e., MgPSZ, Ce- Y-TZP, ZTA, AMC, and ATZ) are more complex due to
variations in chemistry, phase composition, and processing. For
instance, Mg-PSZ is severely attacked in dilute acids, whereas CeTZP shows improved corrosion resistance, with attack occurring
at grain boundaries [420]. Some ZrO2 -based ceramics contain sintering additives such as TiO2 , MgO, SiO2 , or CaO, which partially
segregate to grain boundaries [158,421]. Similar to Al2 O3 , these
impurities provide a corrosion path from the surface to the bulk
[420,422]. Intergranular microcracking associated with the t → m
transformation permits corrosive solution penetration into the
material, eventually leading to disintegration. In fact, hydrothermal
phase instability of doped-ZrO2 is the dominant corrosive mechanism, which is operative at all temperatures and pressures above
ambient [73,422].
Si3 N4 is resistant to attack by common organic solvents and
weak acids or bases at room temperature [423,424]. Its corrosion behavior is dependent upon the amount and composition of
sintering additives, processing conditions, and the type and concentration of the corrosive media [410,425]. Corrosion is more
pronounced in highly acidic or caustic solutions [415,426–432] ,
or in combination with high-temperatures (>300 ◦ C) and pressures
(>8 MPa), [433] or in molten salts [434,435]. In one study, sintered
Si3 N4 was more susceptible to attack by HCl than hot-isostatically
pressed Si3 N4 , but the opposite effect was found for HF [426]. In
two comparable studies, Glauskova et al. found very nearly identical corrosion rates for Al2 O3 and Si3 N4 using distilled water at
temperatures up to 290 ◦ C [410]; and in a third study, Lin et al.
found corrosion of Si3 N4 in NaCl and CaCl2 solutions to be negligible at room temperature [423] . Similar to other ceramics, corrosive
attack occurs preferentially at grain boundaries. In some instances,
crystallization of the intergranular glass improves its resistance to
corrosive attack [429–433]. In a recent review, compositional tai-

loring of Si3 N4 ’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 favorable 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 epitaxially 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 studied 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 samples, but noted that pit defects continued to expose the substrate
to corrosion. They also observed that coating thickness via multiple 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 thickness. 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 characteristics 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 Nb2 O5
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 resorption 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. Initial 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 coatings: (1) normal dissolution in homeostatic pH; (2) dissolution by
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osteoclasts as part of normal bone remodeling; (3) ﬁxation failure
resulting in coating delamination; (4) micro-motion abrasion; (5)
lamellae cracking due to residual deposition stresses; and (6) preferential attack and dissolution of the amorphous phase. The ﬁrst
two mechanisms comprise the intended function of HAp, whereas
the remaining four generate unwanted coating debris. Resorption
of the debris can be accomplished by macrophages if they are sufﬁciently small in size; but beyond about 30 m, they are reported to
be an irritant [55] . Herein lies the key dilemma for HAp coatings:
Regulating degradation is essential for adequate ﬁxation, and this is
directly related to the process of applying the coating itself. Work
performed by a number of researchers suggests that treatments
subsequent to deposition or alternative application methods may
have advantages in coating chemistry and quality. As examples,
Singh et al. demonstrated that post-deposition thermal treatments
between 700 ◦ C and 800 ◦ C completely removed undesirable phases
[448]. Chen et al. [230] showed a similar result at 600 ◦ C with an
associated reduction in deposition defects, and Kwok et al. [449]
used electrophoretic deposition and vacuum sintering to improve
HAp’s dissolution behavior. Further research will undoubtedly lead
to the adoption of compositions and methods that balance HAp
adhesion with short- and long-term resorption.

3.9.2. Hydrothermal stability
It is critical that the hydrothermal stability of any biomaterial used in joint arthroplasty be investigated and validated. As
described earlier, the chemical environment of the human body is
such that no material can truly be considered bioinert, even though
they may be classiﬁed as biocompatible. In this section, studies on
the hydrothermal stability of the various ceramics and coatings will
be reviewed.
Any discussion of the hydrothermal stability of ceramics should
begin with a review of the stability of ZrO2 . Its susceptibility to
LTD brought to the forefront the need to assess all bioceramics for
in vivo deterioration. Unfortunately, introduction of Y-TZP in the
mid-1980s occurred without adequate testing and standards. An
initial in vitro study suggested that the material had sufﬁcient stability for long- term in vivo use [68], but early failures persisted
[74,450]. From 1997 to 1999, two technical reports were published
on the material’s hydrothermal stability [451,452]. Static testing in
water or an autoclave at temperatures from 60 ◦ C to 130 ◦ C were
performed to examine transformation kinetics and polyethylene
wear in a hip simulator. Hydrothermal degradation was operative
under all experimental conditions; but the calculated activation
energy for the transformation extrapolated to biologic temperature
(37 ◦ C) suggested that the ceramic’s deterioration was kinetically
limited, and “25–35 years” would elapse prior to m-ZrO2 contents
reaching 30% and 40%. At this rate, the researchers concluded that
the performance of ceramic-polyethylene wear couples should be
unaffected for the lifetime of most patients. Yet, retrievals as well
as in vitro studies showed considerable changes in surface ﬁnish in
some particular heads [77,453]. The apparent contradiction in performance between in vitro and in vivo Y-TZP femoral heads was
likely due to higher in vivo stresses which were not addressed
nor replicated in the laboratory studies and to variations in the
processes from one producer to another, and even from batch to
batch. Surface stresses particularly generated during joint laxity
(i.e., micro-separation) have been shown to signiﬁcantly increase
wear in THA joints [454,455]. Also, as described previously, a signiﬁcant number of in vivo fractures from several batches of femoral
heads – traced to a processing change – resulted in the September
2001 recall of this material [242]. Although controversial, the LTD
mechanism has been described by Sato et al. [456], Guo et al. [457],
and later by Chevalier et al. [73]. Addition of trivalent Y3+ ions
introduces oxygen vacancies in the zirconia sublattice and induces
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metastability of the t- ZrO2 phase. In Kröger-Vink nomenclature,
the reaction is as follows:
Y2 O3

2ZrO2 
••
2YZr + 3OxO + VO
→

(6)

where, Y3+ ions substitute for Zr4+ with a net negative charge of −1

(i.e., Y Zr ) and VO•• 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, disassociation 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 degradation 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% Al2 O3 , 24% ZrO2
and 1% of other mixed oxides, while NZTA was a 75%/25% mixture of Al2 O3 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 Al2 O3 –ZrO2 compositions from
2.5 wt.% ZrO2 in Al2 O3 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 Al2 O3 /ZrO2 mixtures using unstabilized ZrO2 . However, signiﬁcant ageing followed
by microcracking was noted at Al2 O3 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 Y2 O3 doped Al2 O3 /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 Al2 O3 ,
which corresponded to the percolation limit. Their second study
focused on ZTA degradation using only Y- TZP/Al2 O3 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 compositions 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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Fig. 13. SEM micrographs of the cross-section of Y-TZP showing progressive evidence of LTD: (a) as-sintered sample with no hydrothermal treatment; and, (b) hydrothermally
aged in a saturated steam autoclave at 134 ◦ C and 3 bar for 48 h. Note the clear demarcation between transformed and non-transformed grains and microcracks in (b) [458].
Reprinted with permission.

available ZrO2 at the surface had transformed. They also found
∼28% reduction in surface fracture toughness associated with the
transformation. These studies conﬁrmed that AMC was sensitive
to hydrothermal degradation; but this result is not unexpected
since transformation-toughening is a key feature of this composite
ceramic. It also has to be stated that all these in vitro conditions
were severe, and the effects were only surface related, with bulk
properties remaining unaffected. There have been very few in vivo
failures of AMC femoral heads, and they cannot be correlated so far
to LTD. According to one report, approximately 2.2 million devices
were implanted by June of 2013, with a reported fracture rate of
0.001% [40]. Retrievals have determined that LTD is operative, but
so far, there is no correlation between observed surface transformation and implant functionality [464,465]. Additional research
and retrievals will be needed to assess the long-term impact of this
phenomenon on the longevity of AMC implants.
It should be noted that Mg-PSZ is also affected by LTD, but its
degradation is retarded because of Mg-PSZ’s unique microstructure
consisting of discrete nano-sized t-ZrO2 precipitates embedded
within larger c-ZrO2 grains. Moisture must diffuse from grainboundaries through the cubic matrix to destabilize the precipitates.
Its diffusion coefﬁcient is low, so degradation kinetics are expected
to be slow [76]. This was experimentally observed by Swain. Severe
autoclave exposure of two Mg-PSZ compositions at 400 ◦ C and 6 bar
pressure for 4 h showed an increase of ∼17% m-ZrO2 coupled with
a modest decline in fracture strength [466].
Returning to Al2 O3 or using Si3 N4 might appear to be safe
options in avoiding the observed LTD in ZrO2 based materials.
After all, both ceramics are innately phase stable, and presumably
immune to attack by moisture. However, as we shall see, this presumption is not entirely correct. Several studies provide insight into
the comparative hydrothermal stabilities of Al2 O3 and Si3 N4 . Sato,
et al. examined the hydrothermal stability of a number of Al2 O3
compositions and Si3 N4 in caustic alkaline solutions at temperatures up to 200 ◦ C. As expected, they demonstrated no phase change
in either bioceramic, and found essentially equivalent dissolution
rates for 99.5% Al2 O3 and hot-isostatically pressed Si3 N4 [467]. Oda,
et al. studied both the hydrothermal corrosion of Al2 O3 and Si3 N4
under very severe aqueous conditions (300 ◦ C and up to 85 atm)
[416,433]. They showed that both materials degraded by an identical mechanism, which involved attack at the grain boundaries,
followed by dislodgement of individual grains. The rate of corrosion
for Si3 N4 was higher than for the alumina, but this was not unexpected given the extreme conditions of the test. Conversely, less

severe, and biologically relevant hydrothermal testing was separately conducted on Si3 N4 by Bal et al. [94], and on Al2 O3 by Pezzotti
[79]. Bal et al. tested dense Si3 N4 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 exposure. There were no observed phase changes, nor were there any
differences in the ﬂexural strength (>900 MPa). Using cathodoluminescence spectroscopy on autoclaved samples of Al2 O3 , 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 Al2 O3 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 thermodynamically favored over Al2 O3 [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 Si3 N4
also result in marked surface changes. The degradation mechanism is outlined in Fig. 15. As described by Galuskova et al.
[410], Dante et al. [469], and also by Pezzotti [79], dissolution of Si3 N4 occurs by preferential attack of Si–N bonds, with
the release of ammonia (NH3 ) and hydroxylated silicic acid
(Si(OH4 )·xH2 O), forming a tribochemical surface ﬁlm. The presence of this triboﬁlm leads to low friction for self-mated Si3 N4 ,
particularly under moderate- speed continuous-motion bearings [114,469,470]; whereas frictional spikes (i.e., stick-slip) are
observed with slow-speed non-continuous-motion couples [116].
Also, in contrast to Al2 O3 , which gives up oxygen under hydrothermal conditions, Si3 N4 is an oxygen scavenger, which may be an
advantage in articulation against polyethylene—preventing its premature 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 advantages 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 discontinuous nature. Localized water penetration and corrosion of
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Fig. 14. Tribochemical behavior of Al2 O3 in a biologic environment [79]. Reprinted with permission.

the underlying metallic substrate is the most common problem in
vitro [441] or in vivo [472]. There are no reported hydrothermal
stability studies for OxZr; but this layered ceramic is expected to
be highly stable. As discussed previously, perhaps the only concerns for this coating are its thickness and hardness differential
between the coating and the substrate, which could lead to delamination [326]. Finally, as presented in the prior section on corrosion,
HAp coatings are designed to be hydrothermally active in order to
facilitate osseointegration.
In summary, a review of pertinent literature demonstrates
that all ceramics and likely all ceramic coatings are susceptible
to hydrothermal degradation to a greater or lesser extent. The
t → m transformation that provides ZrO2 -based materials with
enhanced toughness and strength under dry conditions may lead
to changes in phase chemistry and properties upon exposure to
humid environments. Therefore, under moist conditions, the t → m
transformation must be assessed during development, or after
a process change, and certainly prior to clinical use. Long-term
research must also be conducted to assess in vivo transformation rates of new ZrO2 containing materials. Al2 O3 and Si3 N4 are
phase stable materials under hydrothermal conditions, but are not
totally immune to physicochemical surface changes upon interaction with biologic ﬂuids. Similarly, PVD ceramic coatings and OxZr
are also stable, but concerns remain about their protective ability over their metallic substrates due to differential hardness, high
compressive surface stresses, and deposition defects. However, it
should be noted that corrosion and hydrothermal degradation also
occur for metal and plastic implants; and on balance, bulk ceramics
and ceramic coatings are innately more stable. Consequently, the
most important challenges are development of scientiﬁc assessments of each material’s degradation mechanisms and kinetics, and

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]. Ceramics, 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 ﬁnishes for articulation devices (i.e, <20 nm Ra ). In vitro hip simulator
studies, along with in vivo retrievals, demonstrate that polycrystalline 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
of increased hardness, ceramics are more scratch resistant with
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.

Fig. 15. Tribochemical wear mechanism of Si3 N4 in a biologic environment in four stages [469]. Reprinted with permission.
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Fig. 16. Polyethylene wear rates versus femoral head thermal conductivity. Adapted from Bowsher et al. [501]. Used with permission.

Wear rates are given for conventional (PE), highly-cross-linked
polyethylene (XLPE), and for hard-on-hard bearings using data
compiled from hip simulator studies conducted under various protocols during the past 20 years – which partially accounts for the
broad range of the observed values. Polyethylene wear is most pronounced for non- or minimally-cross-linked polymers (<40 kGry),
and decreases asymptotically for the highly- cross-linked materials (>50 kGry). However, as pointed out by Bowsher et al., any
perceived differences in wear need to be tempered with the knowledge that protein precipitation occurs on femoral heads having
lower thermal conductivities [501]. This effect is shown in Fig. 16.
Less wear is noted for Y-TZP and CoCr in comparison to Al2 O3 and
Si3 N4 due to greater protein precipitation. Proteins are precipitated because of increased interfacial temperatures. Their presence
masks the true wear rate of the bearing. Wear rates for hard-onhard bearings are lower than XLPE, with AMC and ZTA ceramics
providing the best wear performance; however, protein precipitation during in vitro wear tests may also play a role in the variability
of these wear measurements [502].
Table 1b shows that PVD ceramic coatings or OxZr also provide
improved wear resistance because of their high hardness, but only
in articulation against polyethylene. Ceramic coatings are unlikely
to be effective as hard-on-hard bearings because of the potential
for coating failure. Indeed, third-body particles can easily scratch
through these thin ﬁlms, or pit defects can facilitate corrosive penetration, delamination, and catastrophic wear of the underlying
metallic substrates. This continues to be a relevant clinical issue
as evidenced by several in vivo failures. For instance, a clinical trial
comparing DLC-coated Ti6Al4V and Al2 O3 femoral heads articulating against conventional polyethylene showed disastrous results
for DLC implants due to corrosive pitting and spallation, leading
to a revision rate that was four times the Al2 O3 control group
[133,503]. Several case studies have reported similar poor in vivo
results for TiN coatings [472,504,505]; and TiNbN coatings were
recently found to have completely worn through in another study
[506]. OxZr appears to be a solution for these failures due to its substrate coherency and an absence of surface- defects, with clinical
results supporting its equivalence to CoCr [144]. However, recent
publications have expressed caution over the use of OxZr. Its surface
can be easily scratched if: (1) it is malpositioned during insertion;
(2) patients experience subluxation or repeated dislocation; or (3)
third-body wear particles are present [507–510]. As demonstrated
by Lee et al., when an OxZr coating is breached, the underlying soft
Zr/2.5Nb alloy can increase polyethylene wear by 161% in comparison to an identically sized CoCr head [150]. These clinical studies

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 convincing clinical evidence will be needed to overcome growing prejudice
against their use. Conversely, bulk ceramics provide all of the beneﬁts 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 polyethylene.
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 therapy, 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 during treatment, revision, and convalescence has to be considered
equally distressing. Nowadays, because of this problem, developing 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 function, 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 functionalize the implant’s surfaces with non-leachable compounds
that are contact biocides. Such compounds can be natural or synthetic 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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describe this behavior, and is deﬁned as the property of a material
which limits attachment and growth of bacteria without necessarily killing the microorganism. Differences between bactericidal and
bacteriostatic materials are signiﬁcant. Bactericidal compounds
often result in large bacteria kill ratios of >99%, whereas bacteriostatic materials only prevent bioﬁlm formation, with reductions
from 10% to 90%. There are standardized tests for assessing the
effectiveness of implants incorporating bactericidal compounds
[519–521]; but, with the exception of a test for plastics [522], none
currently exist for comparing bacteriostasis.
In general, ceramics and coatings are considered bacteriostatic.
Unlike polymers and metals, they inherently resist bioﬁlm formation. A number of bacteriostasis studies have been conducted on
ceramics for arthroplasty and dental applications. Ginebra et al.
[523] examined Al2 O3 , Si3 N4 , and AMC in vitro for bioﬁlm formation using two bacterial strains (Staphylococcus epidermidis and
Escherichia coli). In comparison to a polystyrene control, all three
ceramics showed between 30% and 60% less bioﬁlm formation.
In a separate study, Hizal et al. prepared nanostructured and
hydrophobic Al2 O3 and showed that it was effective in repelling
Staphylococcus aureus and Escherichia coli [524]. For dental applications, Yamane et al. completed an in vivo human oral study
examining titanium, ZrO2 , Al2 O3 , and HAp, all with uniform surface roughness, against Au–Pt alloy as the control. They found no
differences among the ceramics as compared to lower adhesion on
the Au–Pt alloy [525]. In contrast, Yoshinari et al. demonstrated
that Al2 O3 coated titanium oral implants were signiﬁcantly more
effective in resisting bioﬁlm formation than titanium alone [526];
and Al-Radha et al. found similar results for ZrO2 -coated titanium
or ZrO2 -abraded titanium in oral studies [527]. A contrasting bacteriostasis study on several grades of Y-TZP was performed by
Karygianni et al. in vitro using Enterococcus faecalis, Staphylococcus aureus, and Candida albicans. They observed no anti-adhesive
improvement of the ceramics when compared with bovine enamel
slabs as controls [528]. Conversely, Gorth et al. tested Si3 N4 , titanium, and PEEK with ﬁve separate nosocomial bacterial strains
in vitro and consistently found lower amounts of bioﬁlm formation (up to 90%), and fewer live bacteria on Si3 N4 than either of
the other two biomaterials. As might be expected, PEEK generated the highest amount of bioﬁlm and harbored the most live
bacteria. They postulated that reasons for the observed differences
were likely due to: (1) improved hydrophilicity of the ceramic in
comparison to the moderately and highly hydrophobic metal and
polymer, respectively; (2) chemical moieties on the surface of Si3 N4
including charged amino and silanol species of SiNH3 + , SiOH2 + ,
SiO− , SiNH2 , and SiOH, all of which may act to repel microbial
attachment; and (3) a micro-textured surface for Si3 N4 , which may
also prevent bioﬁlm formation. These features were not observed
with the other two biomaterials [107]. Webster et al. pursued this
work using an in vivo Wistar rat model. Samples of Si3 N4 , PEEK,
and titanium were pre-inoculated with 104 S. epidermidis prior to
implantation into the animal’s calvaria followed by incubation for
up to 3 months. Provided in Fig. 17(a) through (d) are histological
analyses conducted subsequent to animal euthanasia, showing a
latent infection on the surfaces of the PEEK and titanium implants,
whereas none was present for Si3 N4 [106].
A similar range of results has been observed with the hard
ceramic coatings. For instance, a dental study by Grobner-Schreiber
et al. using ZrN indicated signiﬁcant reductions in oral bacteria
compared with uncoated samples; but the diversity of the bacterial ﬂora were not affected [529]. For DLC, Love et al. reviewed a
number of bacteriostasis studies which showed that hydrophobic
carbon coatings with low hydrogen contents were very effective as
a bactericide, even when compared with the antibiotic Gentamicin
[148]. Finally, Shida et al. performed an in vitro bacterial adhesion
study for OxZr, CoCr alloy, titanium, and stainless steel implants
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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 biomaterials 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 common 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 dictate 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 exploiting 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 bactericidal or bacteriostatic compounds, porous structures infused with
elutable antibiotics, or devices engineered with micro- or nanostructured 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 important 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. Interactions 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 biotolerant, meaning that they did not elicit an inﬂammatory response.
However, this does not suggest there were no reactions. On the contrary, 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 simple 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 physicochemical structure of the implant and its interaction with proteins
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Fig. 17. Effect of biomaterial on latent infection in Wistar rat calvarial defects [106]. Implants were pre-inoculated with 1 × 104 Staphylococcus epidermidis. Histology
performed 3 months after implantation: (a) PEEK; (b) Si3 N4 ; (c) titanium; and (d) Si3 N4 . Reprinted with permission.

and living cells. The ﬁrst and immediate biologic reaction to a
foreign body is its coating with proteins. For bioceramics, this
process has been documented by Wang et al. in detailed review
[533]. Fibronectin, a protein found in plasma binds almost instantaneously to all biomaterials, but other proteins including vitronectin,
laminin, collagen, and ﬁbrin also quickly adsorb and participate
in wound healing [534]. Adsorption of these molecules is induced
by the roughness, hydrophilicity, charge, and topography of the
biomaterial’s surface, with micro- or nano-structured surfaces
being the most effective. Proteins orient themselves to local variations in surface charge and topographical features, and adhesion
occurs by electrostatic and mechanical means. Speciﬁc active sites
on these molecules are recognized by mesenchymal stem cells,
mainly integrins, which subsequently bind to the proteins. However, as discussed by Kieswetter et al., cell attachment is neither
predestined nor immediate. It may take hours to occur [535] .
Again, surface chemistry and topography of the implant dictate
this timeline, and remarkably, cells can distinguish between different chemistries and surface features [536,537]. As reviewed by
Anselme et al., many studies suggest that surface topography may
be more important than chemistry, with more mature and differentiated cells adhering to micro- and nano- structured surfaces [538].
However, the presence of soluble calcium phosphates, bioavailable
silicon, and magnesium also appear to be key chemical species
promoting adhesion and proliferation of progenitor cells, facilitating their eventual differentiation into osteoblasts [539–541].
Provided the chemical environment remains conducive to continued cell function, osteoblasts secrete a calciﬁed osteoid which leads
to endochondral ossiﬁcation and eventual ﬁxation of the implant.
Most of our knowledge with respect to the interaction of cells and
biomaterials comes from studying titanium alloys, but features that
promote its osseointegration appear similar if not identical to those
that are likely operative for bioceramics [542–544]. Ceramic scaffolds possessing interconnected porosity have also been shown to

be effective in boney in-growth for a number of different materials 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 concentrations 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
Al2 O3 in the 1970s [21]. While this early work showed that ossiﬁcation is possible, the immunological response to Al2 O3 at that time
was encapsulation in ﬁbrous tissue. Bioactive coating strategies
have subsequently been employed for Al2 O3 to alter its local chemical environment and thereby improve boney apposition [551,552].
The use of Y-TZP for dental implants has spawned numerous studies 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 Al2 O3 . 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 structure required approximately eight times the push-out force when
compared with smooth implants, and histomorphological evaluations 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 Si3 N4 , several studies demonstrated its osseointegra-
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tion capabilities. Anderson et al. showed osseous penetration of
up to 3 mm in ∼72% porous Si3 N4 with excellent vascularization
twelve weeks after implantation in an ovine model [105]. Similar
studies by Guedes e Silva et al. showed good boney apposition for
Si3 N4 samples in rabbits evaluated eight weeks after implantation
[103,104]. In Wistar rats, Webster et al. compared the osseointegration of Si3 N4 , PEEK, and titanium, reporting that Si3 N4 had
improved osseointegration over the other two biomaterials at alltime points up to 3 months post-operatively, both under aseptic
conditions and when implants were pre-inoculated with 104 S.
epidermidis [106].
There are few reported studies on the osseointegration of hard
PVD ceramic coatings. As discussed previously, while these coatings
are biocompatible, their ability to ﬁxate to bone is governed by local
surface chemistry and topography. From a chemical standpoint,
they are largely bioinert, and their surface roughness is determined by the underlying substrate. Consequently, improvements
in osseointegration are expected via topography modiﬁcations of
the substrate or by adjustments to deposition composition. Recent
studies suggest that some or all of these strategies may be effective.
For example, DLC coated titanium implants showed signiﬁcantly
greater boney apposition and bone thickness growth than comparable bare titanium in an in vivo femoral study conducted on
rats [555]. An in vitro study using DLC suggested that several
compositions may provide osseointegration improvements [556].
Alternatively, for TiN coatings, Sovak et al. found excellent mineralization at the interface of implants in Wistar rats, and concluded
that TiN was at least as effective in boney ﬁxation as uncoated
Ti6Al4V substrates [557]. Finally, for dental implants, Rizzi et al.
found that application of a ZrN coating to titanium markedly
improved osseointegration and reduced healing time [558]. Similar results might be expected from the other ceramic coatings, but
data are currently lacking.
As might be expected, studies on the osseointegration of HAp
coatings have been numerous and signiﬁcant – and no more so
than for those that have examined the long-term survivability of
HAp-coated hip stems [49,52,559,560]. A number of these studies
report Kaplan-Meier survivability of >92% at 20+ years post implantation. Failures were mostly unrelated to the hip stem itself, and
either involved anatomical changes, wear, osteolysis, and aseptic loosening of the acetabular cup, or other medical problems.
Patient satisfaction with these implants remained high (also at
92%) at ﬁnal follow-up, with essentially all femoral stems showing signs of stable ﬁxation. Development of HAp coatings is closely
related to parallel innovative research into porous synthetic bone
scaffolds. Osseointegration is an essential requirement for these
devices as well. Today, autograft and allograft are primarily used
for rectifying large bone defects due to trauma, tumor resection,
osteomyelitis, or necrosis. However, limitations which preclude
their wide- spread use include restricted availability, donor site
comorbidities, and risks for infection or disease transmission. Consequently, ceramics, glasses, and orthophosphate composites are
being extensively investigated as alternative bone-building therapies. The interested reader is referred to a number of recent
relevant reviews in this ﬁeld [44,60,561–567]. There is general
agreement that an ideal bone scaffold must be biocompatible and
osteoinductive, having a broad range in porosity for cellular proliferation, neovascularization, and bone ingrowth, possessing a
strength greater than the bone being repaired, but having a similar
elastic modulus to prevent stress shielding. Furthermore, the scaffold must be customized in properties and shape to closely match
the osseous defect, and be slowly resorbable concurrent with the
ingrowth of new bone. These are challenging requirements given
differences in patient age, bone quality, and overall health. HAp
and tri-calcium phosphate are commonly used clinically because
of their demonstrated biocompatibility, bioactivity, osteoinductiv-
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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 biocompatibility, 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 conducted 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) continued 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 incorporation of the aforementioned growth factors, genes, cells, or biological
agents. Ultimately it should be possible to engineer a new generation of bespoke-based HAp scaffolds to address speciﬁc patient
pathologies [44]. With attendant developments in bone tissue engineering, 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 polymers, 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 differentiate 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 generations 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 Al2 O3
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(modest strength) to ZrO2 (high strength, but also high sensitivity
to LTD) to ZrO2 –Al2 O3 composites (high strength with improved
LTD resistance). While the current standard in bioinert ceramics
is BIOLOX® delta (CeramTec, Plochingen, Germany), its position
may eventually be challenged by other ZrO2 and ZTA compositions
having both high strength and little or no LTD, or by non-oxide
ceramics such as Si3 N4 with elevated strength and no LTD. As an
example of an improved ZrO2 , Matsui et al. demonstrated that
addition of a small amount of germanium oxide (0.30 mol%) to a
3 mol% Y2 O3 -doped ZrO2 coupled with low- temperature sintering
produced a fully dense nano- crystalline Y-TZP (grains <300 nm)
which exhibited no LTD for 4 years in a steam autoclave at 140 ◦ C
[572]. As other examples, ZTA nano- composites which exclude
the use of yttria, or which incorporate zirconia nano-particles
(<500 nm) evenly dispersed within alumina grains have been developed [154,573]. Both composites result in high strength, tough,
and highly LTD resistant ceramics. Torrecillas et al. predict that
further developments in nano-structured ceramics and composites should result in a new generation of biomedical implants with
lifespans matching the life expectancies of their recipients [574].
Combining Y-TZP with Ta, Ti, or Nb metals to form cermets has
also been investigated with promising results. These composites
demonstrate improved ageing behavior and mechanical stability,
reduced friction against polyethylene, and excellent biocompatibility [575–577]. Even returning to MgO-doped PSZ is a consideration,
given its reasonable strength, enhanced toughness, and LTD resistance [578]. Lastly, use of non-oxide Si3 N4 is also a viable option
because it has the requisite strength and toughness, and is absent
of any LTD [94].
Overcoming the deﬁciencies of hard ceramic coatings is also
being explored. Recall that thickness, inherent deposition defects
(i.e., pinholes and delamination), and wear debris limit the articulation life of these materials. As pointed out by Alakowski et al.,
the survivability of any thin ﬁlm under load is proportional to the
square of its thickness [579]; with thicker coatings (particularly
those composed of multiple interlayers) reducing the likelihood
of defects [147,317,580]. Coating thicknesses will need to increase
from less than about 5 m (current state) to greater than 15-20 m
(future state) in order to achieve the goal of being lifetime prostheses. Recognizing a renewed potential for hard surface coatings,
a European consortium was formed in 2013 to develop thick PVD
Si3 N4 coatings on cobalt-chromium alloys with a stated objective of
introducing them as hip or knee prostheses in clinical trials by about
2018 [581] . This particular bearing surface has the unique advantage of eliminating osteolytic joint debris because Si3 N4 wears via
a tribochemical reaction, the products of which are soluble and
resorbable [123,124]. With these ongoing developments, bioinert
ceramics and coatings are expected to remain as favored materials
for future joint arthroplasty procedures.
4.1.2. Bioactive and resorbable ceramics
Engineered transitions between bioinert and bioactive ceramics represent a new ﬁeld of endeavor, with advances in the areas
of functional gradient materials (FGM) and self-assembled monolayers (SAM). Additionally, while calcium orthophosphates are the
standard for bioactive and resorbable ceramics, structural and compositional improvements are enhancing their performance as well.
Functional gradient materials—FGMs are designed by changing the structure or composition within a component to provide
variable properties. As discussed by Bahraminasab et al., joint
arthroplasty research often tends to be compartmentalized, with
some investigators focused solely on bioactivity for improved
implant ﬁxation, ignoring problems such as adverse wear or stressshielding; whereas others concentrate on mechanical properties
or friction to reduce stress shielding or wear-induced osteolysis,
respetively [582]. Perhaps an optimum solution is introduction of

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 bioactive coating (e.g., HAp) to promote osseointegration and minimize
stress shielding; while the opposite side has low porosity, high elastic 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 particularly 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 concentration 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 monolayers 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 binding 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 polymers 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 inorganic 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 company 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 arthroplasty. 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 clinical and radiographic outcomes for a 76 patient trial using PMPC
grafted XLPE liners and CoCr femoral heads showed very high Harris 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 without 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 nanostructures, with several recent exhaustive reviews highlighting these
efforts [44,566,597,598]. While pure orthophosphate mixtures are
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effective bone inducing agents, they lack other trace elements
commonly found in native bone. Consequently, investigators have
doped HAp with silicon [539], ﬂuorine [599], strontium [600], magnesium [601], and carbonates [602] among others in attempts to
increase bioactivity and osteoinduction. Additions of bone morphogenetic proteins and growth factors [568], mesenchymal stem
cells [603], and therapeutic genes [604] have also been explored for
similar reasons. Elutable silver [605,606] or antibiotics [607,608]
have been incorporated to inhibit nosocomial infections. Composites of synthetic bio-erodible polymers [609] (e.g., polylactic acid,
polyglycolic acid, and polylactic-co-glycolide), natural occurring
polymers [610–612] (e.g., alginate, collagen, chitosan), or nonresorbing polyurethane [613] have been constructed principally to
improve mechanical properties. Similarly, HAp has been admixed
with bone cement and antibiotics for ﬁxation and infection prevention, respectively [614]. Magnetic compounds [615] , electrically
conductive compositions [616], or carbon nanotubes [617] have
been added to HAp with favorable osseous outcomes. Additionally, biomimetic nanocrystalline HAp coatings are among the latest
developments that show signiﬁcant potential. Nano-structures
have enhanced mechanical properties, consistent resorption kinetics, and increased osseointegration in comparison to thermally
applied coatings [58,261,618]. These various mimeses or modiﬁcations have been effective, although few are in clinical use at this
time. Each of these concepts will continue to be active areas of
research, with future commercial products undoubtedly improving
outcomes for joint arthroplasty patients.
4.1.3. Smart ceramics
Smart materials are deﬁned as having adaptable properties that
respond to external stimuli (i.e., stress or strain, local chemistry,
pH, moisture, temperature, and electric or magnetic ﬁelds) [619].
Non-ceramic examples include shape memory alloys and polymers
which are designed to expand or contract in response to temperature ﬂuctuations, or to swell or shrink due to changes in moisture
or pH. For ceramics, piezoelectric compounds (e.g. barium titanate,
BaTiO3 ) which generate a voltage under an applied stress are classic examples. Titanium dioxide (TiO2 ) is another smart ceramic.
Its photocatalytic behavior is effective for self-cleaning glass,
water puriﬁcation, and in prevention or eradication of bioﬁlms
[620,621]. Even ZrO2 -based ceramics (i.e., Y-TZP, ZTA, AMC, and
ATZ) and Si3 N4 are arguably smart biomaterials. They dynamically
respond to localized stress and strain changes to minimize catastrophic fracture risk. In ZrO2 , the tensile stress ﬁeld in front of an
advancing crack spontaneously triggers the t → m transformation,
thereby reducing stress and arresting crack propagation. A different
microstructural mechanism is operative in Si3 N4 (i.e., crack wake
bridging) which yields a similar result. These smart mechanisms are
effective in ensuring the reliability and longevity of bioinert prostheses. However, the third generation of smart ceramics (according
to Dr. Hench) needs to further interact with the human milieu to
facilitate healing, not just replace defective or diseased tissues. In
keeping with this challenge, several recent reviews provide perceptive viewpoints on this new generation of smart materials. Parvizi
et al. envision the use of “self-protective” implants, possessing
surfaces with permanent covalently-grafted antibiotics or bacteriostatic molecules [622]. They argue that such moieties will be
essential in combating a rising incidence of periprosthetic joint
infections (PJI) which result in implant loosening, revision surgery,
and replacement. Other researchers have taken on this challenge
and effective surface coating strategies against PJI are being realized [515,623,624] . Barrere et al. suggest that biomaterial assisted
tissue engineering is in its infancy, and hierarchal constructs are
the key to its success [625]. Devices must meet at least three criteria: (1) be recognized and accepted by human tissue; (2) restore
tissue utility; and (3) stimulate biological function. Separate per-
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tinent reviews by Wegst et al. [626], Perez et al. [627], and Porter
et al. [628] discuss the future of biomaterials by drawing from bioinspired, 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 properties 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), tailoring 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 biomaterial scientists collaborate to advance beyond biocompatibility
and bioactivity, to biomimicry—eventually imitating the extracellular 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 prognosticators. 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 scaffolds [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 signiﬁcant 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. Subtractive 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 isostaticpressing, 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 manufacturing (CAD/CAM) integrated with sophisticated machine tools.
Components previously only produced by journeymen machinists
and craftsmen are now routinely manufactured by CAM programmers 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 produced 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. Furthermore, 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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Fig. 18. Evolution of biomaterials. Today’s clinical materials will progress from being bioinert and biocompatible to bioactive and biodegradable, to ultimately mimicking or
stimulating cellular function [629]. Reprinted with permission.

Near-net-shape fabrication was the next logical progression in
ceramic manufacturing. While, it too, involves forming of components by the aforementioned methods, in this case, parts are
produced to achieve essentially their ﬁnal size subsequent to ﬁring. Very little intermediate green machining or ﬁnal grinding are
required, and usually only to remove mold ﬂashings. However,
achieving net shape dimensions necessitates tighter process controls and more intensively designed and costly forming tools. This
method obviously reduces waste and concomitant costs. Intricately
shaped components (particularly produced using injection molding or gel casting) are more common; but they still lack extremely
ﬁne or hidden features and close tolerances.
Additive manufacturing is the latest evolutionary development
in ceramic production. Also known as solid freeform fabrication
(SFF), this method has been exclusively used for prototypes and
models until recently. It involves producing solid, porous, or functional gradient components from computer models without the use
of special ﬁxtures or tooling. Parts are manufactured by the successive layer-by-layer build-up of ceramic powders. Components
can be highly complex, yet still possess ﬁne features. As reviewed
by Travitzsky et al., multiple SFF processes have been developed.
While a number of SFF methods have been examined for bioceramics, those with particular relevance include 3D printing (3DP),
selective laser sintering (SLS), and stereolithography (SLA) [635].
Given in the following paragraphs are brief discussions on each
technique along with selected examples.
Three dimensional printing—3DP is perhaps the most widely
known method for SFF, and is based on ink-jet printing developed
at the Massachusetts Institute of Technology (MIT) in the 1990s
[636]. Two deposition methods are employed—direct and indirect.
Using the direct method, ceramic powder is dispersed within a liquid binder or wax, and then each layer is successively thermally
printed using an injection nozzle. Components having intricate cavities and blind features with excellent surface ﬁnish are easily and
rapidly formed. However, achieving high-solids content and controlling the rheology of the powder-ink mixture are key challenges.

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 indirect method, components are built by distributing a liquid binder
onto successive powder layers. There is no need for admixing powder 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 particles. 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 particles followed by coalescence. Subsequent sintering is required
to fully densify the as-formed parts. In either method, the density 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 lowtemperature liquid) to form complex bone scaffolds [639]. These
were subsequently conventionally sintered to near full-density,
yielding excellent mechanical properties and favorable biocompatibility.
Stereolithography—in the SLA method, ceramic powders are dispersed 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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out cycle and components are densiﬁed by conventional sintering.
Similar to the other SFF methods, SLA is capable of forming intricate shapes with hidden features. However, it is not as capable
of reproducing computer models as 3DP due to wider photo line
widths and ﬂow of uncured resin during part formation. These limitations result in rougher surface ﬁnishes with stepped features.
Nevertheless, custom-made anatomical ceramic implants, such as
hydroxyapatite scaffolds, have been produced using SLA techniques
[640], and this method remains broadly applicable for a number of
non-ceramic biomedical devices [641].
The one ceramic implant common to all three SFF methods is an
orthophosphate bone scaffold. Indeed, SFF technologies offer significant beneﬁts over conventional manufacturing for these devices,
and are ideally suited for building complex, patient-customized
prostheses [642]. Present-day SFF equipment can readily create
sub-millimeter features and internal pore structures which effectively support neovascularization and osteogenesis. However, with
the advent of higher precision equipment, building of micron and
submicron features is on the horizon [643]. Continued development of these technologies will pave the way for their use in many
reconstructive or arthroplastic procedures, including trauma [644],
oral [645] , cranio-maxillofacial [646], and spinal [647] surgeries,
and ultimately total joint replacement [648].
4.3. Testing methods
Currently, validation of new ceramic orthopaedic prostheses
requires conducting a series of independent tests on both samples
and components. For example, consider the regulatory requirements for a new ceramic-on-polyethylene total hip arthroplasty
system using a titanium hip stem [649]. The ceramic’s basic
strength is determined by ﬂexural testing of small parallelepiped
specimens. Compression burst testing is conducted on actual
ceramic femoral heads against mock titanium stems. Separate
fatigue testing of the femoral heads is also performed. Corrosion
between the femoral heads and hip stems is determined using
another test. Additional testing is conducted to assess wear in a
hip simulator. While each test is performed in accordance with
international standards, the results are independently reported and
only weakly correlated. Provided each test meets its successful
criteria, the total hip system is considered acceptable for market clearance. Little consideration is given to interactive effects.
However, the hip system’s real world behavior may differ considerably from these independent evaluations. Multiple physical effects
interacting simultaneously might result in unpredicted early failures. As an example, wear, fatigue, and hydrothermal ageing are
now known to be the main degradation mechanisms of ceramics
used for joint prostheses. All three occur simultaneously in vivo,
and coupling them in preclinical testing may correctly simulate
the complex conditions encountered within the body. Yet, to date,
only a few recent papers have highlighted multi-failure mode interactions [248,650]. Realization of this problem has led to the use
of multiphysics simulation and experimental veriﬁcation testing.
Multiphysics simulation is a recent approach to computer modeling
which simultaneously evaluates the effects of multiple environmental and operating parameters on product performance and
reliability [651]. It has been adopted in the aerospace and automotive industries with considerable success [652,653], but is only
now beginning to be used for orthopaedics [654]. Recent marked
increases in computational power have enabled complex material
and system simulations which heretofore have not been possible.
Sophisticated multiphysics software is now included with most
ﬁnite element modeling and CAD systems. These new tools provide
biomedical engineers with the ability to in silco test and evaluate
concepts and conditions simultaneously. It decreases design errors
and costs, and minimizes reliance on multiple prototypes and test
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specimens. However, it does not obviate veriﬁcation testing. Conversely, it is used to discover the physicochemical and mechanical
tests that are most important or overlooked. As described earlier 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 important 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 provided, followed by detailed comparisons of respective properties
and performance. This was done in order to highlight and contrast 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 introduction of Al2 O3 and osseointegration of hip stems with the advent
of HAp coatings are notable milestones. However, other wellintentioned 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 failures 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 possible 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 mechanical properties of ceramics, particularly with the introduction of
ZTA, AMC, and Si3 N4 , 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
Al2 O3 and HAp, both of which have 30+ years of successful clinical 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 materials 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 commensurately increased their acceptance criteria to ensure the safety
and efﬁcacy of devices prior to their release. In turn, the requirements imposed on device manufacturers continue to rise as well.
In a recent instructional review by Rajpura et al. [655], the perfect 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 biocompatibility and phase stability. It must possess a low friction interface
that produces no noise and essentially no wear, with no immunological 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. However, 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 discussed 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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ing noise, and eliminating wear debris are important objectives,
but of equivalent importance is eradication of peri-operative and
latent infections. While continued improvements in the strength
and toughness of bioceramics are desirable, designing them as
composite structures to interdigitate with adjacent bone is also
needed. The next generation of “smart bioceramics” needs to be
customized for speciﬁc arthroplasty applications. They should be
bioactive, possessing engineered topography and functionalized
surface chemistry to selectively and positively interact with adjacent tissue or bone. Only by doing so, will the dream of lifetime
implants be realized. Achieving this level of performance for a new
generation of ceramics and ceramic coatings will demand the best
cooperative efforts from clinicians, manufacturers, and regulatory
agencies.
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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 metal-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 increasingly performed in younger patients who place greater demands 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, manufacturing methods, and implant design have resulted in a drastic
reduction of the incidence of such failures, so that modern ceramic 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 ceramics 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.
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I. Introduction

T

hip prosthesis has been the most active area of joint replacement research and development for decades. Arthroplasty devices for the hip joint have been under
development since the early 1900s. A major advance in the efﬁcacy of the hip implant was made around 1960 by Sir John
Charnley,1 who introduced a total hip arthroplasty (THA) device 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 consists of a metal, typically a cobalt–chromium (CoCr) alloy, articulating against UHMWPE (Figs. 1 and 2). Approximately
500 000 total hip and knee joint replacements are being performed 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 inﬂammation 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
HE
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Fig. 1. (a) Schematic of human hip joint. (b) Schematic of a prosthetic device in total hip arthroplasty (THA). (c) Prosthetic hip implants with ceramicon-ceramic (Al2O3-on-Al2O3) bearing couple (left), and metal-on-UHMWPE (CoCr-on-UHMWPE) bearing couple (right). The implant stem is a titanium alloy, typically Ti-6Al-4V. UHMWPE, ultrahigh molecular weight polyethylene.

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 components 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 bearings.10 Low wear rates are desirable and clinically relevant because 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 salvage failed THA and TKA is a major undertaking that is associated 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 microscopic 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
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improvements are 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 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 articulating surfaces in total joint replacement are:
(1) High strength, high elastic modulus, high fracture
toughness, and high fatigue resistance for mechanical reliability (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 biocompatibility 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 bearings 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, stainless 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 components 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 oxidation, 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.

durability.4,18,30,31 However, the low fracture toughness of ceramics, 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

Table I. Ceramic Materials Currently Used or under Development for Bearings of Total Hip and Knee Replacements
Available for clinical
applications?
Material

Type

Oxide ceramics
Alumina
Al2O3
Zirconia

Representative manufacturers

CeramTec, Metoxit, Kyocera,
Ceraver, Morgan Matroc

Y-ZTP

Desmarquest, Kyocera,
Metoxit, Morgan Matroc
Mg-PSZ Xylon, Signal, Biopro

Ceramic
ZTA
CeramTec
composites
Surface
Oxidized Smith & Nephew
modiﬁcation zirconium
Surface
Diamond- Diamicron
coating
like carbon
Non-oxide
Silicon Amedica
ceramics
nitride

United States

Overseas

Yes

Yes

Clinical
applications

THA, Ceramic–Ceramic,
TKA Ceramic–Poly

Withdrawn Withdrawn THA,
TKA
Yes
Yes
THA,
TKAw
Yes
Yes
THA,
THA
Yes
Yes
THA,
TKA
Now
Now
THA
Now

Now

Articulation

Trade
name

Ceramic–Poly

Biolox,
Biolox
forte
—

Ceramic–Poly

Ziralloy

Ceramic–Ceramic,
Ceramic–Poly
Ceramic–Poly

Biolox
delta
Oxinium

Ceramic–Ceramic

—

THA, Ceramic–Ceramic, Ceramic–
TKA Poly, Ceramic–Metal

MC2

w
In 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 bearings 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 markedly improved wear behavior in hip simulators and early prospective randomized clinical studies, when compared with
conventional UHMWPE.34–38 However, crosslinking also reduces the mechanical properties of UHMWPE, including strain
to failure and fatigue crack propagation resistance.39,40 Clinically retrieved highly crosslinked polyethylene acetabular components have demonstrated cracking at the bearing surface and

impingement-related failures.41–43 Although early clinical results
with highly crosslinked polyethylene are favorable, longer follow-up studies will be necessary to determine whether the results
of in vitro testing accurately reﬂect long-term in vivo performance. 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 acetabular liners, coupled with the aforementioned brittleness of
ceramics, has so far served to diminish the enthusiasm of orthopedic 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 replacements,22,44 of which Al2O3 is the more widely used. These ceramics 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

Metal
cup

Metal

UHMWPE

Ceramic

Ceramic

Acetabular
liner

Femoral
head

Metal

Taper of
metal stem

Fig. 3. Modular design of bearings currently used in total hip arthroplasty.
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Table II. Material Properties (at Room Temperature) of Dense Al2O3 and ZrO2-Based Ceramics, Compared with Those for CoCr
Alloy and Bone
Property

Composition
Density (g/cm3)
Grain size (mm)
Strength (MPa)
Tensile
Compressive
Flexural
Fracture toughness, KIC (MPa.m1/2)
Fracture threshold, KI0 (MPa.m1/2)
Elastic modulus (GPa)
Hardness (Vickers) (GPa)
Hardness (Vickers) (HV)
Thermal expansion coefﬁcient (106
K1)
Thermal conductivity (Wm1K1)

Al2O3

Mg-PSZ

Y-TZP

ZTA

ZrO2–8 mol%
MgO
5.75
50

ZrO2–3 mol%
Y2O3
6.05
0.1–1.0

Al2O3–20 vol%
ZrO2
4.40
1–2

250–300
2000–3000
300–500
4–5
2.0–2.5
400–450
14–16
1800–2000
8

300–400
2000–3000
600–700
6–10

—
3000–4000
1000–1500
6–12
3.0–3.5
200–250
12–14
1200
11

—
—
700–1000
6–10
4w
300–350
12–15
1600–1800
8.5

600–1800

30

2

2

17

B100

99.9%
Al2O3
43.97
1–5

200–250
10–12
1200
7–10

CoCr

B8.5

Bone
(cortical)

1.7–2.0

—
130–180
60–160
50–100
2–12

210–250
3–4
300–400
B14.0

3–30

w

10 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.

desirable mechanical properties of ceramics (high compressive
strength, elastic modulus, and hardness) and their chemical inertness in vivo. The biocompatibility of Al2O3 and ZrO2 ceramics is related to the high chemical stability of these materials,
which confers resistance to corrosion and reliable in vivo behavior over time.45–51 The surfaces of these oxides have polar hydroxyl (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 bearings are fabricated with MgO added as a dopant to control grain
growth, and hot isostatic pressing at B12501C, giving an almost
fully dense material with a grain size smaller than B2 mm. This
microstructure gives a ﬂexural strength 4550 MPa. Al2O3 has a
Vickers hardness number of more than 1800–2000 HV, compared 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 components. 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 desirable mechanical property of brittleness, which limits their application 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 approach to improving the long-term reliability of ceramic bearings 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 previous generations of the same material. Control of the starting
materials (e.g., particle size, purity, and composition) and improved 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 example, 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 cleanroom 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 production 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 irregularities that can serve as stress intensiﬁers. Proof testing of individual components after manufacture has further contributed
to improved reliability.10,72,73 Accordingly, ceramic bearings today 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 safety of ceramic bearings in THA depends on the quality and design 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
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III. Failure of Ceramic Bearings

High purity powder

Failure of ceramic bearings in vivo, while rare, is a serious concern. 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 recurrent hip instability, failure originated at the surface of the
bore, and not at the bearing surface.82

Cold isostatic pressing

Shaping femoral head

Pre-sintering
Machine bore

Sintering

Hot isostatic pressing

Laser marking

Surface grinding / polishing

Final inspection
Fig. 4. Schematic diagram showing the steps in manufacturing ceramic
femoral heads for total hip arthroplasty. The process
outlined is typical
s
for third-generation Al2O3 femoral heads (Biolox forte) manufactured
by Ceram Tec. Variations in the processing steps are possible, and used
by other manufacturers.

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, trunion-bore distance, and the chamfer design at the base of the
ceramic head are important engineering variables that contribute to the safety of ceramic femoral heads.77,80

(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 received the most intense scrutiny. As such, possibly the most accurate 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 ceramic 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. Earlier reports determined the incidence of acetabular liner failures
during THA in the range of 2%–3%, but better surgeon knowledge of ceramic components, coupled with design improvements, has resulted in a drastic reduction in Al2O3 acetabular
damage. The rate of Al2O3 liner damage during surgery, as reported 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 between 0% and 0.8%, and the failures were associated with specific manufacturers and implant designs.73 By the early 1980s,
the two manufacturers with the highest incidence of Al2O3 failure 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

Table III. Improvement in Manufacturing and Properties of Medical Grade Al2O3 over Time
Property

Bending strength (MPa)
Compressive strength (MPa)
Fracture toughness (MPa.m1/2)
Vickers hardness (HV)
Wetting angle (deg)
Grain size (mm)
Density (g/cm3)
Young’s modulus (GPa)
Laser making
Hot isostatic pressed
Proof tested
100% inspection
Biocompatible
Hydrothermal stability
Suitable for ceramic-on-ceramic
Source: Willmann.74

Alumina: 1970s

Alumina: 1980s

Alumina: 1990s

400
44000
4
1800
o50
4.5
3.94
380
No
No
No
Yes
Yes
Yes
Yes

500
44000
4
1900
o50
3.2
3.96
380
Yes
No
No
Yes
Yes
Yes
Yes

580
44000
4
2000
o50
1.8
3.98
380
Yes
Yes
Yes
Yes
Yes
Yes
Yes
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In a more recent analysis, out of a total of 2 590 653 Biolox
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 Al2O
3 femoral heads occur early after implantation. For the
s
Biolox 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 failure (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 suboptimal manufacturing environment. Excluding these three failures, the number of ceramic femoral head failures was 8 out
5023 (or 0.16%). In the same survey, the incidence of wearthrough 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 submitted 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 failures were only 1% of all reported adverse events.86

(2) Origins of Ceramic Femoral Head Failure
While the aforementioned data suggest that modern Al2O3 bearings are safe and reliable if used with THA components with
proven design and durability, the risk of failure is still unacceptably high, and so understanding the origins and mechanisms
of failure, as well as the prevention of failure is important. Failure 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
pﬃﬃﬃﬃﬃﬃ
KI ¼ s pa

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.

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-geners
ation Biolox femoral heads
produced in the 1970s, 0.014% for
s
second-generation Biolox sproduced in the 1980s, and 0.004%
for third-generation Biolox forte produced between 1994 and
2000.74

(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 commonly called the fracture toughness. The fracture strength sf of
a brittle material can be written as
KIC
sf ¼ pﬃﬃﬃﬃﬃﬃ
pa

(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 environmental 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
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suddenly by fast fracture, without warning, often after a long
time.
Slow crack growth in bioceramics is attributed to stress-assisted 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 corresponds 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. The KI0 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 function of KI, is shown in Fig. 6(a). The KI0 values, determined
from the V versus KI data below which there is an abrupt decline
in the crack velocity (Vo1012 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 (V4102 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 degradation, due to a dislocated bearing rubbing against the acetabular 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 compression does not accurately predict their in vivo behavior. The mechanical resistance of a human femur bone to static loading is
about 10–20 kN, compared with an B100 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 material 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. Delayed 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 femoral 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.
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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 processed Al2O3–10 vol% ZrO2 is displaced to the right, to higher KI values,
by improved processing, such as the use of colloidal processing techniques (from De Aza et al.52). Y-TZP, yttria-stabilized tetragonal zirconia polycrystals.

Until the mid-1970s, ceramic femoral heads were attached to
femoral stems with suboptimal methods such as gluing, screwing, 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 corner of the bore, and can be reduced by increasing the surface
contact area, increasing the trunion–bore distance, and centering 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 upper 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 speciﬁcally 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
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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.

improving the stability of the head on the taper.4,10 Scratching
and corrosion of the taper surface, and material interposed between the ceramic head and the taper can result in uneven loading 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 surgeon.

(3) Reduction of Failure Risk
The aforementioned improvements in materials processing,
quality control, and implant design offer the opportunity to improve 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) increasing KIC, by alloying or by transforming the ceramic into a composite. The use of colloidal processing and consolidation
techniques,101 coupled with optimum sintering and hot isostatic pressing procedures, is necessary for the production of monolithic ceramics with homogeneous, dense, ﬁne-grained
microstructures, having enhanced fracture strength and reliability. Careful machining is required to produce the smooth surfaces containing no strength-limiting ﬂaws or residual tensile
stresses. Coupled with these processing and quality control procedures, the use of ceramic composites, such as ZTA (Table II),
can lead to an increase in both KI0 and KIC52 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 ces
ramic bearings. For example, failures of Biolox 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
s
28-mm diameter Biolox 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.
Compressive load
on ceramic head

Peak tensile stress
at upper corner of
taper bore

Taper-bore
distance
Taper-bore
contact area

Taper of
femoral stem

Fig. 8. Modular junction between femoral head and stem taper in total
hip arthroplasty, showing the design variables that affect clinical outcomes.
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reported fractures

expected fractures

Head fracture (%)

0.03

Table IV. Data for the Linear Wear Rate in Sliding Wear of
Bearing Couples Used in Hip and Knee Joint Replacement
Materials combination

0.02

CoCr/UHMWPE
Alumina/UHMWPE
Alumina/CFRP
Y-TZP/UHMWPE
Alumina/Alumina
Y-TZP/Y-TZP

0.01

0.00
28mm

32mm

36mm

Femoral head diameter

Fig. 9. Expected and reported femoral head
failures as a function of
s
diameter for third-generation Al2O3 (Biolox forte) femoral heads (from
102
Garino et al. ).

The data suggest that the risk of fracture for 28-mm Al2O3 femoral 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 consequences 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 environment. One or more of the fundamental mechanisms of wear
(adhesion, abrasion, and fatigue) may be operating on a prosthetic 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 mechanisms 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., Ti6Al-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 coatings (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 acetabular 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 simpliﬁed geometries and methods (Figs. 10(a) and (b)). The two
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CFRP, carbon ﬁber reinforced polyethylene; UHMWPE, ultrahigh molecular
weight polyethylene; Y-TZP, yttria-stabilized tetragonal zirconia polycrystals.
Source: Willmann et al.104

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 ﬂuids, 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 corresponds to a time of approximately 2 years considering the average number of gait-related loading cycles of the human body
each year. Changes in the weight or dimensions (linear or volumetric) 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 because 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 implants in vivo. Hip simulators and knee simulators have been
developed and used intensively over the last 25–30 years to replicate wear rates, patterns, and mechanisms observed clinically.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 positions 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 position (but with the specimen chamber removed for clearer viewing of the arrangement). sThe positioning of Al2O3 matrix
composite bearings (Biolox Delta; Ceram Tec) in a hip simulator, 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
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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.

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 relevant 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 microseparation. 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 conditions, 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, further studies are necessary to understand and reduce the occurrence 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 observed in the hard ceramic–ceramic bearings, it is likely that contact between the femoral head and the rim of the acetabular liner
also occurs in these bearing couples. Edge damage has been observed 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 surrounding 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. 11. (a) View of 4 stations of an 8-station hip joint simulator with
the hip joint bearings in the ‘‘anatomical’’ (upright)
conﬁguration. (b)
s
Close-up views of Al2O3 matrix composite (Biolox delta) bearing couple in hip simulator. (c) CoCr–UHMWPE bearing couple in a knee
simulator. The specimen chambers, which normally contain the lubricating ﬂuid, were removed for clearer viewing (courtesy of I. C. Clarke).
UHMWPE, ultrahigh molecular weight polyethylene.

MgO (B0.25 wt%) is commonly added to the Al2O3 as a sintering 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 bearings in THA can decrease the UHMWPE wear rates signiﬁcantly24,27 (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 possible factor might be slow crack growth due to the reaction between the H2O molecules and Al2O3 molecules at surface ﬂaws.
The low stress intensity threshold KI0 and low fracture toughness KIC of alumina, particularly in applications with high or
repeated tensile stress, is a concern98 (Table II). Improved material properties (Table III), implantation techniques, and implant design have reduced the risk of catastrophic failure of
alumina femoralsheads and acetabular liners.10 Out of a total of
2 590 653 Biolox forte femoral heads manufactured by Ceram
Tec from 2000 to 2004, the failure rate reported to the manufacturer was 0.02%,102 which compares favorably with the other
routine surgical risks associated with total joint replacements.85,122 Further reduction in the risk of failure of Al2O3 orthopedic 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)).

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).

(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 YTZP are two to three times the values for Al2O3 (Table II), making it one of the most fracture-resistant ceramics. It was anticipated that ZrO2 would reduce the risk of femoral head fracture
while retaining the excellent wear performance of smaller diameter heads against UHMWPE.19,21,124 The clinical outcomes with
ZrO2 heads were unpredictable, however,125,126 and in vivo fractures of ZrO2 femoral heads have been reported.79,127,128
Pure ZrO2 exists in three polymorphic (crystalline) forms: cubic (c), tetragonal (t), and monoclinic (m) phases.129 Transformation of ZrO2 from one phase to the next is dependent on
temperature, and is depicted by the following equilibrium:
CubicðcÞ

2365 C

! tetragonalðtÞ

1165 CðAs Þ=950 CðMs Þ

!

monoclinicðmÞ
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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 (from Heuer 118) (d) ZrO2 toughened Al2O3 (ZTA) (20 mol% ZrO2) with a twophase microstructure of tetragonal or monoclinic ZrO2 particles (B0.4 mm) dispersed in a ﬁne-grained a-Al2O3 matrix (average grain size B0.6 mm).

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 transformation is reversible, and occurs at B11651C (As) on heating. In
pure (unstabilized) ZrO2, the shape change and volumetric expansion 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 engineering 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 developed,130,118 referred to as partially stabilized ZrO2 (abbreviated
PSZ), tetragonal zirconia polycrystals (TZP), and ZrO2 particle-toughened ceramics, such as ZTA. The different microstructures of PSZ, TZP, and ZTA (Figs. 13(b)–(d)) result in very
different material properties and performance in biomedical applications.
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 accompanies 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 required 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 refers 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 mechanical 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 during processing. By doing this, it is possible to activate the transformation-toughening mechanism. Y-TZP with optimum
fracture toughness is obtained with 2 mol% Y2O3 and a grain
size of B0.3 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 YZTP femoral heads were often black in color, from being sintered 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 atmosphere, 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.
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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-tomonoclinic 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).

Under these conditions, Y-TZP may suffer a slow t to m transformation 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 investigation.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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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 transformation.63,69 The penetration of water radicals leads to lattice contraction, which results in the development of tensile stresses in
the surface grains, destabilizing the t phase.69 Martensitic transformation 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 transformation increases. It has been shown that tensile stresses generated 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 proceeds 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 extension 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 information 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 consequences 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 composition, the density and grain size, as well as the homogeneity
of the phase distribution and the residual stress state of the surface 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 temperatures, 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 bearings. The addition of small quantities of Al2O3 (0.15–3 wt%) to
TZP has been found to reduce low-temperature degradation143,144 and to increase the temperature at which the transformation 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
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studies146 of the wear mechanisms of ZrO2 ceramics in an aqueous 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 advantage is lost, and the material becomes susceptible to increased 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 surface layers to the monoclinic phase, TZP femoral heads can undergo 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 manufacturing variables,79 Y-ZTP femoral heads were withdrawn from
orthopedic applications in 2001.
Because of the limitations of Y-TZP, the use of other stabilizers 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 reinforcing phase in Al2O3 to form ZTA (see Sections V(3) and
V(7)). Stabilization with CeO2 (12 mol%) to form ceria-stabilized TZP, Ce-TZP, has been widely studied. Ce-TZP is biocompatible, 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 concentration 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 precipitated 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 cZrO2 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 presently 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, ﬁnegrained 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 tZrO2 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 applications in total joint replacement, the concentration of YTZP particles should be below the percolation limit (B16
vol%).162 This is because aging of Y-TZP occurs by a nucleation 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 literature are somewhat limited, hip simulator tests indicate that
the wear rate of ZTA-on-ZTA is lower than that for Al2O3-onAl2O3.164 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 surface layer of monoclinic ZrO2, leading to an B10% reduction in
ﬂexural strength.165 Because of this strength reduction on aging,
this ZTA material would be considered unsuitable for applications in total joint replacement.
(B) Alumina Matrix Composite (AMC): Recent reports164,166,167 have described an AMC, based on the ZTA composition, but also including small amounts of additives such as
SrO and Cr2O3. During high-temperature fabrication, these additives react with the Al2O3 matrix, leading to the in situ formation 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 distribution 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 simulation testing indicates that the wear rate of AMC-on-AMC is
even lower than the values for ZTA-on-ZTA and Al2O3-onAl2O3.164,168,169 Biocompatibility testing performed according to
the European standard EN 30993 further indicates that AMC is
by Ceram Tec,
bioinert.170 This AMC material is manufactured
s
and available under the trade name Biolox 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 Improvements in material characteristics and processing have resulted in the production of Si3N4 ceramics with high mechanical
reliability. Dense Si3N4 fabricated by hot pressing or hot isostatic 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 combination of high fracture strength, high fracture toughness, and
steeply rising R-curve behavior.172,173 These materials are referred to as in situ toughened, because the desirable microstructural 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
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The superior material properties of Si3N4 offer new possibilities for eliminating implant failures related to UHMWPE wear
debris. Laboratory testing of Si3N4-on-Si3N4- and Si3N4-onCoCr-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 pressing 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 resulted in the production of SiC with ﬂexural strengths of B650
MPa and fracture toughness values of 9–10 MPa  m1/2. Whereas
the in situ toughened material has attractive mechanical properties and hardness for applications as orthopedic bearings, the
corrosion and wear behavior of SiC in the physiologic environment 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 SiO2rich 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, particularly metals, can be improved by surface hardening or the application 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 nitride 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 micrometer 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 titanium 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 subjected 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 improving 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 amorphous, 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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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.).

properties, such as low friction, high wear and corrosion resistance, and good surface-to-bone bonding, which have been
demonstrated experimentally.197 Diamond coatings also show
excellent resistance to surface abrasion.199 However, the performance of diamond-coated bearings in the complex in vivo environment 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 surface 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 surface is then polished to make the articulation as smooth as that
of a standard CoCr component. The surface oxide is a conversion of the underlying metal surface into ZrO2 ceramic, and it
has excellent cohesion and adhesion compared with other surface 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 retains the advantages of a ceramic surface in terms of low friction, resistance to abrasive scratching, and immunity to
corrosive roughening, without concerns about the brittleness
of an all-ceramic component.202–205 Although its surface hardness is lower than that of Al2O3,206 favorable reduction in wear

has been demonstrated under both clean and abrasive conditions 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 nanocomposites 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 improvement in properties such as strength, hardness, and wear resistance 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 reduction in grain size, particularly to the nanoscale dimension,207–210 a greater improvement can be achieved by the use
of ceramic nanocomposites.211–214 Some prototype nanocomposite materials suitable for prosthetic orthopedic bearings are
described below.
(A) Al2O3 Nanocomposites: Alumina nanocomposites
are being investigated for the bearings in THA and TKA because 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 toughness. 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
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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).

nanocomposite containing 1.7 vol% ZrO2.215 The ZrO2 nanoparticles are present at the grain boundaries as well as within the
grains. [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].
(B) Al2O3/SiC Nanocomposites: The Al2O3/SiC system
has been the subject of many investigations into ceramic nanocomposites. 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. Niihara 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. Measurements have shown that the erosive and abrasive wear rates
of Al2O3 are substantially reduced by the addition of SiC nanoparticles.218–222 In simple wet erosion experiments, using a slurry
of Al2O3 grit in water, the wear rate of Al2O3/SiC nanocomposites 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 matrix with submicrometer grain size (0.7 mm) and 40 nm SiC particles, 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 investigation for applications as bearings in THA and TKA.
(C) Al2O3/ZrO2 Nanocomposites: ZTA nanocomposites, 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 nanocomposites 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 process, the fraction of the monoclinic and tetragonal phases remained unchanged. Significant improvements in the mechanical
properties of the Al2O3 were achieved by the incorporation of
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Fig. 17. Microstructure of an Al2O3-Al2O3 nanocomposite containing 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].

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 fatigue 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 significantly different from that for Al2O3.224
(D) Al2O3/TiO2 Nanocomposites: An Al2O3/TiO2 nanocomposite 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 unreinforced 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 tribometer, 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 nanocomposites 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 CeTZP, and 30 vol% of Al2O3 as a second phase. The nanocomposites have a fracture toughness that is four to ﬁve times that of

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 nanoparticles 200 nm in size (N20-200) and with 5 vol% SiC nanoparticles 40 nm
in size (from Rodrı́guez et al.222).

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 aging. The percentage of monoclinic phase in the composite (B6
vol%) was unchanged, whereas Y-TZP showed a phase transformation of B80 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 strengthening 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 fraction 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-
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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 environment, where multiple unpredictable variables can affect material
behavior.
Modern bioceramics meet or exceed many of the experimental requirements of the ideal orthopedic bearing material. The
structural and mechanical properties of bioceramics can be altered drastically by changes in the composition of the raw material, 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 surgical procedures. As the number of prosthetic hip and knee joint
surgery performed in the United States and overseas keeps increasing, 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 contribute to newer designs of total hip and knee replacement implants 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 failures related to high wear rates, the newer versions with low wear
metal-on-metal articulations have already demonstrated improved 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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Moya, ‘‘Sliding Wear of Alumina/Silicon Carbide Nanocomposites,’’ J. Am.
Ceram. Soc., 82 [8] 2252–4 (1999).
223
S. Deville, J. Chevalier, G. Fantozzi, J. F. Bartolomé, J. Requena, J. S. Moya,
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Introduction

Oxide ceramics, especially monolithic Al2O3, have been successfully 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 commercialized (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 ZTA microstructure contributes to limit any
abnormal growth of alumina grains during sintering and introduces (thermally induced) compressive stresses in the alumina
matrix that tighten its grain boundaries. In this way, the material
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) transformation, peculiar to Y-TZP. According to this toughening mechanism, 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 represents a positive phenomenon in the toughening behavior of
ZTA, could become a problem when it spontaneously takes place
in-vivo at the bearing surface of the ZTA femoral head components. The possible negative consequences could be multifold:
(i) an increasing fraction of monoclinic phase obviously reduces
the remaining fraction available to phase-transformation toughening, (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, especially in short-term retrievals. Moreover, except for the spontaneous 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 monoclinic 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” monoclinic 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 production 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 the mechanical stresses that can be generated during
in-vivo service on the retrievals bearing surface, we also performed 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-onpolyethylene 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 single 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 analyzed by using commercially available software (Labspec, Horiba/

journal of the mechanical behavior of biomedical materials 56 (2016) 195 –204

197

Table 1 – Details of studied cases.
Sample

State

Manufacturing year Diameter
(mm)

Implant type

Surface
condition

ZTA
ZTA
ZTA
ZTA
A
ZTA
B

#1
#2
#3
Case

Pristine
Pristine
Pristine
Retrieval

2009
2011
2014
2010

40
28
28
28

Pristine
Pristine
Pristine
Pristine

Case

Retrieval 2010

28

/
/
/
Active Articulation™ E1s Dual Mobility Hip
System; Biomets Orthopedics, Warsaw, IN,
USA

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 280 mW. The spectrum integration time was
typically 5 s, averaging the recorded spectra over three successive 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 of maps 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) monoclinic volume fractions, Vm, have been made from Raman
intensity data by using the following equation, proposed by
Katagiri et al. (1986):
Vm ¼

189
1 178
2 ðIm þ Im Þ
189
kI148
þ 12 ðI178
t
m þ Im 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; k¼ 2.2 is a correcting factor
for the difference in scattering cross-section between the monoclinic bands (at 178 and 189 cm  1) and the tetragonal band (at
148 cm  1). In order to quantitatively evaluate the phase composition 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

Implantation time
(Implanted/Revised)

/
/
/
9 months (08/2011–05/
2012)
Metal smear 2 months (12/2011–02/
2012)

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 contamination (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 roughness 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 polymorph as compared to the others. This is the one that
showed the lowest monoclinic content among all the investigated samples. The standard deviations of monoclinic
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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.

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 compared 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
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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).

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 transformation took place was of 5 μm.

4.

Fig. 4 – Raman spectrum of the metal cover founded in the
Case B retrieved femoral head.

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:
(
V0
ð0r zrTs Þ
ð2Þ
Vm ðzÞ ¼
V0 exp½ V ðz Ts Þ ðz4Ts Þ
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 determined Vm(z0) function, and thus to eliminate the probe bias.

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 published 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 largeinside-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 contamination or roughening, after dislocations occurred, and the
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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 (%)

ZTA
ZTA
ZTA
ZTA
A
ZTA

28.772.9
20.674.1
17.5710.7
28.774.1

#1
#2
#3
Case

Case B 31.474.2

Vm Increment (%)

38.375.2

33.4

48.173.7

53.0

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 polyethylene 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 monoclinic polymorph after the manufacturing process. In comparison 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 comparison 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 inhomogeneous 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 compressive and tensile stress states can be generated.
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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.

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 resistance 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 subjected 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 sintering 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 polymorph 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., piezospectroscopic 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 frequencies 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

202

journal of the mechanical behavior of biomedical materials 56 (2016) 195 –204

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).

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 manufacturing, with the result that only stress contributions piled
up during in-vivo service become visible. Moreover, our previous in-vitro studies of hydrothermal simulation on the same
ZTA bioceramic have elucidated the relationship between
polymorphic t-m transformation at the femoral head surface 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 contribution 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 agreement 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 destabilization, 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-onalumina and alumina-on-polymer pairings. All the studied
heads resulted from revision of total-hip-replaced implants with
titanium-containing acetabular components and showed metallic 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 deposits 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 intraoperatively or while reducing a dislocated total hip, as the consequence 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 microstructure (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
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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 incorporating 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 polymorph. 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 transformation 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 shortterm 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 destabilization 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.
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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
C 2016 Wiley Periodiin vivo performance of CoM prostheses. V
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 abnormal 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 bearings.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 published by different research groups.8–14 Moreover, in comparison 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 meanwhile, 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 diminish the probability of squeaking events upon impingement.
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TABLE I. Clinic Information of the Two CoM Cases
Sample

Age (years)

Case 1
Case 2

62
58

Sex

Height (cm)

Weight (kg)

Implanted time (years)

161
156

65
50

3
4

F
F

Activity level

Cup position/malposition

Reason of revision

Case 1

Community ambulator

Well fixed and stable

Case 2

Community ambulator

Well fixed and stable

Thigh pain, start-up pain, and
progressive osteolysis
Hip pain
ALTRs

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 surgeon 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 (n 5 41) and MoM
(n 5 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 levels 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 failures, 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 polymorphic 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 simulation testing, severe metal contamination could be observed
in vivo for both the retrieved ceramic heads. Such contamination 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
2
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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 (standard) in vitro simulation procedures.
EXPERIMENTAL PROCEDURES

Samples
In this article, two CoM implants (28-mm sized BioloxVdelta
head, Ultamet insert, and Pinnacle Acetabular shell; manufactured by DePuy Orthopaedics, Warsaw, IN) were investigated, which are henceforth referred to as case 1 and case
2. Both implants consisted of ZTA femoral heads (BioloxVdelta, 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 January 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-onpolyethylene 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 femoral head. An important intra-operative ﬁnding was that
adverse local tissue reactions (ALTRs) with complex solidcystic mass were detected at greater trochanteric bursa.
R
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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.

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 aluminate. 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 chargecoupled 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 diodepumped solid-state laser (SOC JUNO, Showa Optronics,
Tokyo, Japan) operating with a power of 200 mW. A confocal 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 monoclinic zirconia polymorph were computed from the relative

intensity of selected Raman bands, according to the equation 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 commercially 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.
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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.

The unused sample, control 0, exhibited a ﬁnely polished
surface over its entire dome [cf. optical micrograph in Figure 1(d)]. No mechanically induced scratches were detectable 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 recognized 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 nonwear 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 Figure 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
4
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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, respectively. As can be seen, both retrievals show increased surface 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, respectively. 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
STRUCTURAL ALTERATIONS IN SHORT-TERM RETRIEVED COM HIP IMPLANTS
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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 550650 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.

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 displayed spectral contributions from vibrational modes
belonging to both tetragonal (t-ZrO2) and monoclinic (mZrO2) 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 1 Bg and Ag vibrational modes of m-ZrO2, respectively. The relatively sharp band located at 416 cm21 originates 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 mZrO2 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 sample 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 transformed 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 deriving the parameter, Vm, from the intensity ratio between the
monoclinic doublet at 180 and 190 cm21, and the tetragonal singlet at 146 cm21. To give a quantitative character
and statistical validity to our Raman assessment of monoclinic 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
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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 histograms and cumulative fractions of monoclinic phase are plotted side by side to each map with the mean value of each histogram given in inset.

Raman maps are shown as collected in the nonwear zone of
case 1 and case 2 ZTA heads, and at the correspondent location 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 histogram 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 representing the control 0 sample [cf. Figure 4(e)]. As far as the
6
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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 surface 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

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)
Vm (%)
Samples

Nonwear Zone

Main-Wear Zone

Control 0
Case 1
Case 2

20.4 6 6.0
42.4 6 6.4
25.9 6 5.3

18.3 6 5.8
54.9 6 6.3
71.6 6 4.2
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FIGURE 5. Variations of monoclinic volume fraction for nonwear and
main-wear zones along the in-depth direction of the studied ZTA samples: (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).

abnormally high values, with an average of Vm72 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 represent apparent values. This is because the Raman probe penetrates into the ceramic sample and makes an in-depth
average of the measured parameter, according to the relatively 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 phasetransformation 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 direction, z0. The proﬁles of averaged Vm obtained in the mainwear 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 common 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 bestﬁtting procedure are also drawn in Figure 5 as spatially
deconvoluted “true” proﬁles. In the retrieval case 1, the subsurface 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 alumina). 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 composition between cases 1 and 2 to different mechanical interactions exerted by the metallic counterpart: more diffuse and
mainly frictional in nature, but encompassing local enhancements 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 transformation and, in some cases, they extended down to relatively
deep subsurface regions. A published in vitro study of polymorphic 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 hydrothermal 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 shortterm CoM retrievals.37 Obviously, something should be missing 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 presumably 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 contaminant 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.
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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 nonwear 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.

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 surface, 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 variations of average spectral position and full width at half maximum (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 standard deviations also shown in the respective plots. Comparing 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
8
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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 behavior was similar to the case of retrieval case 1, with the tZrO2 146 cm21 and the m-ZrO2 190 cm21 bands pronouncedly shifted toward higher wavenumbers, and the a-Al2O3
416 cm21 band exhibiting a shift toward lower wavenumbers. 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 common to all the spectral shift data shown in Figure 6(a) was
STRUCTURAL ALTERATIONS IN SHORT-TERM RETRIEVED COM HIP IMPLANTS

ORIGINAL RESEARCH REPORT

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 spectroscopically 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 Figure 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 negligible inﬂuence on the spectral bandidth.
Accordingly, the above body of contrasting evidence
strongly suggests that, besides crystallographic and micromechanical alterations related to the polymorphic transformation 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 magnitude of several hundreds of MPa in long-term exposed
implants.40,41 In ZTA composites, such residual stresses
overlap those generated upon polymorphic transformation.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. However, 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 calculations 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 retrievals, PS calculations would result in extremely high magnitudes (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 magnitudes 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 contradiction with notions established through in vitro experiments. 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 zirconia 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 (compressive) 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 substitution 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 spectral 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 compressive stress on the ZrO2 lattice cells. Because of the reduced
coordination number of Zr in m-ZrO2 (N 5 7) with respect
to the tetragonal phase (N 5 8), the capability for accommodation 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 apparent 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 heteroions substitutions, irrespective of differences in ionic radius
between substituting and substituted ions, always lead to
band broadening, as a consequence of local distortions associated 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 zirconia phases can be expected to be under tensile stress.
Therefore, the occurrence of the lattice distortion of chemical nature certainly further contributes to t!m polymorphic
transformation, and thus can explain the abnormally high
degree of monoclinic polymorph found in the CoM retrievals; 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 speculate here that the amount of metallic ions solved in the zirconia lattice should not be of a negligible amount since the
Raman bands were subjected to signiﬁcant shifts and broadening, 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 bandshift values retrieved from the “twins” 180 and 190 cm21
bands of m-ZrO2 as due to the different responses of Ag 1 Bg
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(Al31)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 (apparent) stress ﬁeld, as deduced from PS calculations in the aAl2O3 phase of the nonwear zone of case 1 and the two
main-wear zones, would lead to an abnormally high magnitude for an elastic tensile stress ﬁeld.
Considerations on the failure of CoM alternative
bearings
When monolithic alumina heads were used in CoM prostheses, metal staining was associated with surface damage and
10
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increased surface roughness on the ceramic bearing.45 We
stressed the point here that metal contaminations in tribological 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 shortterm 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 ﬁngerprints 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 modiﬁcations 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 lattice 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 presence of metal stains may lead to severe degradation and
cracking of the oxide and hence can limit its long term stability 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 bearing 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, respectively), 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 tissue 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 roughness induced by metal staining and metal incorporated into
the ceramic bearing heads is assumed to accelerate the production of wear metal debris, which is related to the osteolysis 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 limitation of this study was a lack of preliminary calibrations of
the effect of metal dopant on Raman band shift and broadening. 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 mainwear zone on their ZTA femoral heads: more diffusely damaged 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 polymorphic transformation in zirconia were found on worn areas,
while in-depth transformation proﬁles revealed large fractions 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 shrinkage in the zirconia polymorphs, stabilized a fraction of
newly formed cubic phase, and altered the mechanical equilibrium of the ceramic phases, which ultimately disrupted
the bearing surfaces and resulted in a clear increase in surface 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 degradation of PE when coupled with different ceramic materials. This study examined the surface characteristics and performance of oxide-based (zirconia-toughened alumina, ZTA) and non-oxide (silicon nitride, Si 3N 4) femoral heads. Under
articulation, ZTA femoral heads were found to release detectable amounts of oxygen from their surfaces into the tribolayer, which resulted in enhanced PE oxidation. In contrast, femoral heads made from Si 3N 4 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 material 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 surface 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 literature 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 biomaterial properties are generally inescapable. If the ultimate 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
*
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are highly relevant. In this study, non-oxide bioceramics
were identified as possessing favorable surface chemistry
that naturally protects the polyethylene-sliding countersurface 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 conducted according to standardized procedures – ASTM
F1714 – 96 and ISO 14242:1. Ultra-high molecular weight
polyethylene (UHMWPE) acetabular liners (Apex-Link
Poly TM, OMNI Life Science, East Taunton, MA USA)
were tested in a hip simulator against Ø28 mm Si 3N 4
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 highly cross-linked and annealed polyethylene. Fabricated from GUR1050 resin, it was gamma-irradiated to
78.5 kGy in inert gas and subsequently annealed in nitrogen 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 testing 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-station hip simulator (AMTI, Watertown, MA) at a rate of
1 Hz. Tests were carried out to a total of 5 x 10 6 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 tested under identical conditions. Hip-simulator wear was
conducted using six ArCom ® UHMWPE liners (Zimmer/Biomet. Inc. Warsaw, IN USA) which articulated
against Ø28 mm femoral heads made of zirconia-toughened alumina (ZTA; BIOLOX ®delta, CeramTec GmbH,
Plochingen, Germany). ArCom ® polyethylene is a conventional 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 liners were collected by means of Raman and infrared spectroscopy, respectively, and compared with data from the
tested liners. Raman spectra were recorded in a backscattering configuration using a triple monochromator (T64000, 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:YVO 4 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 Hagerdon 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 transmission spectra of polyethylene were acquired at an aperture
size of 5 × 5 μm 2. 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 fractions. 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 (FEGSEM, SE-4300, Hitachi Co., Tokyo, Japan). Exactly the
same experimental conditions were applied for both the
oxide and non-oxide samples. Accelerating voltage and
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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 electron-stimulated luminescence emitted by the sample into a high spectrally resolved monochromator (Triax 320,
Jobin-Yvon/Horiba Group, Tokyo, Japan). These spectra were subsequently deconvoluted into Gaussian subbands using commercially available software (Origin 9.1,
OriginLab Co., Northampton, MA USA).
III. Results
As expected, the volumetric material loss in the hip simulator experiments was low for both ceramic-on-polyethylene couples and consistent with previously reported data 6. However, the average volume loss for ArCom ® vs.
BIOLOX ®delta couples was twofold larger than that of
Apex-Link Poly TM vs. AMEDICA Si 3N 4 (i.e. ∼ 220 mm 3
vs. ∼ 100 mm 3) 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 Si 3N 4
femoral heads before and after hip simulation.

Fig. 1: Raman assessments of in-depth profiles of crystallinity fractions for different polyethylene liners coupled with oxide and nonoxide ceramic heads before and after 5 Mc testing in the hip simulator.

Fig. 1 shows the profiles of average crystallinity non-destructively acquired for the in-depth direction, z, of the
liners used for the Apex-Link Poly TM/AMEDICA Si 3N 4
couples in the main wear zone after 5 Mc of simulator testing in comparison with data collected on the pristine liners. 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 number of commercially available UHMWPE liners in which
an amorphous state of the surface is induced by mechanical machining 7. It was significantly discovered that crystallinity in the main wear zone of the liners which articulated against Si 3N 4 femoral heads only increased by
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≤ 3 % along the subsurface as compared to pristine samples. There were only marginal differences in crystallinity
between worn and unworn regions. A comparison is also 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 crystallization (i.e. up to 21 % higher in the first 30 μm of subsurface) when compared to the pristine samples.

Fig. 2: Increases in (a) average degree of crystallinity, Da c, 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 oxidized species within the polymer’s microstructure. Residual free radicals are generated in the amorphous phase;
and they easily react with oxygen to form hydroperoxides (i.e. the first product of oxidation). Evolution to ketones, carboxyl acids, and other oxidized species containing 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 confirmed after slicing the polyethylene liners and measuring
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the oxidation index, OI, as a function of sample depth.
Figs. 2(a) and (b) compare average increases in crystalline
fraction, Da c, and maximum increases in oxidation index,
DOI, respectively, for the different liners as a function of
in-depth z-axis. Maximum crystallinity values and average oxidation indices in the immediate sub-surface of the
tested liners are given in the insets. These data were collected for both groups of the tested liners and compared
with their corresponding pristine samples. The results suggest 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 detected due to articulation against the non-oxide ceramics was
negligible.
In gamma-irradiated polyethylene, ageing before wear
testing (i.e. a conservative condition purposely superimposed by the ASTM standard) favors oxidation and crystallization 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 maxima along the in-depth axis 10. This negative effect systematically appeared in the oxidation trends for the UHMWPE/ZTA couples, but it was absent in UHMWPE/Si 3N 4
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 Si 3N 4 and ZTA femoral heads and their respective UHMWPE liners was determined using cathodoluminescence spectroscopy. Figs. 3(a) and (b) show laser micrographs of the bearing surface of a Si 3N 4 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 simulation testing (Fig. 3(b) and inset). Comparative cathodoluminescence analyses of the pristine and tested Si 3N 4
heads indicated that the porosity had been filled with silica (SiO 2) glass (cf. average spectra of the main wear zone
in Fig. 3(c), (d), and (e)). While these spectra display complex features which have been addressed previously 10, the
spectral area at around 630 nm is relevant to this discussion. The pronounced shoulder recorded in this spectral
area for the Si 3N 4 samples points to the presence of an oxidized 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 Si 3N 4 sample. This band represents oxygen-rich sites (non-bridging oxygen hole centers, NBOHC) 11. These spectroscopic data unequivocally demonstrate the transfer of oxygen molecules onto the surface of
Si 3N 4 during simulation testing.

4

Journal of Ceramic Science and Technology —B.J. McEntire

Fig. 3: Laser micrograph of the surface of the Si 3N 4 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 Si 3N 4 head samples are reported in (c) and (d), respectively, in comparison with the cathodoluminescence spectrum
of pure silica (SiO 2) glass (e). Labels are explained in the text.

Cathodoluminescence emissions from the surface of BIOLOX ®delta femoral heads before and after testing revealed an opposite trend with respect to oxygen interactions 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 (Al 2O 3) lattice. Given that the emissions are proportional to the number of vacancy sites on the surface of the Al 2O 3 phase, the
higher intensity of the emission band after testing as compared with the pristine sample verifies the release of oxygen from the ZTA femoral head during tribological loading.

Fig. 4: Increase in cathodoluminescence emission from oxygen vacancy sites at the surface of the Al 2O 3 phase in BIOLOX ®delta
heads before and after in vitro testing.

IV. Discussion
By examining retrieved UHMWPE liners, it was demonstrated 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
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the time of their implantation) showed significant oxidation 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-radical formation in biomedical polyethylene is schematically
shown in Fig. 5(a). Note that the attack by lipids preferentially 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 molecular weight. These domains undergo recrystallization more
readily than the pristine UHMWPE structure. It is important 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 efforts of polyethylene manufacturers to provide surgeons
with pristine acetabular liners that are absent of free radicals 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 antioxidants in biomedical polyethylene 17. Vitamin E, whose anti-oxidant properties arise from the presence of an alcoholic 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 according to a “peroxyl radical trapping” mechanism. The chemical mechanism of vitamin E-activated free-radical annihilation 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 Si 3N 4 femoral head. It is both compatible and synergistic with anti-oxidant doping of polyethylene, and may
provide the same efficacy with potentially longer-term effectiveness. 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 accordance with the following reaction:
Si 3N 4 +6H 2O
→ 3SiO 2 +4 NH 3; 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 Si 3N 4 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 O 2 chemisorption rate is rapid and saturation occurs quickly. The amphoteric silica acts as an Arrhenius
acid with the fluid in the tribolayer being the corresponding Arrhenius base. The surface charge depends on the
pH of the synovial fluid which in turn alters the interactive solid/liquid equilibrium. A silicon oxide and oxynitride layered structure ensues at the surface of Si 3N 4. It is
this chemical structure that traps oxygen and protects the
polyethylene from oxidation. Under frictional sliding, resorbable orthosilicic acid (H 4SiO 4) and ammonia (NH 3)
are released 19. However, the CL experiments from these
in vitro studies confirmed the reformation of silica at the
surface of the Si 3N 4 during tribological loading. Consequently, silicon nitride acts as a sacrificial scavenger of oxygen 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 silicon nitride/polymer sliding couples 20. Note also that the
peculiar sequence of surface structures involved with oxidation reactions of Si 3N 4 lead to the unique possibility of
tailoring its surface chemistry in order to minimize friction
and wear. This provides important flexibility in engineering the material’s microstructure to optimize its tribological efficiency in artificial hip joints.
Finally, it could be argued that metallic femoral heads also have a tendency to scavenge oxygen from the tribolayer by sacrificially oxidizing their surface. However, unlike
the biocompatible and resorbable release of silica and ni-

trogen from Si 3N 4, metal femoral heads generate discrete
debris whose solubility is known to be toxic to local tissues 21. From this standpoint, Si 3N 4 femoral heads offer
the same advantage of metallic heads in terms of oxygen
affinity while minimizing abrasive interactions and associated 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 Si 3N 4 is an oxygen-cleansing biomaterial 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 quality of the polyethylene liner, the use of Si 3N 4 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, Si 3N 4 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 collectively 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 (HCO
3 ) and cations (Na , K ) solvated in water were revisited according
to high spectrally resolved Raman measurements. Water solutions with different bicarbonate concentrations 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) bioceramic. Spectroscopic calibrations confirmed that the Raman emission from OH-stretching in water is sensitive 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.
Ó 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
⇑ Corresponding authors at: Ceramic Physics Laboratory, Kyoto Institute of
Technology, Sakyo-ku, Matsugasaki, 606-8585 Kyoto, Japan (G. Pezzotti).
Department of Molecular Cell Physiology, Graduate School of Medical Science,
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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 aluminum ions [7], while hydroxyl groups can be stable up to temperatures 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 (HCO
3 ) 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 electrolyte disturbances and/or imbalance [17]. On the other hand,
HCO
3 is a normal constituent of body fluids and, upon accumulation of a proper concentration of hydrogen ions, it becomes converted 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 monitoring 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, especially 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 morphology 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 biomaterial. 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]. Overcoming 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 calibrations 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 pathological aspects of cell physiology or in detecting the subtle in vivo
chemical alterations that occur at the surface of inorganic biomaterials 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
HCO
3 in dilute sodium bicarbonate solutions from slightly acidic
to alkaline pH values. In addition, through monitoring the OHstretching region of water, we also record the structure of water
in dilute solutions of K+ and Na+ and establish our quantitative calibrations 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 evaluations of local pH and, down to a mM scale, of Na+ and K+ concentration gradients in the neighborhood of the interface between
water and a Si3N4 biomaterial. The results obtained show the usefulness of the OH stretching Raman response as a probe of interaction 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 circumstance, which provides us with a Raman spectroscopic probe.
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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 better 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 structure 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,
C 2 , 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 operation, E, one obtains a C 2v group, whose order is 4 and contains four
species (irreducible representations). The totally symmetric species is referred to as the A1, while the B2 species typifies onedimensional (non-degenerate) representations. The irreducible
representation for an isolated water molecule can then be represented, 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 cm1) and a bending vibration at 1595 cm1, while the B2
mode appears as an asymmetric stretching vibration at
3755 cm1 [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 cm1 and, with its distinct shoulders, clearly appears to consist of several distinct and partly overlapping sub-bands. The shoulders to the overall Raman emission
are clearly representative of differentiated vibrational events, but
their quantitative interpretation represents a quite complex matter. This clearly contrasts with the qualitative assignments of
vibrational modes of isolated water molecules, which can
promptly be made as symmetric, asymmetric, and bending stretching 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 liquid 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 cm1 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 behavior 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 observations by Ratcliffe and Irish [46] and by Walrafen [29] assigned a
band found at 3230–3260 cm1 to Fermi resonance between OH
stretching and an overtone of the bending mode, the band at
3450 cm1 to symmetric stretching, and a band located at
3630 cm1 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 cm1
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 subband located at 3400 cm1 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 negatively 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. Obviously, 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 temperature), 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 cm1, 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

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 acceptor interaction [51–55]. In previous experimental Raman measurements, the bonded O–H vibrations were found located at 3533,
3416 and 3360 cm1, while free O–H vibrations were reported at
3724 cm1 [39,40]. It should be noted that water hexamer actually 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 threedimensional 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 hydrogenbonded 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 combinations. Accordingly, local hydrogen bonding for a water molecule 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 temperature. 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 coordination shell of the molecule. The above structural considerations
teach us that the O–H stretching vibrations in the local hydrogen-bonding network can be investigated upon correctly estimating 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

Fig. 1. (a) A schematic draft of adjacent water molecules in the liquid state with their electrostatic interactions (hydrogen bonds shown as broken lines); (b) the elementary
water molecule with its fundamental symmetry elements (i.e., twofold axis,C 2 , and two vertical planes, rv and r0v ) and its vibrational modes (cf. Eq. (1); and, (c) local
hydrogen bonding in liquid water categorized into different clusters.
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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 present study is that, with adding the stretching mode of free O–H
bonds, one should find five distinct sub-bands related to the constitutional 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 physiological environments should thus represent variations in the population 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 (presumably weaker) overtone in the OH-stretching region. Moreover, we
shall also neglect the contribution of anti-symmetric stretching
vibrations at around 3756 cm1, 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 molecules form hydration shells around the dissolved ions. Accordingly,
the hydrogen bond network is perturbed and also the Raman spectrum becomes subject to morphological alterations. When a hydrogen 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 influenced 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 morphological 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 molecule 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 cm1) sub-bands, while raising the
intensity in the 3345–3625 cm1 region and slightly lowering
the intensity of higher wavenumber (>3625 cm1) sub-bands
[64–66]. At the lower frequencies, DDAA and DDA hydrogen bonding clusters are the primary species that should experience alterations. In comparison with bands at the lower wavenumbers
(<3345 cm1) (i.e., DAA, DDAA), the sub-bands in the region
3345–3625 cm1 (i.e., DDA, DA) are more closely related to donor
hydrogen bonding, while the upper-frequency (>3625 cm1) band
simply reflects less affected free-OH vibrations. Therefore, variations 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
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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 HCO
3
Fig. 2(a) represents drafts of the isolated hydrogen carbonate
2
(HCO
3 ) structure, of the structure of the ðHCO3 Þ2 dimer, and of
the hydrated hydrogen carbonate (HCO33H2O). The isolated HCO
3
ion possesses C s ðrh Þ symmetry, the dimer structure the C 2h , while
the hydrated hydrogen carbonate structure the C 1 . Note that the
isolated HCO
3 molecule cannot possess C 2v 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 C 1 symmetry, which simply means no symmetry, is indeed
appropriate for HCO
3 (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 cm1 [75,76], which
were in turn resolved into three sub-bands (i.e., with the third
component at 630 cm1). 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 literature, vibrational modes at 843 cm1 and at 1015 cm1 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 HCO
3 spectrum, could clearly be detected in
this study, with sufficient intensity for applying to it a reliable fitting procedure. For completeness, we mention also other bands
previously reported. A Raman band at 1364 cm1 has been
related to C–O2 symmetric stretching, while its shoulder at around
1312 cm1 has been assigned to the C-OH bending. A band located
at around 1634 cm1 arises from C–O2 asymmetric stretching of
the anion core as well as various water bending modes. Unfortunately, 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 cm1;
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 cm1, 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 cm1 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 cm1 and the concentration of HCO
3 was obtained by collecting spectra from solutions of pure water containing 0, 24, 48, 72
and 96 mM of sodium bicarbonate (NaHCO3). In each solution, different 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 HCO
3 concentration was validated by the analysis
of the same aqueous solutions with and without 10 mM of Hepes
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2
Fig. 2. (a) Drafts of the isolated hydrogen carbonate (HCO
3 ), the structure of ðHCO3 Þ2 dimer, and the hydrated hydrogen carbonate (HCO33H2O); and, (b) the eight distinct
vibrational modes of HCO
3 (aq) molecules, both Raman and infrared active.

(buffering agent) and at different concentrations of CO2. Differences 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 HCO
3 . With the
knowledge of pH and CO2 partial pressure, the Henderson–Hasselbalch equation could be used to calculate HCO
3 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 monitored using a pH meter (Mettler Toledo SevenEasy S20-K, SigmaAldrichÒ 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. During 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 configuration with using a triple monochromator (T-64000, Horiba/JobinYvon, Kyoto – Japan) equipped with liquid nitrogen-cooled charge
coupled device (CCD). 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) 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 collected within 50 s in a non-polarized configuration. The recorded

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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spectra were then averaged over four successive measurements.
For each solution and each bubbling condition, the intensity of
the HCO
3 Raman band was calculated as the average of 12 measurements. Spectral Raman lines were analyzed and deconvoluted
using a commercially available software package (Origin 9.1, OriginLab Co., Northampton, MA, USA). Fitting was performed according
to Gaussian–Lorentzian (simply referred to as Voigtian, henceforth) functions after subtracting a linear baseline. Raman applicative experiments at the interface of biomaterial surface immersed
in aqueous solutions were conducted using a finely polished surface 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 equilibrium processes involved with carbonate and bicarbonate ions are
governed by well-characterized kinetic and thermodynamic constants [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:

CO2 ðaqÞ þ H2 O ¢ H2 CO3 ðaqÞ þ H2 O ¢ HCO3 þ H3 O

ð2Þ

The dissociation constant of this medium strong acid has been
reported as [74,75]:
ðtrueÞ

K1

¼

C Hþ  C HCO3
 1:3  104
C H2 CO3

ðtrueÞ

ðpK 1

¼ 3:88Þ

ð3Þ

where pK 1 ¼ log10 K 1 , 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,
ðtrueÞ

which is about three orders of magnitude smaller than K 1
ðappÞ
K1

7

(i.e.,

ðappÞ
ðpK 1

¼ K 1 ¼ 4:45  10
¼ pK 1 ¼ 6:35Þ). Unlike the dissociation reaction given by Eq. (2), the successive dissociation step of
carbonic acid proceeds quite fast, as follows:
þ
HCO3 þ H2 O ¢ CO2
3 þ H3 O

ð4Þ

with the dissociation constant being [74,75]:

K2 ¼

C Hþ  C CO2
3

C HCO3

 4:84  1011

ðpK 2 ¼ 10:33Þ

ð5Þ

Thus, the possibility of spectroscopically determining the contents
+
of H2CO3 (aq) and HCO
3 + 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 according to the rather slow process, CO2 þ OH ¢ HCO
3 [79]. A link
between the dissociation constant and pH is provided by the socalled Henderson–Hasselbalch equation which in the case of Eq.
(2) can be written as follows:
ðappÞ

pH ¼ pK 1

þ log10



½HCO3 
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 kH ½CO2 

ð7Þ

where kH is the Henry’s law parameter for CO2 in water, expressed
atm
. This parameter depends on the temperature of the solution
in Lmol
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:

kH ðTÞ ¼ kH ðRTÞe½2400ðT RT Þ
1

1

ð8Þ

where kH(RT) is the Henry’s law parameter of CO2 at room temperatm
. In our solutions, temperatures
ature (298.15 K), equal to 29.4 Lmol
ranged from 290.15 to 292.15 K. Unlike speciation studies of aqueous 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
HCO
3 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 calibrations of diluted HCO
3 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 cm1 and the CO2
3 stretching band located
at 1066 cm1. 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 ClO
4
stretching (at 935 cm1) 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 cm1 and 1066 cm1 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 algorithm. 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 cm1. The
relative (integrated) intensity of this band was calculated with
respect to the OH-bending band of water, which peaked at
1627 cml (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 CO2
stretching band located at
3
1066 cm1 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 resolution, 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-stretching 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 cm1 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 solutions with bicarbonate concentrations ranging from 0 to 2 M, and

126

G. Pezzotti et al. / Chemical Physics 463 (2015) 120–136

found that both the peak and the integrated intensities are invariant with concentration up to 0.5 M. In other words, the ion concentration-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 cm1, and thus assuming it as an
internal spectroscopic reference had no tangible effect on the
assessment of HCO
3 concentration.
Fig. 4(a) represents Raman spectra of bulk neat water with
different bicarbonate concentrations, including both the C-OH
stretching band at 1016 cm1 and the OH-bending band (whose
Raman emission, as already mentioned, was detected at
1627 cm1). The C–O2 stretching band in the bicarbonate structure was also detected at 1364 cm1. In the spectrum of Fig. 4
(a), the broad band at 2125 cm1 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 cm1,
which represented the strongest Raman emission in this spectral
window. In Fig. 4(b), the dependence is shown of the relative (normalized) intensity, IR ¼ A1016 =A1627 , as a function of known NaHCO3
concentrations (a = 0, 24, 48 and 96 mM). As seen, a linear dependence 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  103 mM1. The entire set of experiments was repeated 5 times by different operators and led to the

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 HCO
3 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 HCO
3 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 cm1 was confirmed to be a precise
spectroscopic probe for HCO
3 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 spectroscopic 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)-1piperazineethanesulfonic 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 intensity of the C-OH stretching band at 1016 cm1 was monitored
as a function of HCO
3 and CO2 concentrations, while also an independent measurement of pH was carried out by a conventional
(voltmeter-type) pH meter. Fig. 6(a)–(d) show plots of HCO
3
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 compositions, with the pH value actually (slightly) decreasing with increasing CO2 fraction. Nevertheless, the values of HCO
molar
3
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 HCO
3 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 overestimate the values of HCO
3 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 HCO
3 molarity. A practical example of the
use of this algorithm will be shown in an application section shown
in the final part of this paper.
4.2. Raman assessments of monovalent cation concentrations

Fig. 4. (a) Raman spectra of bulk neat water with different bicarbonate concentrations, including the C-OH stretching band at 1016 cm1 used for molarity
assessments and the OH-bending band at 1627 cm1 used for normalizing the
spectral emission; (b) dependence of the relative (normalized) intensity,
IR ¼ A1016 =A1627 , as a function of NaHCO3 concentrations, a.

In our experiments, the broad cumulative band occupying the
region at 3000–3600 cm1 of the Raman spectrum of pure water
could be fit to a degree of precision to five Voigtian sub-bands positioned at 3016, 3221, 3434, 3572, and 3636 cm1 (Fig. 8
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⁄
Fig. 5. Comparison between Raman results and computation by Henderson–Hasselbalch equation (Eq. (6)). Plots of HCO
3 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 HCO
3 molarity and pH values as a function of CO2-bubbling fraction, as obtained from Raman experiments and according to conventional pH measurements,
respectively.

(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-bonding strengths, which is indeed consistent with previously published studies of both theoretical [86–89] and experimental [90]
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Fig. 7. Experimental plot of normalized band intensity, IR , as a function of HCO
3
molarity, a⁄, in comparison with the dependence obtained through the Henderson–
Hasselbalch Eq. (6).

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 mol1. 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 deconvolutive 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 hydrogenbonding network, while moving toward higher frequencies, the
water molecules with less strong hydrogen bonds should contribute 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 opinion, 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 considered that this sub-band, located at 3221 cm1, 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 (cm1)
Ref.
[95]

Ref.
[96]

Ref.
[97]

Ref.
[98]

Ref.
[99]

Ref.
[100]

This
work

Band
Band
Band
Band
Band

3041
3232
3430
3557
3635

3215
3400
3455
3545
3635

3215
3375
3455
3535
3640

3250
3385
3441
3473
3613

3051
3233
3393
3511
3628

3050
3224
3396
3513
3632

3016
3221
3429
3572
3636

1
2
3
4
5

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-coordinated 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 cm1 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 experiments, 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 environment 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 cm1 were systematically collected as a function of solvate molarity. In order to compare the variations of bands collected from different solutions,
each collected spectrum was 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 intensities, sub-band spectral positions, and full widths at halfmaximum (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+ concentrations. Figs. 9(a)–(d) and 10(a)–(d) show the above-mentioned plots
for the Raman sub-bands located at 3225 and 3434 cm1, respectively (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 concentrations, 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 formation of donor-hydrogen bonding in water, our observation of subband 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
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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 reaction at the surface of Si3N4 includes the transfer of oxygen molecules 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 biomaterial 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:

Si3 N4 þ 6H2 O ¢ 3SiO2 þ 4NH3 ¢ 3SiO2 þ 2N2 þ 6H2
3SiO2 þ 6H2 O ¢ 3SiðOHÞ4

Fig. 8. (a) The region at 3000–3600 cm1 of the Raman spectrum of pure water fits
five Voigtian sub-bands at 3016, 3221, 3434, 3572, and 3636 cm1
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.

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 spectral 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 spanning 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 exposure to atmospheric oxygen [100]. While the initial O2 chemisorption 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)

ð9Þ
ð10Þ

which explicitly show the formation in a sequential cascade of
ammonia and silicic acid. These reactions are important in biomedical applications since they play a role in the tribological, bioinertness, 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 indicated 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 silylamine 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 schematic of different molecular configurations coexisting on the oxidized 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 general spectroscopic concept to be applied to interfacial water is actually the same as that already described for bulk water: blue shifts
should be observed depending on the strength of the H-bond network 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 acceptor 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 outof-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
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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 cm1.

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 cm1.

occupied by such peculiar silanol configuration. The fractional balance of silanol groups thus plays the role of a counterweight in surface charge and modulates the local acidity of water at the silicacovered Si3N4 surface. Azam et al. showed that varying the alkali
chloride electrolyte significantly changes the effective acid dissociation constant for the less acidic silanol groups for high salt concentrations (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 relatively 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
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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+.

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 cm1
(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 network 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]:


—SiOH þ nH2 O  Mþ ¢ —SiO . . . nH2 O  Mþ þ Hþ

ð11Þ

+

where –SiOH is the silanol group, M represents the cation (in this
case, K+ or Na+), n describes the number of water molecules solvating M+, and the notation –SiO + nH2OM+ 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    mH2 O þ nH2 O  Mþ ¢ —SiO    nH2 O  Mþ þ mH2 O
ð12Þ
where the symbol –SiO. . .mH2O represents a surface silanol group
associated to m water molecules. A draft of the structure of the silanol 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 characteristics 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
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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.

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 segregation 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 thermally oxidized Si3N4 surface. As already mentioned in the previous
section, the integrated intensities of all the Raman spectra collected 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 population 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 clusters (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 silanol clusters detected by vibrational sum frequency spectroscopy [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 relative 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 discussing 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

ðIDDAAorDA Þi  ðIDDAAorDA Þb
ðIDDAAorDA Þb

ð13Þ

where the subscripts ‘‘i” and ‘‘b” out of brackets represent the
obtained spectrum focused on the ‘‘interface” and on the ‘‘bulk”

G. Pezzotti et al. / Chemical Physics 463 (2015) 120–136

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 ‘‘disorder parameter”, henceforth. The relative changes in Raman subband 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 follow the ‘‘surface charge sensitivity” trend showing a maximum at pH8 [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 surface more sensitive to the disorder effect related to segregated 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 relative increase in concentration (DCR) considering the variation of
DDAA (or DA) intensities at the solid/liquid interface for both assintered and thermally oxidized samples, as follows:



DC R;sb;c ¼ msb;c ðIsb;c Þi;200  ðIsb;c Þi;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 integrated intensities of the two bands are highly correlated to the concentration 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 containing 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, DC R ¼ C K or Na  C 0 , for both as-sintered and thermally oxidized samples.
As-sintered Si3N4

KCl

NaCl

DDAA

DA

DDAA

DA

S
DcR (mM)

0.037
265.3

0.025
217.1

0.043
208.1

0.02
185.3

Thermally oxidized Si3N4

KCl

S
DcR (mM)

NaCl

DDAA

DA

DDAA

DA

0.064
270

0.035
196

0.057
170.9

0.035
143.1
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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 oxidized 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 perturbation of the interfacial water structure for the former alkali chloride solution. However, also the charge-size ratio of the hydrated
cation has a role, with the smaller Na+ attracting more water molecules 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 oxidized silica/water structural interactions [119,128,129]. The thermally 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 structure 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 segregated 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
HCO
3 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 voltage 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 surface 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 produces a countercharge below the Si3N4 surface with the same magnitude of the surface charge, but with opposite sign in order to
satisfy electrical neutrality. This variation is detectable and usually
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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 cm1; (b) comparison of relative intensity values and HCO
3 concentrations between bulk solution and solid/liquid
interface for the two cases of as-sintered and thermally oxidized Si3N4 surfaces.

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 cm1 as a probe, through its quantitative 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 measurements in ISFET devices has been reported to be affected by the
presence of an oxidation layer formed on the Si3N4 surface (nonlinear 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 containing 96 mM NaHCO3) for the two cases of as-sintered and thermally
oxidized Si3N4 surfaces, which include the C-OH stretching band of
1
HCO
normalized, as previously done, to the O–H
3 at 1016 cm
bending band of H2O at 1627 cm1. Note that the shown spectra
were collected under exactly the same conditions and during the
same experimental session with rigorously controlled roomtemperature 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 spectrum recorded at the solid/liquid interface also contains a relatively sharp band at 1045 cm1, which partly overlaps the C-OH
stretching band at 1016 cm1. 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 spectra for each investigated sample). According to the calibration plot
in Fig. 7, bulk and surface HCO
3 concentrations were computed.
The relative intensity values and the obtained HCO
3 concentrations are compared in Fig. 13(b) (upper and lower plots, respectively) for the two cases of as-sintered and thermally oxidized
Si3N4 surfaces. At the interface of both materials we obtained lower
HCO
3 concentrations as compare to the bulk, which suggests
that protons attracted by the negative surface potential alter the
+
CO2/HCO
3 equilibrium. An increase of H ions forces the reaction
in Eq. (2) to the left, with consumption of HCO
3 and production
of CO2. The highest decrease of HCO
3 ions concentration was calculated 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 compared 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 HCO
3 (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 solutions 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 dependencies of spectroscopic parameters on solvated molarity could be
used to assess local (unknown) molar concentrations in investigating 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 physicochemical interactions of bioceramic surfaces with biological 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 concentrations 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 HCO
3 ions concentration of the buffer. The surface with higher negative charge
(i.e., thermally oxidized Si3N4) showed larger decrease of
HCO
3 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 outputs 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-polyethylene 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

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]. Several 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 undergo phase transformation
and weakening, 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 resistance 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
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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 properties, 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 greenshaped article. Densification was achieved by sintering 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 specimens (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 singleedge-notched beam (SENB) specimens according
to ASTM-E399 standards [16]. Test bars measuring 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,
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24, and 100 hours, respectively. The phase composition of Si 3 N 4 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

4 k
PR4
3 E2


 1

k
9 1
2
2
¼
1  m2 þ
1  m1
E2 16 E2
E1
a3 ¼

ð1Þ
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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 (28mm 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 Si3N4CoCr 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.
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Fig. 1. SEM images of Si3N4 microstructure, with 10 and 5-μm magnification bars shown in respective images.

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 maintained 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 converted to volumetric wear rates and linearly extrapolated 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 nonautoclaved 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 produced 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, runin 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

Table 1. Comparison of Material Properties of
Orthopedic Bearings
Comparison of Properties Among Orthopedic Bearing Materials
Material
CoCr
Si3N4
Alumina
Zirconia
ZTA*

Elastic
Modulus
230-240
300-320
380-400
200-220
340-360

Hardness

Toughness

4-6
14-16
17-19
12-14
16-17

8-10
3-5
10-12
5-7

Strength
(MPa)
700-800
950-1200
300-400
1000-1200
850-1150

* For zirconia-toughened alumina (ZTA), the data
shown are derived from the National Institute of
Standards and Technology database.
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Fig. 2. Phase stability of Si3N4 in autoclave conditions.

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 experimental wear volumes of CoCr-CoCr and Al2O3Al2O3 measured 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 thirdbody 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.

Fig. 4. Volumetric wear of Si3N4 compared to Al2O3-Al2O3
and CoCr-CoCr. Wear data for non-Si3N4 bearings are
derived from other studies, using different hip simulators
and testing conditions.

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 applications such as diesel engines [34]. The Si3N4-Si3N4
pairings have a friction coefficient of 0.001 compared 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 impingement and recurrent THA dislocations [30]. Newer
designs in which the ceramic insert is encased in
metal have shown no failures by this mechanism
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Fig. 5. Silicon nitride bearings after 1 million wear cycles.

[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 articulations 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 Al2O3CoCr 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 application of new ceramics such as Si 3N 4 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 composites 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 widespread adoption of existing ceramic bearings in THA.
Other limitations of this investigation are that only
28-mm diameter bearings were tested, and comparison 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 osteolysis 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 surface 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 CoCrCoCr 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 particles 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 comparable to Al2O3-Al2O3; CoCr femoral heads were used
in the latter couple. Further investigations will show
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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.

16.
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• A new, non-destructive protocol for the
screening of in-vivo femoral heads retrievals is proposed;
• A grid is applied on the sample's surface
dividing it in sectors examined through
Raman spectroscopy and laser microscopy;
• Combining data and CAD modeling it's
possible to create representative 3D
models of the retrievals;
• The models provide fundamental information of topological, crystallographic,
chemical, and micromechanical nature;
• Monoclinic volume fraction proﬁles,
roughness values and residual stresses
were non-destructively traced;
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a b s t r a c t
The purpose of this work is to establish a protocol, which combines CAD modeling to non-destructive microscopic techniques of confocal Raman micro-spectroscopy and laser microscopy, to assess the in-vivo hydrothermal
stability of ZTA femoral head retrievals. The combined effects of wear, biological environment, and in vivo occurring peculiar events as metal staining were evaluated on ﬁve retrieved ZTA femoral heads with implantation time
ranging from 9 to 106 months. The protocol relies on the application of a polar grid on the entire surface of the
head, which divides it into small sectors; each sector is then automatically screened with micrometer resolution.
Maps are ﬁnally linked to each other and an in-toto view of the retrieved head becomes available in three dimensions. Upon combining analytical techniques with a solid modeling computer-aided design (CAD) software, it becomes possible to develop a 3D model of the femoral head, which comprehensively describes topographic,
crystallographic, and micromechanical characteristics of the entire surface and immediate sub-surface. The combination of CAD, polarized Raman spectroscopy, and laser microscopy has led to in-toto screening of femoral head
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with micrometer-scale resolution, thus providing a new and comprehensive protocol for both quality assessments 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 evaluations 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 polymorphic transformation of ZTA in biological environment [5], the impact 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 optimistic nature of such extrapolations [3,4,10,11]. A far more complicated in-vivo scenario appeared, with polymorphic transformation
affected by a detrimental combination of hydrothermal destabilization, chemical destabilization by transition metals, and load bearing/frictional effects [4,10,11]. Titanium and cobalt-chrome alloys
are the most common metals that contaminate femoral heads surfaces [12]. Metallic patterns can differ from sample to sample depending on the stain originating from dislocation, impingement, or
third-body entrapment in the articular zone. Metal stain morphologies were preliminary classiﬁed by Fredette et al. into 7 different
categories [12] in order to better understand metal transfer morphology and related wear phenomena. It should be noted that
metal contamination on the head dome arises from abnormal invivo 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 for wider but less precise inspections, with microscopic screening being conﬁned to partial assessments that are not always representative of the whole sample. The main aim of the present
research is to propose a new protocol for analyzing femoral head retrievals in toto producing a 3D model of the sample starting from microscopic examination. Confocal Raman spectroscopy and laser microscopy
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 ZrO 2 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 according to the ISO 4287:1997 [15]. The software attached to the instrument 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, Spectra 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 acquisitions. 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 cumbersome, 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, positions and full-width at half maximum (FWHM) were obtained
upon ﬁtting raw spectra with mixed Gaussian/Lorentzian curves.
Monoclinic volume fractions were quantitatively calculated according to the following equation [16]:

Vm


1  178
Im þ I189
m
2
¼

1  178
148
Im þ I 189
kIt þ
m
2

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 previously 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, respectively [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
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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
2
3
4
5

2006
2009
Unknown
2008
2008

32
40
32
32
36

Ceramic on ceramic
Ceramic on ceramic
Ceramic on ceramic
Ceramic on ceramic
Ceramic on ceramic

20
28
106
77
9

Right
Right
Right
Left
Right

Prosthetic dislocation
Septic mobilization
Prosthetic dislocation
Aseptic mobilization
septic mobilization

procedure was applied to in-depth spectroscopic maps using a confocal conﬁguration. Finally, a 3D model 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.

obtain an overall quality assessment of retrieved heads with two microscopic techniques on a macroscopic level.
3. Results and discussion
Fig. 2 shows the investigated samples with their different morphological 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 submicrometric 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 hemisphere. Sample 3 only showed an extensive solid patch, while Sample 4 displayed a number of random stripes and a large solid patch.
These morphologies were caused by repeated prosthetic dislocations, 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

Fig. 2. Photos of the investigated retrieval samples with their different morphological patterns of surface metal contamination.
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Table 2
Data of surface roughness in metal contaminated and non-contaminated zones for the ﬁve
retrievals described in Table 1.
Sample (Serial number)

Ra (μm)

ZTA 1 (4434)

0.021
1.217
0.022
0.749
0.020
0.988
0.017
0.956
0.020
0.594

ZTA 2 (4976)
ZTA 3 (5695)
ZTA 4 (5905)
ZTA 5 (6144)

±
±
±
±
±
±
±
±
±
±

Metal staining classiﬁcation
0.004
0.421
0.007
0.265
0.004
0.303
0.006
0.471
0.005
0.106

No stained area
Solid patch – Patterned coverage
No stained area
Directional scratches
No stained area
Solid patch
No stained area
Miscellaneous
No stained area
Directional scratches

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

with the unimodal and sub-micrometric distribution found in stainfree areas (Fig. 4).
The arising of this peculiar distribution is still unclear but it may 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 invivo 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 conducted on main-wear, non-wear, and metal contaminated areas. Phase
transformation data varied over a wide range of values depending on

Fig. 3. Roughness maps and proﬁles in metal-stained (a) and unstained (b) zones of Sample 3.

A. Rondinella et al. / Materials and Design 116 (2017) 631–637

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 submicrometric roughness distribution detected in unstained areas of Sample 3.

clinical data, history of the patient, and material fabrication year. In Fig.
5, a comparison is given among maps 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 monoclinic 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 irregular 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 peculiar 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 diffused metal ions may have caused the transformation.
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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 noticed 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 combination 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 surface stress should be lower or not signiﬁcant (for geometric reasons, 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 instability 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 provided that the stress dependence and the “stress-free” frequencies of such
bands have been preliminary calibrated. As these calibration parameters 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 stresses were in general higher than those reported in monolithic Al2O3 heads, while the
stress magnitudes for the Al2O3 and m-ZrO2 were in line with 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

Fig. 5. Comparison among maps of polymorphic transformation of the zirconia phase for the 5 retrieval samples studied. A comparison with Fig. 2 reveals that morphological and
topological stain patterns showed profound similarities.
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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.

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).

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 comprehensive view of the chemical, crystallographic, and micromechanical
nature of retrieved ZTA femoral heads pointing to a degree of crystallographic instability in vivo.

4. Conclusion

Suggested reviewer

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 containing fundamental information of topological, crystallographic, chemical, and micromechanical nature.
The main outputs of the characterization were as follows:

• Lanzutti Alex, University of Udine - alex.lanzutti@uniud.it;
• Yasuhito Takahashi, Tokyo Medical University - yasuhito@tokyo-med.
ac.jp;
• Orfeo Sbaizero, University of Trieste - sbaizero@units.it;
• Marjorie Olivier, University of Mons - marie-george.olivier@fpms.ac.be;
• Ian Clarke, Loma Linda University Medical Center, hipgeek5@yahoo.
com.

(i) Signiﬁcant phase instability was found on the surface of the ZTA
heads, independent of time exposure in vivo, with high fractions
of polymorphically transformed m-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 that may be related to metal stain enhanced
phase transformation and lattice strain, especially in the residual
tetragonal polymorph.
The newly built algorithm also succeeded in tracing monoclinic volume fraction values along the sample sub-surface. In these latter
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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.

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
© 2016 IOP Publishing Ltd

[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), zirconiatoughened alumina (ZTA), and monoclinic zirconia
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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 liners in static contact with oxide and non-oxide ceramic
femoral heads before and after exposure to a hydrothermal environment corroborated a trend of higher oxidative 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 recrystallization phenomenon is therefore a sensor for surface
oxidation and, at least under static conditions, dependably 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-ZrO 2 OXINIUM ™ , Smith and
Nephew, Memphis, TN, USA) and one non-oxide
(MC2 ®Si 3N 4, 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
2

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 triplemonochromator (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 commercially available computational package (LabSpec 3,
Horiba/Jobin-Yvon, Kyoto, Japan) using mixed Gaussian/Lorentzian curves. A confocal pinhole with an aperture-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 indepth spatial resolution of about 6 µm [11]. The confocal configuration of the probe adopted throughout
the experiments corresponded to a 100×  objective lens.
The numerical objective aperture and confocal pinhole 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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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.

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 crystalline phase fractions and oxidation indices at the surface
of the UHMWPE samples using a computational routine 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) assessments were conducted on the surfaces of the UHMWPE samples before and after accelerated aging using
a photoelectron spectrometer (JPS-9010 MC; JEOL
Ltd, Tokyo, Japan) with an x-ray source of monochromatic MgKα (output 10 kV, 10 mA). Surfaces
of the samples were cleaned by Ar+ sputtering in the
pre-chamber, while actual measurements were conducted in the vacuum chamber at around 2  ×  10−7 Pa
with an analyzer pass energy of 10 eV and voltage step
3

size of 0.1 eV. The x-ray incidence and the takeoff angles
were 34° and 90°, respectively. The fraction of elemental oxygen was determined by averaging three separate 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 factors (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 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 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
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enabled the collection and transmission of the CL emissions into a highly spectrally resolved monochromator
(Triax 320, Jobin-Yvon/Horiba Group, Tokyo, Japan).
A 150 g mm−1 grating was used throughout the experiments 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 measurement 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
4

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/Al 2O 3, and UHMWPE/m-ZrO 2,
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 exponential property profiles were revealed along the z-axis
down to ~100 µm. Quantitative values for ∆ac0 and
∆OI0 for the different UHMWPE samples are presented 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.
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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.

Summarizing the outputs of confocal Raman
experiments: even by mere contact with selected femoral head materials it is evident that increased crystallinity 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 crystallinity 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 surface. At fixed environmental conditions, the oxidation
rate of irradiated polyethylene depends on the amount
of free radicals present in the polymer and the concentration of available oxygen. In addition, hydroperoxides
5

also potentially take part in the oxidation process by
accelerating the kinetics of oxidation via thermal
decomposition. From this point of view, it is hypothesized 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 phenomenon
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
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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.

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 Al 2O 3, ZTA, m-ZrO 2, Si 3N 4, 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
6

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 intensity, 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

Biomed. Mater. 12 (2017) 015005

G Pezzotti et al

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.
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].

UHMWPE liner (see figure 6(a)), while contrasting
with the higher oxygen seen in the UHMWPE samples 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 silicon 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
7

depths in the range of 150–250 nm. Figure 8(a) provides 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 autoclaving experiments, upon exposure of oxides to water
vapor, water molecular chemisorption and hydroxylation/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 treatment reflects a flow of oxygen atoms out of this ceramic
structure toward the UHMWPE side of the couple. Furthermore, 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 oxygen 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
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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.

autoclaving with its UHMWPE counterpart. A reduction 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 summarized, 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 silica glass, which represents oxygen-rich centers of SiO
[24]. Therefore, the evolution of the observed CL spectra 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 oxygen stoichiometry for both the ceramic and polyethylene components became readily apparent before and
after hydrothermal exposure. The performed characterizations 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
8

Figure 7. The O1s and N1s XPS spectra obtained from the
Si3N4 samples as recorded before and after the UHMWPEcoupled autoclave experiments in (a) and (b), respectively.

at the nanometer scale and adequately detected chemical 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 shallowness 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 chemistry 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
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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].

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 (semicrystalline) 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
9

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 interface between Al2O3 and UHMWPE counterparts during 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 oxygen 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 generate oxygen vacancies in Al2O3 and release oxygen from
the Al2O3 surface into the water interlayer, which resulted

Biomed. Mater. 12 (2017) 015005

G Pezzotti et al

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.

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 crystallization 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 UHMWPEs coupled to oxide ceramics were similar, the
experimental evidence suggests that oxygen vacancies
formed at coordinatively unsaturated surface oxygen
atoms via a dehydroxylation mechanism that produced water through the condensation of hydroxyl
groups [32–34]. In figures 11(a) and (b), an opposite
10

model is presented showing the events leading to oxygen 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 nonoxide ceramic. This free oxygen reacted with the Si3N4
to form a silicon oxynitride glass phase at its surface.
Therefore, this process protected the UHMWPE surface 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 surface of its UHWMPE counterpart. The evidences provided 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.
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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.

11
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4. Conclusion
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peroxide) in static experiments or on introducing a
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controlling the flow of oxygen upon increasing the
number of cycles.
In conclusion, the data presented in this study introduced a new paradigm of an ‘integrated joint space’,
where various biomaterials interact at the microchemical 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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a b s t r a c t
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.
Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Silicon nitride (Si3N4) is a non-oxide ceramic that is rarely observed in nature, but may occur naturally, since it has been found
in particles of meteorite rock [1]. Synthetic Si3N4 was ﬁrst developed 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 understood, 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,
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Si3N4 has been used in spinal fusion implants, and has been developed for bearing components of prosthetic hip and knee joints.
As clinical data pertaining to the use of Si3N4 in orthopedic surgery 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 orthopedic surgery, and (3) review the scientiﬁc rationale for introducing Si3N4 ceramics in orthopedic implants.
2. Ceramic materials in orthopedic surgery
Modern biomaterials, such as titanium (Ti) alloys, polished cobalt–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 predictable and durable [10,11]. However, a long-term concern related to
prosthetic bearings in the human body is the adverse host biological response to accumulated, microscopic wear debris in the
periprosthetic joint space, particularly PE wear particles. Less bearing 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
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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 sliding–rolling articulation of artiﬁcial knees have been pursued vigorously by orthopedic implant manufacturers and material scientists,
with varied success.
The bearing couple of a highly polished CoCr surface articulating 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 crosslinked 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-onAl2O3 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 simulate the complex articular geometry of the human knee joint. Substitution of CoCr components in total knee replacements with
Al2O3 [36–38] or ZrO2 [39] should lead to less wear of the PE countersurface. 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 ceramic 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 drawbacks. Yttria-stabilized ZrO2 (YSZ) is an unstable material that can
undergo phase transformation in vivo, leading to catastrophic failure; 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 durability, sporadic cases of catastrophic alumina bearing failure continue 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 diseased 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

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 spontaneous hydrothermally induced phase transformation will occur with
it as well [54]. Material degradation of ZTA may be delayed in comparison 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 zirconia phase that transforms to its stable monoclinic form in the presence 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 component 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 bearing 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 lifespans, creating a demand for implants and bearings that will withstand 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 composite structures. Of the different processing methods used to make
Si3N4, there are three typical strategies, known as reaction bonding, sintering and pressure-assisted sintering, respectively. Reaction-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 method 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 further 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 liquid phase that surrounds the Si3N4 particles and aids the densiﬁcation 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-assisted 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 relatively 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 initial 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 implantation of Ti, Zr and Cr ions, respectively [58]. Si3N4, like other ceramics, 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 sinter-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 containing 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 composition with less elongated, sub-micrometer diameter grains
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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 starting 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 elongated 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 properties by the in situ toughening process depends on precise engineering 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 microstructure 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 properties, according to ASTM C-1161 standards, using specimens
3  4  45 mm; results showed a near 100% theoretical material

Fig. 1. SEM images showing typical microstructures of ceramic bearing materials: (a) dense, ﬁne-grained Al2O3; (b) ZrO2-toughened Al2O3 (ZTA). For comparison, an SEM
image of in situ toughened Si3N4 is shown in (c); since the elongated grains in the Si3N4 are randomly oriented, they are cut at different angles in the polished planar view; (d)
shows the as-ﬁred surface view.
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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.

density (3.20 g cm3), 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 reliability 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 conditions such as high vacuum (<106 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].

Fully densiﬁed Si3N4 can function under very demanding conditions; 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 perform 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 exceed the demands placed on orthopedic bearings, whether articulating 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 considered in the literature, and it is generally agreed that, in the absence 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 degradation, particularly in the presence of moisture. This has been

Table 1
Properties of in situ toughened Si3N4 in comparison to Al2O3, ZrO2-toughened Al2O3 (ZTA), Y2O3-stabilized ZrO2 (YSZ) and CoCr (at room temperature unless otherwise stated);
properties of cortical bone are shown for reference.
Property

Si3N4

Al2O3

ZTAa

YSZb

CoCr

PEEK

Ti-alloy

Cortical
bone

Density (g cm3)
Elastic modulus (GPa)
Poisson’s ratio

3.15–3.26
300–320
0.25–0.27

3.986
400–450
0.27

4.37
350
0.24

6.04
210
0.30

8.5
210–250
0.27–0.32

1.29
4.2
0.36

4.43
105–115
0.34

1.85
8–12
0.6

Strength (MPa)
Tensile
Compressive

350–400
2500–3000

250–300
2000–3000

4300

2200

600–
1800

100–110
130–140

920–980
950–990

50–130
130–190

800–1100
8–11
13–16
3.0–3.5

300–500
4–5
14–16
8.0–8.5

1000
5.7
19.1
8.5

1050
10.5
12.5
11

50–100
3–4
14

30–40

30

17

1.8–2.9

100

SiNH2 and SiOH
groups
9
Lightly positive

Al2O3

Al2O3/ZrO2

ZrO2

CoO/
Cr2O3

8–9
Slightly
positive

8–9
Slightly
positive

7.5
Slightly
positive

Flexural
Fracture toughness MPa m1=2
Vickers hardness (GPa)
Thermal expansion coefﬁcient
(106 K1) (25–1000 °C)
Thermal conductivity
(Wm1 K1)
Surface composition
Isoelectric point
Surface charge at pH = 7
a
b

160–180

47

75
3.4
8.6–9.6
6.7

OH
Groups

TiO2/
Al2O3

20 vol.% ZrO2.
3 mol.% Y2O3.
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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 present in less demanding low-temperature industrial applications in
liquid water or under humid conditions [68–76], and it is postulated 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-oxidization 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 friction 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 concurrently 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, tribochemical wear occurs through the dissolution of the Si3N4 in accordance with the following reactions:

Si3 N4 þ 6H2 O ! 3SiO2 þ 4NH3
SiO2 þ H2 O ! 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. Tribochemical 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 observed wear rates [63]. However, the ability of hip simulators to
replicate in vivo conditions remains controversial [81], so additional 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 conditions used in various studies [82]. Prototype total hip bearings,
fabricated using in situ toughened Si3N4 [63], have shown improved 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 lowest of any orthopedic bearing (Fig. 3) [63]. Other work has validated the observation that water-lubricated Si3N4 has very low
friction when sliding against itself [83]. The in vivo environment
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Fig. 3. Volumetric wear of Si3N4 hip joint bearings tested in a hip simulator,
compared with Al2O3Al2O3, CoCrCoCr, and CoCrPE bearing couples. From Ref.
[63].

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 prostheses 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 critical to biomedical applications, such as wetting behavior and wear
performance, which simulate conditions typical of a hip joint prosthesis. 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 oxygen, 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.
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Related work has identiﬁed the optimal concentrations of aluminum ion implantation necessary for the optimization of the oxidation 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 exposes the material to high temperatures and humidity. Despite
exposure to autoclaving for 100 h, in situ toughened Si3N4 fabricated using Al2O3 and Y2O3 additives showed no phase changes
on X-ray diffraction, and the material maintained its superior ﬂexural strength [9]. Thus, while phase changes and material degradation 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

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
Al2O3ZrO2 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 Si3N4TiN). From Ref. [87].

Surface modiﬁcations for different Si3N4 material preparations
were investigated for a duration of 45 days, using water and isotonic physiological saline solution [87]. Both weight changes in
the specimens and scanning electron microscopy (SEM) examination of the exposed surfaces were conducted to identify morphological and chemical modiﬁcations. These experiments showed a
very limited surface modiﬁcation related to exposure to oxygencontaining media. The newly formed phases were limited to the
boundary zone, in the nano-scale [87]. Si3N4 ceramics contain, besides 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-containing 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, including 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] investigated diamond-like carbon coatings on Si3N4 in an attempt to further reduce friction, presumably by elimination of oxidation
through both mechanical and tribochemical wear.

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 biocompatibility, 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 surface properties, with Ti alloy as a reference; cytotoxicity testing,
cell viability and morphology assessment were performed, applying 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 comparable 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 human 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 marrow stromal cells and their differentiation when grown in vitro and
in vivo. In vitro, marrow stromal cells attached to the ceramic
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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 adjacent 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 conﬁrmed 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 implants with a smooth articulating surface on one plane, and a porous 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 biomaterials with low wear rates and favorable frictional coefﬁcients that
remain stable in vivo for several decades of service life. Si3N4 articulating 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 bearings, 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 studies have demonstrated, surface oxidation can be controlled or eliminated 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
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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 suitable 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 implant. Other potential biomedical applications of Si3N4 include
drug-release devices, microelectro-mechanical systems (BioMEMS), 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 implant, 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 excitement 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 stabilized 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 zirconium 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 ceramics 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 fracture 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 implants. Si3N4 is biocompatible, and porous Si3N4 has been shown to

Fig. 5. Examples of Si3N4 arthroplasty and spinal reconstruction products designed 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 increases, 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 increases 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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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. Intentional 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 Unfortunately, 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
© XXXX American Chemical Society

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 optoelectronics.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 pointdefects 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 osteointegration 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 selfmating 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 proReceived: October 3, 2014
Revised: December 19, 2014
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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 introducing 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).

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 pointdefect populations actually present in diﬀerent types of Si3N4
materials and assess their contributions to the observed optical
emissions.

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-

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; manufactured 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 concentration 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 %.
B
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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 interband-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 N20 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 nitrogenrich 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 (βSi3N4) 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.

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
C
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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 nanobranches 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 N20 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
N20 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 N20 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 N20 levels.
The CL emission from samples A−C was subjected to
spectral deconvolution, taking into consideration all the abovementioned 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.

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

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 singlecrystal 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

a

band

wavelength (nm)

wavelength (eV)

assignment

I
II
III
IV
V
VI
VII

330
390−420
487
580
650
890
1030

3.76
3.18−2.95
2.55
2.14
1.90
1.39
1.20

CB → N20
N4+ → VB; CB → K0
CB → VN3+
K0 → VB
CB → N4+; N4+ → N20
N20 → VB
VN3+ → N20

CB and VB refer to conduction and valence band, respectively.

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, N20, 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,
D
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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 VN3+ 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 highpurity 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 highresolution 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

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 SiO 2 -doped Si 3 N4 . 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, recombination 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 VN3+ 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 substitutions 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 N20 center. In other words, the energy level of
the “apparent N20 center” (namely, a complex eﬀect of overlap
between N20 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
E
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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 oxygenrich (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• (N20) 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 grainboundary 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.

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 oxynitride 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

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.
F
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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.

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 ﬁrstprinciples 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, N20. 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 subbands) 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

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 suppressed N-vacancy sites but greatly enhanced the emission from
sites of silicon dangling bonds. Observable shifts of bands
related to the N20 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, N20, 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 applications. 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

PT

of zirconia in zirconia-toughened alumina (ZTA) requires the composite being
properly designed and carefully manufactured. A sound algorithm for predicting

SC
RI

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

NU

vitro/in vivo phenomenology of surface-metastability for currently marketed ZTA

MA

femoral heads; (ii) refining pre-existing theoretical models for predicting in vivo zirconia phase metastability via the use of accelerated in vitro ageing experiments; and,

ED

(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

PT

with item (i), shows discrepancies between the levels of polymorphic phase transformation detected in ZTA retrievals and in vitro predictions, and attempts a phenome-

CE

nological analysis of the reasons behind such discrepancies. Moreover, marked inho-

AC

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; polymorphic phase transformation; metal stain.
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1. Introduction
Zirconia toughened alumina (ZTA) is considered to be the most advanced bioc-

PT

eramic among the load-bearing materials currently available for total hip arthroplasty

SC
RI

(THA). ZTA also represents an improvement over prior generations of biomedical
ceramics because of its higher strength and toughness. Its enhanced mechanical properties result from the polymorphic transformation of the zirconia phase under the local

NU

tensile stress field generated at the tip of a propagating crack.1,2 In contrast to monolithic ceramics, the improved fracture resistance is the result of a microscopic-scale

MA

trade-off between enhanced toughening by crack-shielding and low-temperature environmental degradation due to load-bearing surface metastability. Both effects arise

ED

from the polymorphic tetragonal-to-monoclinic (t→m) phase transformation in zirconia particles dispersed within the alumina matrix. However, unintended transfor-

PT

mation can also spontaneously occur by exposure of the ceramic to biological or hy-

CE

drothermal environments, ultimately resulting in the annihilation of any toughening
effect.3 Recognizing this undesirable phenomenon, ZTA ceramics have been intense-

AC

ly studied over the years in order to reduce their propensity for polymorphic transformation.4 Papers released through the years by the ZTA maker have claimed a substantially improved long-term reliability5 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, reported 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

PT

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
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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

NU

growth of monoclinic nuclei on the material surface are thermally activated. In other

MA

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

ED

represented by time-temperature-transformation (T-T-T) curves.12 With the experi-

PT

mental knowledge of the material’s activation energy, temperature extrapolations in
Arrhenius fashion can then predict increases in the monoclinic phase fraction in vivo

CE

(i.e., at body temperature) as a function of time.

AC

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 increasing 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 performance in term of surface phase stability arise from fluctuations of the initial phase

PT

fraction of the as-manufactured components and/or from surface contaminations by
transition metal elements. These phenomenological hints will serve as the starting
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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

NU

of as-manufactured femoral heads and/or contaminations by metal ions (i.e., CoCr, Ti,

MA

and Fe) within the in vivo joint space could be responsible for triggering enhanced
phase changes in the ZTA material.13,14

ED

2. Materials and methods

PT

2.1 In vitro accelerated ageing tests

CE

A series of twenty-nine as-manufactured ZTA femoral heads (BIOLOX®delta,
CeramTec GmbH, Plochingen, Germany) with production release dates spanning over

AC

~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 remaining 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-onpolyethylene, 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 cases), aseptic loosening (2 cases), dislocation (7 cases), stem loosening (1 case), and

PT

thigh pain (1 case). No fractured heads were included in this study. A list with specifications for all retrievals is given in Table I, which includes the reasons for revision

service in vivo.

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

CoC

2009

55.5

44

41

No

Aseptic loosening

CoP
CoC

2009
2009

66.7
83.4

51
57

37
41

No
Yes

Stem loosening
Dislocation

CoC

2010

95.8

43

31

No

Aseptic loosening

13
14
15
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Sample
No.

NU

Table I. Clinical information of the retrievals.
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surgeries. This table reports about the sample numbers in order of increasing time of

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 interruptions 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-
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was considered to be equivalent to 1 year in vivo.15

PT

quency of 1 Hz. In comparing hip-simulator and retrieval data, 2 Mc in the simulator

2.4 Laser microscopy observations

Micrographs of the femoral head surfaces were collected by means of a 3D laser-

NU

scanning microscope (VK-X200K series, Keyence, Osaka, Japan) using a 150x objec-

MA

tive lens, with a numerical aperture of 0.95. The supplied software allowed for the

ED

quantitative calculation of the height of surface asperities.

2.5 Raman spectroscopy analyses

PT

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

CE

collected at room temperature using a single monochromator (T-64000, Jobin-

AC

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 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. 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 collected 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 equation.16 For the pristine and hydrothermally aged femoral heads, five Raman maps, (50

PT

m x 50 m in size), each consisting of more than 120 spectra, were collected at random locations on each femoral head. The pristine and treated heads were sealed in

ent environmental exposure.
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vacuum pouches prior to examination to prevent spontaneous ageing related to ambiSpectroscopic analyses for the retrieved and hip-

simulator tested femoral heads were performed under exactly the same conditions.

NU

This included generating data from the main wear zone (MWZ), non-wear zone

MA

(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

PT

3. Results and discussion

ED

the three successive measurements were averaged.

CE

Figure 1 shows statistical data for the monoclinic fraction, Vm, of the 29 ZTA femoral heads manufactured during the decade 2005-2015. The left-hand plot is a histo-

AC

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 individual years are also provided in the inset. This analysis suggests that heads manufactured in 2009 had higher average monoclinic fractions. The data also showed progressive improvements in limiting the volume of the monoclinic phase over time. In a
similar retrieval study, Affatato et al. also correlated improvements in monoclinic

ACCEPTED MANUSCRIPT
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

PT

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
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monoclinic contents. The right-hand graph depicts the same group of femoral heads
after the autoclave treatment. The effect of autoclaving shifted the frequency distribution toward higher monoclinic fractions (i.e., between 30%~65%) while narrowing

NU

the width of the distribution and minimizing differences associated with specific

AC

CE

PT

ED

MA

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 121oC (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 polyethylene (CoP) or ceramic (CoC) liners; and also whether or not a metal stain and/or a

PT

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

SC
RI

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 monoclinic volume fractions in their MWZs as compared to components from retrievals

NU

with different clinical histories. Regarding the NWZs of the dislocated femoral heads,

MA

the trend of enhanced polymorphic transformation was confirmed with the only exception of Sample no. 2 in Table I. This component, which belonged to a CoC im-

ED

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

PT

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

CE

noteworthy that exacerbation in polymorphic instability could be observed irrespec-

AC

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

PT

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
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which extrapolates the in vitro data collected under accelerated ageing in the auto-
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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 simulation or in vitro autoclaved (with data extrapolated to body temperature according 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

(iii)

PT

according to exposure time in vivo or type of implant.
Independent of implant type, MWZs generally showed higher amounts of
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transformed monoclinic fraction as compared to NWZs. However, the fractional 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-

NU

cial chemistry also in CoC rather than a purely mechanical contribution by

MA

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

ED

microscope. But, the highest fractions of monoclinic phase were found in areas corresponding to possible impingement against the metallic cup and in

(iv)

PT

presence of metal stains.

In general, metal stains enhanced the rate of polymorphic transformation, with

CE

significantly higher amounts of monoclinic phase being found adjacent to

AC

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 significant 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 hydrothermal 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

PT

be noted that the in vitro reference data reported in Fig. 2 (Ref. 17) were obtained using ZTA heads with relatively low initial fractions of the monoclinic polymorph
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(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-

NU

nants on the bearing surfaces. If (as suggested by the Raman experiments on retriev-

MA

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

ED

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-

PT

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-

CE

sence of high stress fields, the Vm values found in the NWZ of CoP components

AC

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 average Vm values in both NWZs and MWZs of the metal contaminated heads was distinctly 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

PT

neglecting exposure time in vivo and type of implant.

CE

Figures 4(a)~(d) show four of the investigated ZTA retrievals (Case 1~Case 4), two

AC

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 infection 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), respectively). 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

ACCEPTED MANUSCRIPT
NWZ. Laser microscopy profilometry found that the metal stains induced surface asperities of up to 400 nm (cf. Figs. 4(i) and (k), respectively), while no significant

PT

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
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other words, metal staining was the principal source of surface roughening, while
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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) belonging 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))

CE

and MWZ ((b)/(d)) of Cases 1 and 2 (CoP) retrievals, respectively. Quantitative histograms

AC

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 under 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-

PT

tamination.
Figures 6(a)/(b) and (c)/(d) show spectroscopic characterizations of both the NWZ
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and MWZ for the CoC retrievals referred to as Cases 3 and 4, respectively. The spectroscopic 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-

NU

hard contact was to accentuate the polymorphic transformation between the NWZ and

MA

the MWZ (i.e., average values equal to 17.9 and 44.7%) as compared to CoP retrievals. The Vm value in the NWZ of Case 3 corresponds to the lowest amount of mono-

ED

clinic fraction found on all the retrievals investigated in this study. While this strongly suggests that this component possessed an initial Vm at the lower end of the statisti-

PT

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

CE

was sharp and significantly enhanced despite its relatively short-term in vivo expo-

AC

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-
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tograms of the measured monoclinic fractions are shown below each map. The map in (d)

AC

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 manufacturer 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

PT

predictions using a simplified Arrhenius dependence merely based on hydrothermal activation. The in vitro/in vivo mismatch was generally higher for CoC cou-
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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

NU

monoclinic volume fraction, V0, could not be ruled out as an additional factor con-

MA

tributing the in vivo/in vitro discrepancies reported here.
While this study demonstrated that the monoclinic content greatly varied from one

ED

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

PT

crystallographic destabilization of ZTA bearing surfaces is a complex phenomenon

CE

that goes beyond a simple hydrothermally activated concept. As described in this paper, incorporating additional factors, such as the initial monoclinic fraction and the

AC

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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Abstract
In this paper, an updated analytical model for the kinetics of the tetragonal to mon-

PT

oclinic (t → m) polymorphic transformation in ZTA composites for hip joints is proposed and discussed. The model builds upon the so-called Mehl-Avrami-Johnson
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(MAJ) description of transformation kinetics, which combines two overlapping processes: nucleation of monoclinic sites and their successive growth. Dependencies on
two specific factors are introduced in the model, namely the initial fraction of mono-

NU

clinic polymorph as received from the manufacturer, and the presence of different

MA

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

ED

environmental stability of implantable ZTA components were found in previous phenomenological analyses of retrievals. Nucleation and growth of monoclinic domains

PT

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-

CE

ergy value function of time and temperature, and a nuclei growth exponent. These

AC

parameters were clearly altered by the presence of transition metal contamination,
whose effect was incorporated into the model to explain exacerbations of surface degradation. In accordance with a general analytical description of transformation kinetics for isothermal or isochronal evolutions in terms of time and temperature, our modified model of the MAJ description assesses the effect of the initial monoclinic fraction. 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 transformation so far showing discrepancies for ZTA hip components.
Keywords: zirconia-toughened alumina, polymorphic transformation, initial monoclinic 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

2

the hydrothermal environment affects the stoichio-
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reported in detailed studies,1,

PT

femoral heads are typically based on hydrothermally activated in vitro simulation. As

metric state of tetragonal zirconia dispersoids and greatly accelerates their polymorphic transformation. However, retrieval studies suggest that in vivo destabilization of

NU

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-

MA

drothermal exposure could not be assumed as the only trigger for phase transformation under normal service conditions, especially in the case of short-term retriev-

ED

als.3, 4

As discussed in Part I of this series,5 discrepancies between observed and predicted

PT

transformation kinetics could be attributed to two main additional factors, which in-

CE

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

AC

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 manufacturer’s production. Large fluctuations in the initial monoclinic fraction for individual
ZTA femoral heads were found to correlate with the year of manufacturing, and presumably 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 malfunction.6–8 They occur as the result of impingement against the metallic acetabular shell
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following subluxation or dislocation, which are both more frequent in femoral heads
with smaller diameters. Enhanced polymorphic transformation was found to occur
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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-

NU

lowed us to demonstrate how metal stain could significantly contribute to the destabi-

MA

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

ED

initial monoclinic fraction and different types of metal stains, and to put forward a
comprehensive theoretical model, which could account for the observed differences

PT

between in vitro ageing and in vivo service. The newly proposed model implementa-

data.

CE

tion is expected to lead to predictions that narrow the gap between in vitro and in vivo

AC

2. Materials and Methods
Selected ZTA femoral heads (BIOLOX®delta, CeramTec GmbH, Plochingen,
Germany) possessing different amounts of initial monoclinic fraction (7~21%, as received from the manufacturer) were investigated. BIOLOX®delta is a composite material 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 sample was cut into a number of smaller spherical sectors and such sectors were then subjected 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

PT

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
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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

NU

writes on a blackboard. We also checked the variation of monoclinic phase before and

MA

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-

ED

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

PT

against the metallic acetabular shell (e.g., upon subluxation or dislocation).
The pristine, hydrothermally aged unstained, and hydrothermally aged stained fem-

CE

oral head samples were examined in comparison with retrieved samples using Raman

AC

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 (CCD3500V, Horiba Ltd., Kyoto, Japan), and analyzed 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. A confocal configuration 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 obtained by fitting the raw collected spectra to mixed Gaussian/Lorentzian curves. For

PT

the in vitro tested heads, quantitative calculations of initial and hydrothermally induced monoclinic volume fractions, V0m and Vm, respectively, used Raman intensity
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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-

NU

oral head. Note that all samples were kept under vacuum until their Raman measure-

MA

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-

ED

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

PT

(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

CE

locations averaged per sample. More details of the Raman measurements on the re-

AC

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 suffice 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. %).
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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-

PT

zations at fixed temperatures used for obtaining the parameter Q from the slope of plots ac-
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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.

NU

Rationalization of in vitro collected data for the hydrothermally activated polymor-

called modified MAJ equation:11

MA

phic transformation in zirconia-containing materials is usually attempted using the so-

Vm  V0m  Vmax  V0m  1  exp  bt n  

(1)

ED

where, Vm is the monoclinic phase content for a given test duration t, V0m is the initial

PT

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

CE

the temperature dependence due to ageing. This latter factor is considered to follow a
hydrothermally activated Arrhenius dependence, according to the following equation:

AC

 Q 
b  b0 exp  

 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 according 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 different 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

PT

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
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data in Fig. 1(a), Vmax was set to 100% (i.e., the total amount of zirconia phase available 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-

NU

tion of Q within the investigated series. The ZTA head possessing the highest mono-

MA

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

ED

~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

PT

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

CE

explicitly contain a dependence on V0m. If this assumption is correct, then the trans-

AC

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 femoral head with V0m = 21%. The dome area of this head was cut into a number of different samples and tested under isothermal conditions (at 98, 121, and 132°C) (a) without 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

PT

stained ZTA samples (which were concurrently aged in the same hydrothermal environment) experienced a conspicuously quicker polymorphic transformation when
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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

NU

132 and 121°C, respectively. These laboratory results therefore provide straightfor-

MA

ward and systematic evidence to explain the unexpectedly high amounts of monoclinic phase in femoral head retrievals contaminated by metal stains as a result of their in

ED

vivo malfunction (cf. companion paper Part I). In a kinetic model of phase transformation, the overall effective activation energy, Q, incorporates the activation energies

PT

for nucleation, QN, and for growth, QG, as follows:12, 13

(3)
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d
d
QG   n   QN
m
m

Q
n

AC

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 saturation and d/m+1 for continuous nucleation. The relationship between the overall effective 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.
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In other words, not only will variations of Q be expected with progressing transformation, but also different values will be obtained for dissimilar initial amounts of nu-

(1) can be rewritten, as follows:
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2 n
 n n
 nQ   RT  
Vm  1  1  V0m  exp  b0t exp  
 

 RT     


PT

clei (i.e., V0m). According to the above considerations and for isochronal cycles, Eq.

(4)

with   dT / dt . The values n and Q are both functions of temperature, with the lat-

NU

ter dependence being given by Eq. (3). Since the experiments were conducted at a

MA

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-

ED

ble. In the case of isothermal cycles, the governing equation thus becomes:
(5)

PT


 nQ  n 
Vm  1  1  V0m  exp  b0nt n exp  
 t 
 RT 



where both n and Q are functions of time. Theoretical curves and the related n values

CE

obtained by “best-fitting” of the experimental data to Eq. (5) were used in the con-

AC

struction of Figs. 1(a) and 2(a)~(d) for samples of differing V0m and with various metal 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 132oC without (a)

MA

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

ED

and CoCr-stained samples with V0m = 21%. This comparison clearly demonstrates the

PT

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:
(6)
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  1  V0m  
nQ
ln ln 
   n  ln b0  ln t  
RT
  1  Vm  

é æ 1-V ö ù
1
nQ
0m
Accordingly, the slope of a plot of lnV = ln êln ç
÷ ú vs. T is R , while the
êë è 1-Vm ø úû
é æ 1-V ö ù
0m
slope of a plot of lnV = ln êln ç
÷ ú vs. lnt simply becomes n . Note that the
1-V
è
êë
m øú
û
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. Another 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 CoCrstained 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

PT

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-
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pared to the non-stained sample. This also means that a sensitive variation of the

)

quantity, n lnb0 + lnt , occurred under constant hydrothermal exposure time. An ad-

NU

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

MA

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,

ED

 nQ 
b  b0n exp  
 , in either the presence or absence of a stain (i.e., bs and bns, respec RT 

PT

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,

CE

this was not the case for Ti. Its detrimental effect was substantially independent of

AC

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 transformation (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 dependent 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-

PT

served fluctuations in the monoclinic fraction arise from local variations in the
Y2O3 content cannot be discounted. Lower Y2O3 or its poor distribution with-
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in the starting powders leads to higher V0m values and added in vivo metastability of the bearing surface.
(v)

The presence of a metal stain at the surface significantly alters the b0 and the

NU

Qapp parameters. Such influence was found to be different for different metals

MA

(titanium (Ti), cobalt-chromium (Co-Cr) and iron (Fe)), which could be due to
the respective chemical reactivities of such metals in the hydrothermal environment. This effect will be discussed in terms of chemical triggers occurring

ED

during thermal activation in Part III of this monograph series.14
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Finally, it was noted that also n values depended on the presence and type of the stain.

CE

However, their temperature dependence fluctuated within a relatively narrow interval.
Accordingly, an average n value was obtained from the temperature interval
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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 (4th row) of the periodic table. 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 environment 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
(cf. insets to Fig. 3(b)). Using the experimentally determined Q values
T
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 nQ 
and substituting for the factor b  b0n exp  
 in Eq. (1), an extrapolation of the
 RT 
hydrothermal ageing effect under in vivo conditions (37oC) was obtained from the ac-

were derived from Arrhenius plots of lnb0 vs.
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celerated hydrothermal ageing tests. In this latter calculation, the b0 values at 37oC

1
for each material (i.e., at 37oC, b0
T

NU

x10-5=0.0278, 4.469, 8.548, and 2.511 for no-stain, CoCr, Ti, and Fe, respectively).

MA

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

ED

Ref. 2 (V0m = 13%) are also included for comparison. Note that the mismatch between in vivo and in vitro data appears to be greatly reduced. The measured data for

PT

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

CE

the onset of exponential transformation is greatly reduced. Therefore, according to

AC

this newly proposed algorithm, which takes into consideration the role of V0m, the dependence b(T), and the influence of metal stains, more realistic estimates now appear
possible for expected lifetimes of ZTA-based artificial joints.
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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-

SC
RI

PT

tion from Ref. 2 (V0m = 13%) are included for comparison.

4. Conclusion

Crystallographic destabilization of the ZTA bearing surfaces was experimentally

NU

substantiated as the consequence of an ensemble of different circumstances, which
include not only hydrothermal activation but also the initial monoclinic volume frac-

MA

tion and the presence of metal contamination. These two latter additional factors
were implemented into a comprehensive theoretical framework, which more realisti-

ED

cally predicts the stability of ZTA implants. The observation that the apparent activa-

PT

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-

CE

rithm. Moreover, a chemical effect related to the presence of metal ions was clearly

AC

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 articulation has correctly been restored.
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Abstract
Understanding the intrinsic reason(s) for the enhanced tetragonal to monoclinic (t

PT

→ m) polymorphic phase transformation observed on metal-stained surfaces of
zirconia-toughened alumina (ZTA) requires detailed knowledge of off-stoichiometry

SC
RI

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

NU

the availability of electrons and holes that allow for vacancy creation/annihilation, is

MA

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

ED

polymorphic transformation. According to spectroscopic evidences obtained through
nanometer-scale analyses, enhanced annihilation of oxygen vacancies triggers

PT

polymorphic transformation in ZrO2 near the metal stain, while the overall Al2O3
lattice tends to dehydroxylate by forming oxygen vacancies.

A mechanism for

CE

chemically driven “reactive metastability” is suggested, which results in accelerating

AC

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

PT

in artificial joints has been mainly based on their high fracture strength, structural

SC
RI

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

NU

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

MA

scientists and engineers to fundamentally rethink the actual criteria upon which
biomaterial choices are made. Specifically, any new criteria should mandatorily

ED

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

They tend to “age” in vivo due to (i) the stoichiometrically-driven

CE

stability.

PT

bioceramics might be better than other monolithic oxides but they still lack surface

polymorphic phase transformation of the metastable ZrO2 dispersoids, and (ii) oxygen

AC

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

ACCEPTED MANUSCRIPT
this series have revealed a new aspect of ZTA metastability – enhancement of
polymorphic transformation by transition metal contamination – which leads to quite
Because metal contamination of

PT

short-term surface ageing and degradation.15,16

femoral heads is a common phenomenon in hip arthroplasty, detecting surface

SC
RI

stoichiometry-related changes is an important area of research.

Presented in this paper is a novel interpretation for an increase in ZTA surface

NU

metastability due to the presence of transition metal stains from experimental data of

MA

surface stoichiometry changes. In addition to providing statistical evidence for the
reliability of the detected changes, the experimental approach also offers meaningful

ED

descriptions and quantification of these changes. The approach assumes that oxygen
vacancies in the Al2O3 and ZrO2 lattice are dependently generated and annihilated,

PT

respectively, at given rates by the hydrothermal environment. The dissociated O and
H ions at the metal surface detrimentally alter the thermodynamic equilibrium and

CE

enhance the off-stoichiometry drifts that ultimately lead to polymorphic

AC

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

PT

experiments for 24 h in a conventional water-vapor autoclave operating at 121°C,

SC
RI

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-

NU

term ZTA retrievals (i.e., 5 belonging to ceramic-on-polyethylene and 5 to ceramic-

MA

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

ED

components.

PT

2.2 Raman spectroscopy analyses

Raman spectroscopic analyses were performed on as-received, metal-stained (as-

CE

stained and 24 h-autoclaved), and retrieved ZTA femoral heads Raman spectra were

AC

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

ACCEPTED MANUSCRIPT
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.

2.3 Cathodoluminescence spectroscopy analyses

SC
RI

intensity data according to the Katagiri equation.17

PT

Quantitative calculations of the (local) monoclinic volume fractions, Vm, used Raman

Cathodoluminescence (CL) spectra were collected using a field-emission gun

NU

scanning electron microscope (FEG-SEM, SE-4300, Hitachi Co., Tokyo, Japan)

voltage of 5 kV.

MA

equipped with a CL device. Electron irradiation was made with an acceleration
Preliminary calibrations proved that the selected acceleration

ED

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

PT

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

CE

Yvon/Horiba Group, Tokyo, Japan). A 150 g/mm grating was used throughout the

AC

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.

ACCEPTED MANUSCRIPT
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

PT

modeling the CL intensity emission were carried out with the aid of commercially
available computational software (Mathematica 5.2; Wolfram Research Inc.,

SC
RI

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

NU

considered statistically significant and labeled with an asterisk.

MA

2.4 X-ray photoemission spectroscopy analyses

X-ray photoemission spectroscopy (XPS) of the ZTA surfaces employed a

ED

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

PT

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

CE

energy to 10 eV and the voltage step size to 0.1 eV. The X-ray angle of incidence and

AC

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.

ACCEPTED MANUSCRIPT
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

PT

maps of monoclinic fraction are also shown for exactly the same area for the asreceived (unstained) sample (c) and for the sample after staining but before

SC
RI

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 Vmav = 36.1 ± 7.5% and maximum value

NU

Vmmax = 49.6%). On the other hand, the stained ZTA sample characterized by Raman

MA

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

ED

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

PT

monoclinic fractions were taken for all types of stain investigated at exactly the same

CE

locations before and after staining, and again after autoclaving. Statistical histograms
were then prepared comparing the monoclinic fractions before and after these various

AC

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

ED

corresponding to the square in (a) after 24 h autoclaving at 121oC. For comparison, (c) and (d)
represent exactly the same area before and after metal staining, respectively, with the sample

PT

not yet subjected to the autoclaving cycle. The label “n.d.” refers to locations where the

AC

CE

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

PT

samples, respectively. The output of these spectroscopic characterizations can be

(i)

SC
RI

summarized in the following three points:

The mechanical abrasion associated with the process of room-temperature
staining introduced negligible amounts of transformation on both Ti- and Fe-

MA

(ii)

NU

stained samples.

An autoclave treatment of < 24 h was sufficient to increase the amount of

ED

monoclinic content by 50% or more in the vicinity of the metal stains when

In areas far away from the stains, the increase in the monoclinic phase was

CE

only slightly higher than that of the pristine samples, which is an obvious
consequence of the short-exposure in the autoclave.

AC

(iii)

PT

compared with the as-received controls.
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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

ED

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

AC

CE

PT

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

PT

destabilization as phenomenologically discussed in Part I,15 and unequivocally
demonstrated its origin as being chemical in nature, not mechanical. In order to

SC
RI

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

NU

beam which could probe the sample at the nanometer scale (i.e., at a resolution two

MA

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

ED

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

PT

vacancies, VO, present in the Al2O3 lattice, and (ii) emissions from Cr3+ ions
substituted for isovalent Al3+ in the Al2O3 structure. Note that the investigated ZTA

CE

contained CrO2 as an intentionally added fraction, which is partly in solid solution

AC

within the Al2O3 lattice. Therefore, the Cr3+ 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 VO· and VO·· , respectively), while the
Cr3+ doublet is intrinsic to the electronic structure of a single type of defect (i.e., an
isovalent chromium ion substitutional located on an Al3+ 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

PT

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

SC
RI

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

NU

binds to a transition metal, several proton-coupled electron-transfer events oxidize the

MA

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

ED

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

PT

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

CE

the Al2O3 surface, moving from one three-coordinated Al site to another, since their

AC

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 Cr3+ sites,
as detected in the vicinity of the CoCr stain (cf. profile of full-width at half-maximum

ACCEPTED MANUSCRIPT
(FWHM) for the R1 line in Fig. 3(b)).

According to these spectroscopic

considerations, in the case of CoCr stain, Cr3+ separates from the stain and enters Al3+

PT

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

SC
RI

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

NU

oxygen to form stable water molecules or to catch new free oxygen is fully

MA

annihilated. Consequently, the metastable t-ZrO2 lattice is fully exposed to free

AC

CE

PT

ED

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

PT

stain; in the inset, a line is shown (with selected locations labeled) along which CL analyses

CE

were performed for both VO and Cr3+ emissions. In the electron micrographs the brighter
areas correspond to ZrO2 grains, while the Al2O3 matrix appears darker under electron

AC

illumination. In (b), results of CL line scan are shown for both VO (CL intensity) and Cr3+
(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).

PT

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

SC
RI

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

NU

for in vitro and in vivo samples regardless of the staining element. Besides possible

MA

differences in kinetics parameters and surface hydroxylation patterns, the
destabilization mechanism was similar for different metallic contaminants.

For

ED

example, in the case of Fe from stainless steel, some iron was bonded to the zirconia

AC
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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

MA

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

ED

to areas in the neighborhood of the stain; (b) a CL spectrum in the VO region collected on a

PT

Fe-stained and autoclaved sample, which shows the incorporation of Fe ions in the ZrO2
lattice; and, (c) the Cr3+ doublet, which showed significant broadening in zones near the stain

AC

“far”).

CE

(spectrum labeled “close”) as compared to zones far away from the stain (spectrum labeled
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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

PT

indicated that dilute amounts of Fe3+ substitutional to Zr4+ can stabilize the tetragonal
ZrO2 lattice at room temperature.19 Nevertheless, we believe that, as suggested by the

SC
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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

NU

commonly found in the neighborhood of the metal stains (cf. Fig. 4(c)). Note also

MA

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

ED

elements during friction, whose ionic radii and valences are smaller than that of Zr4+.
In other words, the contribution to increase the c/a axial ratio due to a lowered

PT

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

CE

during friction. This assertion is also supported by the negligible amount of

AC

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

PT

concurrent incorporation of oxygen vacancies, VO, in its lattice upon hydrothermal
exposure could be obtained by comparing XPS analyses before and after 24 h

SC
RI

autoclaving the ZTA sample at 121oC. 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

NU

related to O1s for the as-received ZTA sample before and after autoclaving,

MA

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

Upon autoclaving, a striking sevenfold fractional reduction in the Al-O-Al

PT

(i)

ED

summarized in Table I. A synopsis of the XPS results can be given, as follows:

cluster population (at 531.0 eV) was accompanied by an almost fourfold

CE

increase in defective Al-O-Al-Vo clusters (at 531.5 eV). Consistently, the

AC

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

PT

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

SC
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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

NU

formation of oxygen vacancies, while the ZrO2 lattice undergoes filling of its vacancy

MA

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
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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
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CE

autoclaved ZTA sample.
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Table 1: Summary of the XPS results shown in Fig. 5.
Percentage (%)

Band

Assignment

Energy (eV)

1

Al-O-Al

531.0

2

Defect-related

~531.5

PT

O1s

0h
7.9

0.7

3.7

15.0
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Al-O-Al-VO

24 h

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

AC

CE

PT

ED

MA

NU

3

ACCEPTED MANUSCRIPT
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

PT

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:

SC
RI

(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
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ZrO2.
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Figure 6: Schematic model of the cascade of destabilizing mechanisms occurring on the

MA

ZTA surface after exposure to a hydrothermal environment in the presence of transition metal
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contamination.
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4. Conclusion
Reported for the first time in this monograph series are results of in vivo and in

PT

vitro studies on the detection and quantification of surface stoichiometric changes on

SC
RI

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

contamination.

NU

oxygen vacancies and destabilizes the t-ZrO2 dispersoids in the vicinity of the metal
The results suggest that assessment of the surface stability of

MA

biomedical ZTA using a simplistic algorithm based on hydrothermal activation is
unrealistic. Conversely, the nanometer-scale chemically-driven algorithm formulated

ED

and presented in Parts I and II of this series15,16 represents a new promising first step
in realizing the importance of surface stoichiometry in the longevity of biomaterials
Lastly, given the frequent presence of transition metal

PT

for joint arthroplasty.

CE

contamination on ZTA bearings, it is recommended that future considerations and
assessments of ceramic bearing materials also include similar detailed surface

AC

chemistry studies.
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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+, CO32−, HPO42−, 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 formulations 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 (Si 3N4)6, to see if it also
exhibits zwitterionic-like functionality. Prior studies investigated modifications of its surface chemistry to introduce 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 osteoconductivity 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 versus silanols groups, respectively)8, analogous to the way defective Ca2+ and PO43− 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 sintering 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 consisted 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 amphoteric 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, maximizing 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 collected 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 density 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) supplemented 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 difference 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 μg/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. 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 samples. These analyses confirmed both the formation of HAp (cf. PO43−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 biomaterials 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 samples 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 biomaterials 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 biologically 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
Scientific Reports | 6:31717 | DOI: 10.1038/srep31717
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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
N20, N4+, VN3+, K0, Si-O− and N20 refer to N dangling bonds, N-N bonds, N vacancies, Si dangling bonds, nonbridging oxygen hole centers in surface SiO2, and N dangling bonds, respectively7. The minus in brackets labels
the defects with a negative charge.

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 present 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 proliferation (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 intimately mixed allows for extreme hydrophilicity (as observed on the current surface-treated Si3N4 materials); it
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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 PO43− (ν1) and PO43− (ν3) refer to symmetric and asymmetric stretching vibrations of the
P-O bonds of hydroxyapatite, respectively, while CO32− (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 PO43− tetrahedra.

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 properties 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
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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).
TBS-0.1% Triton X for 5 min. Before each of these two steps, the cells were washed with 1 mL TBS (20 mM TrisHCl 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 μg/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 monochromator (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) operating with a power of 200 mW. An objective lens with a numerical aperture of 0.5 was used both to focus the laser
Scientific Reports | 6:31717 | DOI: 10.1038/srep31717
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Figure 4. Similarity found between the morphology of the newly formed Si(Y)AlON phase (laser micrograph
in (a)) and the location of proliferating cells on the surface of the NA Si3N4 sample after 24 h of SaOS-2
proliferation (scanning electron micrograph on fixed sample in (b)).

beam on the sample surface and to collect the scattered Raman light. Confocal experiments were conducted
with a pinhole aperture of 100 μm 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 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, 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 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 3 dimensional colored image of the sample surface can be acquired by joining the 3D profile with the optical microscope
image.

References

1. Pan, H., Tao, J., Xu, X. & Tang, R. Adsorption Processes of Gly and Glu Amino Acids on Hydroxyapatite. Langmuir 23, 8972–8981
(2007).
2. Uskokovic, V. The role of hydroxyl channel in defining selected physicochemical peculiarities exhibited by hydroxyapatite. RSC Adv.
5, 36614–36633 (2015).
3. Kay, M. I., Young, R. A. & Posner, A. S. Crystal structure of hydroxyapatite. Nature 204, 1050–1052 (1964).
4. Rimola, A., Corno, M., Zicovich-Wilson, C. M. & Ugliengo, P. Ab Initio Modeling of Protein/Biomaterial Interactions: Glycine
Adsorption at Hydroxyapatite Surfaces. J. Am. Chem. Soc. 130, 16181–16183 (2008).

Scientific Reports | 6:31717 | DOI: 10.1038/srep31717

6

www.nature.com/scientificreports/
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

Vaccaro, A. R. The role of the osteoconductive scaffold in synthetic bone graft. Orthopedics 25, S571 (2002).
Weiss, L. & Englehardt, T. Über die Stickstoffverbindungen des Siliciums. Z. Anorg. Allgem. Chem. 65, 38–104 (1910).
Bock, R. M. et al. Surface Modulation of Silicon Nitride Ceramics for Orthopaedic Applications. Acta Biomater. 26, 318–330 (2015).
Zhu, W., McEntire, B. J., Enomoto, Y., Boffelli, M. & Pezzotti, G. Point-Defect Populations as Induced by Cation/Anion Substitution
in β-Si3N4 Lattice – A Cathodoluminescence Study. J. Phys. Chem. C 119, 3279–3287 (2015).
Santos, C. et al. Development and Cytotoxicity Evaluation of SiAlONs Ceramics. Mater. Sci. Eng. C 27, 148–153 (2007).
Rouahi, M. et al. Influence of hydroxyapatite microstructure on human bone cell response. J. Biomed. Mater. Res. Part A 78A,
222–235 (2006).
Cappariello, A. et al. Biotechnological approach for systemic delivery of membrane Receptor Activator of NF-κB Ligand (RANKL)
active domain into the circulation. Biomaterials 46, 58–69 (2015).
Schlenoff, J. B. Zwitteration: Coating Surfaces with Zwitterionic Functionality to Reduce Nonspecific Adsorption. Langmuir 30,
9625–9636 (2014).
Gorth, D. J. et al. Decreased Bacteria Activity on Si3N4 Surfaces Compared with PEEK or Titanium. Int. J. Nanomedicine 7,
4829–4840 (2012).
Liu, P., Domingue, E., Ayers, D. C. & Song, J. Modification of Ti6Al4V substrates with well-defined zwitterionic polysulfobetaine
brushes for improved surface mineralization. ACS Appl. Mater. Interfaces 6, 7141–7152 (2014).

Acknowledgements

The authors greatly thank Prof. M. N. Rahaman, Dr. Hiroaki Ichioka, and Dr. E. Marin for their contribution to
this work.

Author Contributions

G.P. conceived the logic of the paper and wrote the manuscript. B.J.M. prepared the silicon nitride samples and
helped write the manuscript. R.B. performed the post-sintering treatments on the silicon nitride samples and
measured the contact wetting angles. M.B. performed the cathodoluminescence experiments. W.Z. performed the
theoretical treatment of the cathodoluminescence spectra leading to their Gaussian deconvolution, and provided
the interpretation of the deconvoluted sub-bands. E.V. performed the cell proliferation counting and the assessment
of hydroxyapatite volume fraction by image analysis. L.P. performed the Raman spectroscopy experiments.
T.A. cultivated the SaOS-2 cells and made the cell proliferation and apatite growth tests. T.Y. conceived the cell
experiments and assessed their statistical reliability. N.K. conceived and supervised the biological part of this study.
B.S.B. suggested the idea of testing silicon nitride with respect to its osteoconductivity, realized the importance of
the findings in the medical field, and contributed to the preparation of the manuscript.

Additional Information

Competing financial interests: Giuseppe Pezzotti is a consultant to Amedica Corporation.
How to cite this article: Pezzotti, G. et al. Silicon Nitride: A Synthetic Mineral for Vertebrate Biology. Sci. Rep. 6,
31717; doi: 10.1038/srep31717 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:31717 | DOI: 10.1038/srep31717

7

lubricants
Article

Silicon Nitride Bearings for Total Joint Arthroplasty
Bryan J. McEntire 1, *, Ramaswamy Lakshminarayanan 1 , Darin A. Ray 1 , Ian C. Clarke 2 ,
Leonardo Puppulin 3 and Giuseppe Pezzotti 4
1
2
3

4

*

Amedica Corporation, 1885 West 2100 South, Salt Lake City, UT 84119, USA;
narayana108@yahoo.com (R.L.); darinaray@gmail.com (D.R.)
Department of Orthopaedics, Loma Linda University, Loma Linda, CA 92354, USA; ithipgeek15@yahoo.com
Department of Molecular Cell Physiology, Graduate School of Medical Science, Kyoto Prefectural University
of Medicine, 465 Kajii-cho, Kawaramachi-Hirokoji, Kamigyo-ku, Kyoto 602-8566, Japan;
pampu78@gmail.com
Ceramic Physics Laboratory, Kyoto Institute of Technology, Sakyo-ku, Matsugasaki, Kyoto 606-8126, Japan;
pezzotti@kit.ac.jp
Correspondence: bmcentire@amedica.com; Tel.: +1-801-839-3504

Academic Editor: Thomas J. Joyce
Received: 8 July 2016; Accepted: 1 October 2016; Published: 18 October 2016

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 (Si3 N4 ) 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].
Si3 N4 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 Si3 N4
compositions (i.e., <0.12) [27–31]; and even lower friction (i.e., <0.01) has been reported for Si3 N4
sliding against carbon-fiber reinforced polyetheretherketone (CRF-PEEK) [23]. For self-mated Si3 N4 ,
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
Si3 N4 ’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 ·xH2 O) 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 Si3 N4 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 Si3 N4 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 Si3 N4 head and liner pairs to similar components made from Al2 O3 . 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 Si3 N4 (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 Si3 N4 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 Si3 N4 femoral heads, and
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2 Ø40 mm XLPE liners coupled with Si3 N4 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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Figure 1. Schematics showing the location of the liners selected for spectroscopic analysis and the
Figure 1. Schematics showing the location of the liners selected for spectroscopic analysis and the
adopted mapping protocol.
adopted mapping protocol.
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Equations (1)–(3) constitute the basis of the Raman spectroscopic method for characterizing the
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
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
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
population means at different depths of the pristine and wear-tested liners in their respective wear
and non-wear zones.
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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 Si3 N4 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 Si3 N4 head and liner pairs (MC2® , Amedica
Corporation, Salt Lake City, UT, USA) [37] along with three similar Ø28 mm Al2 O3 (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 Si3 N4 and
Al2 O3 , 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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Table 1. Polyethylene wear rates from AMTI and SWM simulators at 5 Mc.

Femoral Table 1. Polyethylene wear rates from AMTI and SWM simulators at 5 Mc.
Testing
Bearing
UHMWPE &
Wear Rate
Range
Head
Machine
Size
Sterilization Method
(mm3/Mc)
(mm3/Mc)
Femoral Head
Testing
Bearing
UHMWPE &
Wear Rate
Range
Material
3 /Mc)
3 /Mc)
Machine
Size
Sterilization
Method
(mm
(mm
Si3Material
N4
AMTI
28
PE, ETO
66.0 ± 5.8
60.3–71.9
Si3 N4
AMTI
28
PE,
66.053.1
± 5.8
CoCr
AMTI
28
PE,ETO
ETO
± 4.8 60.3–71.9
47.5–56
AMTI
28
± 4.8
Si3NCoCr
4
AMTI
28
XLPE,PE,
78.5ETO
KGy, ETO 53.15.0
± 1.3 47.5–56
3.5–6.0
Si3 N4
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
Si3 N4
AMTI
40
XLPE, 78.5 KGy, ETO
9.1 ± 1.6
8.1–10.9
CoCrCoCr
SWM
28
PE,
25–40
KGy
17.6
±
0.7
16.7–18.1
SWM
28
PE, 25–40 KGy
17.6 ± 0.7
16.7–18.1
Si3NSi
4 3 N4
SWM
28
PE, 25–40
25–40KGy
KGy
± 4.1 16.7–24.3
16.7–24.3
SWM
28
PE,
21.321.3
± 4.1
As expected, the wear rate for the XLPE liners was significantly lower (p = 0.001) than the PE
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
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
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
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
37.9 ± 0.2 ◦ C. There were no changes in the roundness of any of the liners after 5 Mc as measured
CMM. Photographs of PE components (cf. Figure 4) showed an immediate disappearance of most of
by CMM. Photographs of PE components (cf. Figure 4) showed an immediate disappearance of
the machining marks after 0.5 Mc. Between 3.0 and 5.0 Mc, the surfaces showed marked adhesive
most of the machining marks after 0.5 Mc. Between 3.0 and 5.0 Mc, the surfaces showed marked
wear, which is typical of conventional PE. Photographs of the XLPE liners (cf. Figure 5) also showed
adhesive wear, which is typical of conventional PE. Photographs of the XLPE liners (cf. Figure 5) also
early disappearance of machining marks. However, they were still distinguishable after 0.5 Mc, but
showed early disappearance of machining marks. However, they were still distinguishable after 0.5 Mc,
essentially removed at ≥2.0 Mc. The particle analysis revealed no significant differences in size
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
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
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.
was not statistically significant. No CoCr or Si3 N4 wear debris was observed in these AMTI tests.
Mean surface roughness values (Ra) for CoCr and Si3N4 heads were not significantly different, ranging
Mean surface roughness values (Ra ) for CoCr and Si3 N4 heads were not significantly different,
between 11.9 ± 1.6 nm and 14.2 ± 3.2 nm, respectively, after 5.0 Mc.
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
The Raman spectroscopic results of the AMTI liners are shown in Figure 7. Average phase fraction
fraction profiles (i.e., crystalline, amorphous, and third phase) are compared for wear, non-wear, and
profiles (i.e., crystalline, amorphous, and third phase) are compared for wear, non-wear, and pristine
pristine zones of the liners. For all analyzed samples, the crystalline phase increased within the first
zones of the liners. For all analyzed samples, the crystalline phase increased within the first few
few microns of the subsurface, and reached a plateau at a depth of around 50 µm. While this trend is
microns of the subsurface, and reached a plateau at a depth of around 50 µm. While this trend is typical
typical for other commercial UHMWPE liners, there was a significant difference between wear, nonfor other commercial UHMWPE liners, there was a significant difference between wear, non-wear,
wear, and the pristine zones up to a depth of about 20 µm. Beyond 20 µm, the wear and non-wear
and the pristine zones up to a depth of about 20 µm. Beyond 20 µm, the wear and non-wear zones
zones showed similar crystalline phase contents, both of which were about 3% higher than the
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
pristine liner. Increased crystallinity was induced by formation of residual free radicals inside the
phase. These reacted with oxygen, creating hydroperoxides, which evolved into ketones, carboxyl acids,
amorphous phase. These reacted with oxygen, creating hydroperoxides, which evolved into ketones,
and other carbonyl groups [100–102]. They are responsible for polyethylene chain breakage and
carboxyl acids, and other carbonyl groups [100–102]. They are responsible for polyethylene chain
subsequent recrystallization [103,104]. Recrystallization might have also been assisted by plastic
breakage and subsequent recrystallization [103,104]. Recrystallization might have also been assisted
deformation.
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3.2. SWM Ceramic-on-Polyethylene Hip Simulator Study
Wear results for the SWM hip simulator testing of Si3 N4 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
Si3 N4 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 Si3 N4 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 Si3 N4 heads (cf. Table 2). For instance, at 1.0 Mc, the mean
surface roughness (Ra ) of the Si3 N4 and CoCr femoral heads was 4.3 nm and 8.6 nm, respectively.
At 5.0 Mc, the mean surface roughness of the Si3 N4 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 Si3 N4 components. For the acetabular liners, there was a 30% difference
in mean surface finish at 1.0 Mc between the Si3 N4 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).
Femoral Heads
# of Cycles

1 Mc
3 Mc
5 Mc

Si3 N4 Group

Acetabular Liners

CoCr Group

Si3 N4 Group

CoCr Group

Mean

Max

Mean

Max

Mean

Max

Mean

Max

4.3
18
15

7
37
24

8.6
101
112

19
381
410

77
76
93

177
177
190

106
99
102

276
199
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 Si3 N4 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 Al2 O3 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, Al2 O3 , and Si3 N4 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 Si3 N4 heads. Furthermore, although bulk serum temperatures in the AMTI study were consistent
between CoCr and Si3 N4 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 Si3 N4 , 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 Si3 N4 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 , Al2 O3 , and Si3 N4 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 Si3 N4 -on-XLPE couples have comparable XLPE wear to CoCr and
Al2 O3 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 Si3 N4 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 Si3 N4 was likely at least equivalent to CoCr. Overall, these results indicate
that Si3 N4 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.

Lubricants 2016, 4, 35

12 of 24

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 Si3 N4 and Al2 O3 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
Si3 N4 couples than either the Ø28 mm Si3 N4 or Al2 O3 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 Si3 N4 heads and liners showed continual, but minimal material loss throughout
the 3.0 Mc test. There were no Ø40 mm Al2 O3 controls included in this simulator study. The wear
performance of Si3 N4 and Al2 O3 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

Silicon Nitride
Alumina
Silicon Nitride

28 mm
28 mm
40 mm

Wear Rate (mm3 /Mc)
Head

Liner

Combined

0.007 ± 0.009
0.004 ± 0.013
−0.023 ± 0.003

−0.014 ± 0.017
−0.020 ± 0.012
−0.029 ± 0.022

−0.007 ± 0.017
−0.017 ± 0.012
−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
Si3 N4 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 Si3 N4 and Al2 O3 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 Si3 N4 heads was statistically indistinguishable from the Al2 O3
controls. Conversely, presented in Figure 10 is combined average wear for all bearing materials and
sizes. Note again from this figure that wear for Si3 N4 and Al2 O3 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 Si3 N4 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
Al2 O3 controls remained near zero wear. In particular, an abrupt loss of material was noted for two of
six Si3 N4 bearings between 3.0 Mc and 5.0 Mc, (one each of Ø28 mm and Ø40 mm), whereas the
remaining four Si3 N4 couples had essentially zero wear, comparable to the Al2 O3 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
Lubricants
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(6)

Equation (6) indicates that aluminum hydroxide is tribochemically formed during wear;
and actually, this has been verified for Al2 O3 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 Si3 N4 . It is characterized by the following salient features:
(1)
(2)

(3)

(4)

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.
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.
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,
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
Al2 O3 -on-Al2 O3 and self-mated Si3 N4 bearings. This modest protocol change prevented the
establishment of a coherent tribochemical fluid film, which appears to be essential for low-friction
Si3 N4 -on-Si3 N4 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 Si3 N4 ’s oxidation
resistance. This treatment will likely improve Si3 N4 ’s tribochemical performance as well [145–147].
Alternatively, coating Si3 N4 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, Si3 N4 -on-XLPE bearings should not experience
the same slip-stick behavior that was observed in the Si3 N4 -on-Si3 N4 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 Si3 N4 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 Si3 N4 -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 Si3 N4 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 Si3 N4 femoral heads. Post-wear
test Raman spectroscopic examination of an XLPE liner indicated that Si3 N4 ’s natural affinity for
oxygen might aid in preventing polyethylene degradation. For the CoC studies, Si3 N4 -on-Si3 N4
bearings had essentially zero wear up to 3.0 Mc in a continuous orbital motion duty cycle, and were
statistically indistinguishable in performance to Al2 O3 -on-Al2 O3 controls. Protein adsorption onto
the Si3 N4 couples was also noted in the CoC tests. However, in contrast to the self-mated Al2 O3
bearings, increased wear was observed for two Si3 N4 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
Si3 N4 under water lubrication. A tribochemical reaction occurs upon initial abrasion of Si3 N4 ’s
oxynitride surface—the products being ammonia (NH3 ) and hydroxylated silicic acid (Si(OH)4 ·xH2 O).
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 Si3 N4 couples. Nevertheless, the current results
support the use of Si3 N4 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 Si3 N4 as
a femoral head material.
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a b s t r a c t
Silicon nitride (Si3N4) has a distinctive combination of material properties such as high strength and fracture toughness, inherent phase stability, scratch resistance, low wear, biocompatibility, hydrophilic behavior, 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 be manufactured to have an ultrasmooth or highly fibrous surface structure. Its chemistry can be varied from that of a silica-like surface to
one which is predominately comprised of silicon-amines. In the present study, a Si3N4 bioceramic was subjected 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 surfaces were characterized using a variety of microscopy techniques
to assess morphology. Surface chemistry and phase composition were determined using X-ray photoelectron and Raman spectroscopy, respectively. Streaming potential measurements evaluated surface charging,
and sessile water drop techniques assessed wetting behavior. These treatments yielded significant differences in surface properties with isoelectric points ranging from 2 to 5.6, and moderate to extremely hydrophilic water contact angles from 65° to 8°. This work provides 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.
Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Silicon nitride (Si3N4) is a non-oxide ceramic that exhibits several unique properties making it attractive for various orthopaedic
⇑ Corresponding author.
E-mail address: rbock@amedica.com (R.M. Bock).
http://dx.doi.org/10.1016/j.actbio.2015.08.014
1742-7061/Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

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
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radiographic visibility as a partially-radiolucent material [4,20,21],
and has decreased bacterial activity compared to polyetheretherketone (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 passivation 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]:

Si3 N4ðsÞ þ 3O2ðgÞ ! 3SiO2ðsÞ þ 2N2ðgÞ

DG 298  K ¼ 1922

Si3 N4ðsÞ þ 6H2 OðlÞ ! 3SiO2ðsÞ þ 4NH3ðgÞ

kJ
mol
ð1Þ

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 composition transitions from nearly pure Si–N in the bulk, to intermediate 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–NH+3, Si–OH+2, Si–O) and
neutral (Si–NH2, Si–OH) functional groups [30,34–37]. Accepted
forms of the chemical reactions that produce these surface moieties are [30,35]:

Si3 NðsÞ þ 2H2 OðlÞ ! Si  NH2ðsÞ þ 2Si  OHðsÞ

ð3Þ

Si  NH2ðsÞ þ H2 OðlÞ ! 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 þ HþðaqÞ

ð5Þ

Si  OHðsÞ $ Si  OðsÞ þ HþðaqÞ

ð6Þ

Si  NHþ3ðsÞ $ Si  NH2ðsÞ þ HþðaqÞ

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 environment (i.e., changing the concentration of H+ and/or OH). The
pH at which a material displays zero net surface charge is its isoelectric 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 streaming 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
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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 employing 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 þ HþðaqÞ

ð8Þ

Y  OHðsÞ $ Y  OðsÞ þ HþðaqÞ

ð9Þ

Al  OHþ2ðsÞ $ Al  OHðsÞ þ HþðaqÞ

ð10Þ

Al  OHðsÞ $ Al  OðsÞ þ HþðaqÞ

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 somewhere 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 crystallographic 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 topography 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 passivation 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, bioglass, 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, attraction 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 traditional 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 evaluation 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 thermal, chemical, and mechanical treatments (i.e., to maximize surface 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, Germany) 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 microstructure consisting of anisotropic b-Si3N4 grains separated by thin
(<2 nm) grain boundaries of amorphous or crystalline yttrium aluminum 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 sectioned 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 designated ‘‘as polished.” Both wafer groups (as-fabricated and aspolished) 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 treatments described in Section 2.2.
Samples were prepared with modified geometries for Raman
spectroscopy, streaming potential and wetting angle measurements.
Rectangular
plates
with
dimensions
of
40 mm  20 mm  1 mm were used for streaming potential measurement, 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 identical 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 desiccator 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 reexposing 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 furnace (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 concentration 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 surface, 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 carried out using a field emission gun scanning electron microscope
(FEG-SEM) (Quanta, FEI, Hillsboro, OR). All samples were sputtercoated (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 resolution 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 average 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 ultrahigh 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 current 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 deionized water droplets having fixed volumes (VWR Signature Variable
Volume Pipette, VWR, Radnor, PA) of 25 lL. Both sides of each droplet’s projected image were measured, and at least eight measurements were taken per condition. In the case of untreated, asfabricated 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 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 in all experiments. 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 solution 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 HelmholzSmoluchowski equation [41].
Raman Spectroscopy – Raman spectra were acquired using a confocal (optical) microprobe at room temperature and a single monochromator (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 commercially 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, averaging the recorded spectra over three successive measurements. A confocal 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 samples 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 collected throughout all measurements as an internal reference for
Raman peak positions. Raman band parameters were obtained
through fitting the raw experimental spectra with Lorentzian curves.
Laser-Scanning Microscopy – Micrographs of the selected surfaces 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.
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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 representative 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 asfabricated material is etched in HF (Fig. 1c), the overall topography
is similar to the untreated case (Fig. 1a) with the exception of etching 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 subjected 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 subjected 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 differences 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 closely to silicon oxynitride (Si2N2O). In comparison, samples
thermally-oxidized in air exhibited a composition that corresponded 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 composition 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 resulting 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 specimens 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 asfabricated material was found to decrease from 66 ± 12° at deposition 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
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Fig. 1. Electron photomicrographs of Si3N4 surfaces subjected to varying surface preparations. (Images are secondary electron photos unless otherwise specified). asfabricated (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).

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, 40 mV and
120 mV at homeostatic pH, respectively.
Raman Spectroscopy – Fig. 4(a) through (d) show the Raman
spectra collected on the polished surfaces of different Si3N4 samples in the 150–250 cm1 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 zaxis, (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
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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.

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

Sample

Ra (nm)

Rq (nm)

Sample

h (°)

As-fabricated
Thermal treatment in air
Thermal treatment in N2
Etched in HF
Chemical mechanical polished

336
287
296
341
9

433
369
373
439
16

As-fabricated
Chemical mechanical polished
As-fabricated, etched in HF
As-fab, thermal treatment in N2
As-fab, thermal treatment in air

66 ± 12
47 ± 3
60 ± 13
9±2
8±1

treated samples show a different texture as compared to the
untreated surface, which is especially marked after the N2 thermal
treatments.

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 protruding 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 migration 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

Theoretical bulk
composition
As-fabricated
HF-etched
Thermal treatment in
N2
Oxidized
Chemical mechanical
polished
Polished & HF-etched
Polished & oxidized

Concentration (at.%)
Si

N

39.7

52.9

35.1
31.6
32.7

O

Atomic
ratio
Al

Y

4.5

1.6

1.1

35.5
35.2
33.3

17.5
8.4
16.6

2.1
0.9
5.1

32.7
38.7

0.1
47.2

57.7
6.4

42.1
27.6

44.2
2.5

6.2
54.6

C

N/Si

O/Si

–

1.33

0.11

0.1
0.1
2.1

9.7
21.8
10.3

1.01
1.12
1.02

0.49
0.27
0.50

2.9
1.6

1.3
0.8

5.4
5.3

0.00
1.22

1.76
0.17

1.8
3.9

0.6
4.6

5.3
6.6

1.05
0.09

0.15
1.98

Table 4
Sessile drop contact angle (h) of deionized water on the surface of as-fabricated Si3N4
over a duration of 30 min.
Time (min)

h (°)

0
5
15
20
25
30

66 ± 12
59 ± 12
48 ± 10
41 ± 11
35 ± 13
30 ± 9

grains in the thermally treated samples was confirmed by SEM
(cf. Fig. 1d–f) and by morphological differences on polished surfaces (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 arthroplasty 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 osseointegration 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 periodic protrusions [69].
X-ray Photoelectron Spectroscopy – The XPS data (Table 3) indicate 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 sintering 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 Si2N2O0.8 found previously for a commercial Si3N4 powder [27]. There
is likely a gradient in chemical composition, with decreasing oxygen 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 asfabricated samples. Therefore, it is not unexpected to see skewed

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 measurements. 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

Fig. 3. Zeta potential as a function of pH, as measured by streaming potential, for as-fabricated Si3N4 (a), and for the Si3N4 after chemical mechanical polishing (b) for asprocessed samples, samples exposed to an HF etch, and samples subjected to thermal oxidation in air.
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Fig. 4. Raman spectra of the b-silicon nitride surface in the 150–250 cm1 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).

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 surface 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 surface 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. Chemical mechanical polishing of as-fabricated
samples increased their isoelectric point from 4.2 to 5.5. The principle 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 isoelectric 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 asfabricated and as-polished surfaces were minimally oxidized. Conversely, 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)
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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 demonstrated formation of a morphologically similar apatite layer on
implant surfaces and favorable osteointegration. It was hypothesized 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 precipitation of hydroxyapatite on the surface. As was observed here,
Si3N4 exhibits a high negative surface charge. Therefore, it is possible 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 surface charge at homeostatic pH by oxidation of the material surface
may accelerate apatite deposition. Modulation of charge magnitude may also allow for control of the deposited layer’s morphology 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 testing of specific components of complex interactions between bacteria and the implant surface. As most bacteria exhibit a negative
surface charge at physiologic pH [74–76], the electrostatic component 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]. Furthermore, 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 interactions. The oxidized Si3N4 surface in particular, owing to its extreme
negative surface charge, might provide an environment that inherently 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 contact 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 exhibited 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 r f f cos h þ f  1

Fig. 6. Scanning laser micrograph of the Si3N4 surface (a) polished untreated, (b)
thermally treated in N2, and (c) thermally treated in air.

groups on the surface of Si3N4 powders [30,35,37]. Similar to observations 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 correlates with the N/Si ratio [37].

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. Furthermore, water contact angle measurements made on other similar 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 behavior) [68]. However, the contact angle steadily decreased to 30°
within 30 min, which was significantly less than for polished samples. It is believed that this decrease was due to water slowly infiltrating the gaps between grains due to capillary forces in a process
described as hemiwicking [78], thereby removing trapped air pockets from the interface. Contact angle measurements made previously 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 treatments, and polishing) there was less variation in wetting angles,
and droplets adopted circular interfacial areas. As-fabricated samples subjected to thermal treatments displayed extremely low wetting 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 Wenzel 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 following thermal treatment in air also correlates well with data
obtained from streaming potential measurements. Thermally oxidized samples exhibited a much higher magnitude of surface charge
at a pH near 7 than as-fabricated or HF-etched samples. Further, silica surfaces have been shown to exhibit low wetting angles [79]; so,
it is not unexpected that the oxidized sample would also show better 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 contact 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 characterization. The observed increase in hydrophilicity resulting from the
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heat treatments in air and N2 allows for more thorough wetting
of an implant by body fluids. A modified Si3N4 surface that wets faster 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 cm1 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 orientation of the surface crystallites irradiated by the incoming polarized 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 sample 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 differences as compared to the untreated sample, as follows: (a)
Besides a clear decrease in the absolute intensity of all bands constituting 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 centered at approximately 230 cm1. This broad band can be interpreted 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. Broadening 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 polished 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 highest amount of Al and Y among the set of examined samples. However, 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 magnitude larger depth. The line map taken along the z-axis of the
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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.

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 micrographs (cf. Fig. 1(b, e) and Fig. 6(b, c)), the thermally-treated samples show a different texture as compared to the untreated
specimens, which is especially marked after the N2 thermal treatments. 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 responsible 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 schematically 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 lattice 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 (Si6zAlzOzN8z),
silicon and nitrogen of the b-Si3N4 network are partly substituted
by aluminum and oxygen, respectively [89]. As z increases, elemental 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 cm1 toward lower
frequencies of the Si–N skeletal vibration at 180 cm1 corresponds 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 conventional thermal, chemical, and mechanical treatments. The surface
of as-fabricated Si3N4 exhibited anisotropic and stochastically oriented 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 materials – which exhibited strong negative surface charging at homeostatic 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 hydrophilicity. Thermal treatment in an oxidizing atmosphere resulted in a
surface composition effectively the same as amorphous SiO2. It also
exhibited extremely low wetting angles and charging behavior that
mimicked pure silica. The isoelectric points of these variously treated 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 hydrophilicity. 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 couple 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
Correspondence to: B. S. Bal (e-mail: balb@health.missouri.edu)
Contract grant sponsor: National Institutes of Arthritis and Musculoskeletal
Diseases, Phase 1 NIH-SBIR Program; contract grant number: R44-AR45517-01
' 2008 Wiley Periodicals, Inc.

outcomes have shown that Al2O3–Al2O3 THA is associated
with lower bone loss in the proximal femur than metal-onPE controls.7 Many other clinical and experimental investigations have shown the wear advantages of ceramic bearings 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 tetragonal 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 commercially to make oxidized zirconium femoral heads that
overcome concerns related to the brittleness of all-ceramic
447
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bearings, while reducing PE wear in THA.15 However, the
surface hardness and scratch resistance of oxidized zirconium 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 hightemperature industrial applications such as structural components 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 characteristics and processing have enabled the manufacture of Si3N4
ceramics with high mechanical reliability. Dense Si3N4 fabricated 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 Rcurve 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 manufacture of current Al2O3 bearings, was used to densify the
shaped powder form. The ﬂexural strength, Weibull modulus, 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 particle 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 dislocations and metal particle release.

MATERIALS AND METHODS

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 cylindrical 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 according to ASTM C-1161,24 using specimens (3 mm 3 4 mm 3
45 mm) cut from the fabricated material. The tests were performed 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; Instron, 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 bending 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 pﬃﬃﬃ
c Fð a Þ
2wh2

ð2Þ

where a 5 c/h and F(a) is given by
F ð aÞ ¼

1:99  að1  aÞð2:15  3:93a þ 2:7a2 Þ
ð1 þ 2aÞð1  aÞ3=2

ð3Þ

Material Fabrication

Effects of Accelerated Aging

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

To investigate the possibility of material corrosion and degradation, 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 autoclaving for 100 h and in control bars that underwent no
autoclaving. The goal was to detect any changes in the
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Figure 1. SEM images of fabricated Si3N4, showing a dense, uniform microstructure of ﬁne elongated grains.

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. Flexural 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 surfaces of a THA bearing; these contact stresses can be calculated 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
PR*
3E

ð5Þ

where R* is the average radius of curvature for the two
contacting surfaces, k/E is a function of the elastic constants (the elastic modulus E and the Poisson’s ratio m) of
the two contacting materials, given by


 1 

k
9 1 
¼
1  m22 þ
1  m21
E 16 E2
E1

ð6Þ

Equations (4)–(6) predict lower contact stress differentials when the elastic moduli between the contacting surfaces 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
Journal of Biomedical Materials Research Part B: Applied Biomaterials

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 physiologic 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 simulator using previously published protocols.27,28 Commercially 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 12station 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 proﬁle 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
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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 measured 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 extrapolated to 10 million cycles for comparison to literature values. 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-onhard 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 linear 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.

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).

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 (bSi3N4). 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 deviation 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 million cycles predicted wear volumes of 0.65 mm3 and 0.47
mm3, respectively [Figure 4(a)]. The means and standard

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
CoCr
Al2O3
Y-TZP
ZTA

306
210–250
300–500
200–250
300–350

15 6 1
3–4
14–16
12–14
12–15

10 6 1
50–100
4–5
6–12
6–10

920 6 70
800–1000a
300–400
1000–1500
700–1000

Source: Ref. 5.
CoCr, cobalt–chromium alloy; Y-TZP, yttria-stabilized tetragonal zirconia polycrystals (typically ZrO2–3 mol% Y2O3); ZTA, ZrO2-toughened Al2O3 (typically
Al2O3 containing ~20 vol% ZrO2.
a
Tensile yield strength.

Figure 3. Flexural strength of fabricated Si3N4 as a function of
aging time in a surgical autoclave at 1218C.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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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

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 conditions.

deviations are given in Figure 4(b). In comparison, the
reported clinical wear volume for CoCr–ultra-high molecular 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 protocols, were 6.5 mm3 and 0.35–0.6 mm3, respectively.6

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 medical 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 properties 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 articulating surfaces. Si3N4–Si3N4 pairings have a friction coefﬁcient 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.
Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Catastrophic failure of a ceramic THA bearing occurs
because of surface and subsurface microcracks that propagate 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 catastrophic 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 articulating 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 quality 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 combinations in THA, such as CoCr–CoCr and Al2O3–Al2O3.45
The generation of a larger number of smaller wear debris 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 Ceramic particles are inert, and for matched particle size and
concentration, they are less bioreactive than PE particles.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 bearings used in THA. Accelerated aging in a surgical autoclave 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 zirconiatoughened 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 ceramicon-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-onceramic 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-onceramic 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:
1

r2 2

p(r) = p0 (1 − 2)
a

(1)
3

where p0 is the maximum contact pressure given by:

p0 =

3F

(2)

2πa2

F is the applied force, and a is the radius of the contact area, which is given by:
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R* is the effective radius for two identical spheres of R1 = R2, and is defined as:
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and, E* is the effective elastic modulus for two spheres of the same material, E1 = E2 = E and v1 = v2
= v:
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E

A contact area of about 0.055 mm2 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 nitrogencooled 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):
(I178 +I189 )

m
Vm = 4.4I145m+ I178
+I189
t

m

m

(6)

178
189
where Im
and Im
are the Raman peak intensities of the monoclinic bands at 178 cm-1 and 189
cm-1, while It145 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 34o. 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.
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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
6

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 mZrO2 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
7

(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 subbands attributed to the existence of two zirconium species – one with a low binding energy (i.e., Zr2+,
between 180.7 and 181.4 eV) and another with higher binding energies (i.e., Zr3+ and Zr4+, between
182.1 and 182.3 eV). However, it should be noted that the fractional species of Zr3+ and Zr4+ for any
ZrO2 polymorph is large compared to that of Zr2+. The binding energy of Zr4+ species in stoichiometric ZrO2 was reported at around 182.6 eV (Ardizzone and Bianchi, 2000), while slightly lower
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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 toward lower binding energies have been associated with holes (i.e., oxygen vacancies) in the ZrO2 lattice (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. However, 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. According 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 Zr2+ sites. When compared to stoichiometric ZrO2, this
clearly lower value suggests that the Zr2+ shoulder was comprised of sites rich in oxygen vacancies.
Moreover, the slight shift of the Zr2+ shoulder-peak toward higher energies in the worn versus unworn areas indicates that oxygen vacancies in the tetragonal ZrO2 phase were partly annihilated during 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. Similarly, the main peak, which was observed at ~183.1 eV, was assigned to cumulative Zr3d components 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 between Zr3+ and Zr4+ sites. Note also that the two chemical states for Y3+, 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 wellknown 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)
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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 surfaceactive 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 surfaceactive compounds can clearly lead to chemistry-driven synoviocytic activity, which plays a nonnegligible 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 offstoichiometric 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
40.75
7.31
51.94
Test #1
zone
41.37
7.18
51.44
Test #2
41.06
7.25
51.69
Average
0.31
0.06
0.25
Dev
Non
42.06
5.92
52.02
Test #1
wear
43.38
6.33
50.28
Test #2
zone
42.72
6.13
51.15
Average
0.66
0.21
0.87
Dev
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