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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

20 vol.% ZrO2.
3 mol.% Y2O3.

160–180

47

75
3.4
8.6–9.6
6.7

OH
Groups

TiO2/
Al2O3
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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

2893

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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Certain ﬁgures in this article, particularly Figs. 2 and 3 are difﬁcult to interpret in black and white. The full colour images can be
found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2012.04.031.
References
[1] Riley FL. Silicon nitride and related materials. J Am Ceram Soc
2000;83:245–65.
[2] Brook
RJ,
editor.
Concise
encyclopedia
of
advanced
ceramic
materials. Oxford: Pergamon Press; 1991.
[3] Supancic P, Danze R, Harrer W, Wang Z, Witschnig S, Schöppl O. Strength tests
on silicon nitride balls. Key Eng Mat 2009;409:193–200.
[4] Howlett CR, McCartney E, Ching W. The effect of silicon nitride ceramic on
rabbit skeletal cells and tissue. An in vitro and in vivo investigation. Clin
Orthop Relat Res 1989;244:293–304.
[5] Neumann A, Jahnke K, Maier HR, Ragoß C. Biocompatibility of silicon nitride
ceramic in vitro. A comparative ﬂuorescence-microscopic and scanning
electron-microscopic study. Laryngorhinootologie 2004;83:845–51.
[6] Taylor RM, Bernero JP, Patel AA, Brodke DS, Khandkar AC. Silicon nitride: a
new material for spinal implants. J Bone Joint Surg Br 2010;92(Suppl. 1):133.
[7] Neumann A, Unkel C, Werry C, et al. Osteosynthesis in facial bones. Silicon
nitride ceramic as material. HNO 2006;54:937–42.
[8] Neumann A, Unkel C, Werry C, et al. Prototype of a silicon nitride ceramicbased miniplate osteoﬁxation system for the midface. Otolaryngol Head Neck
2006;134:923–30.
[9] Bal BS, Khandkar A, Lakshminarayanan R, Clarke I, Hoffman AA, Rahaman MN.
Testing of silicon nitride ceramic bearings for total hip arthroplasty. J Biomed
Mater Res B 2008;87:447–54.

[10] Kowalczewski JB, Milecki M, Marczak D. What’s new in total hip
replacement? Chirurgia Narzadow Ruchu i Ortopedia Polska 2005;70:401–5.
[11] Blumenfeld TJ, Scott RD. The role of the cemented all-polyethylene tibial
component in total knee replacement: a 30-year patient follow-up and
review of the literature. Knee 2010;17:412–6.
[12] Cooper HJ, Ranawat AS, Potter HG, Foo LF, Koob TW, Ranawat CS. Early
reactive synovitis and osteolysis after total hip arthroplasty. Clin Orthop Relat
Res 2010;468:3278–85.
[13] Smith LK, Cramp F, Palmer S, Coghill N, Spencer RF. Use of morphometry to
quantify osteolysis after total hip arthroplasty. Clin Orthop Relat Res
2010;468:3077–83.
[14] Burnett RS, Keeney JA, Maloney WJ, Clohisy JC. Revision total knee
arthroplasty for major osteolysis. Iowa Orthop J 2009;29:28–37.
[15] Marshall A, Ries MD, Paprosky W. Implant Wear Symposium Clinical Work G.
How prevalent are implant wear and osteolysis, and how has the scope of
osteolysis changed since 2000? J Am Acad Orthop Surg 2008;16:S1–6.
[16] Lubbeke A, Garavaglia G, Barea C, Stern R, Peter R, Hoffmeyer P. Inﬂuence of
patient activity on femoral osteolysis at 5 and 10 years following hybrid total
hip replacement. J Bone Joint Surg Br 2011;93:456–63.
[17] Charnley J. The long-term results of low-friction arthroplasty of the hip
performed as a primary intervention 1972. Clin Orthop Relat Res
1995;319:4–15.
[18] Grifﬁth MJ, Seidenstein MK, Williams D, Charnley J. The classic: socket wear
in Charnley low friction arthroplasty of the hip. Clin Orthop Relat Res
2006;448:3–9.
[19] Insall JN, Binazzi R, Soudry M, Mestriner LA. Total knee arthroplasty. Clin
Orthop Relat Res 1985;192:13–22.
[20] Insall JN, Hood RW, Flawn LB, Sullivan DJ. The total condylar knee prosthesis
in gonarthrosis. A ﬁve to nine-year follow-up of the ﬁrst one hundred
consecutive replacements. J Bone Joint Surg Am 1983;65:619–28.
[21] Capello WN, D’Antonio JA, Ramakrishnan R, Naughton M. Continued
improved wear with an annealed highly cross-linked polyethylene. Clin
Orthop Relat Res 2011;469:825–30.
[22] Lachiewicz PF, Geyer MR. The use of highly cross-linked polyethylene in total
knee arthroplasty. J Am Acad Orthop Surg 2011;19:143–51.
[23] Thomas GE, Simpson DJ, Mehmood S, et al. The seven-year wear of highly
cross-linked polyethylene in total hip arthroplasty: a double-blind,
randomized controlled trial using radiostereometric analysis. J Bone Joint
Surg Am 2011;93:716–22.
[24] Bozic KJ, Kurtz S, Lau E, et al. The epidemiology of bearing surface usage in total
hip arthroplasty in the United States. J Bone Joint Surg Am 2009;91:1614–20.
[25] Zywiel MG, Sayeed SA, Johnson AJ, Schmalzried TP, Mont MA. Survival of
hard-on-hard bearings in total hip arthroplasty: a systematic review. Clin
Orthop Relat Res 2010;469:1536–46.
[26] Willert HG, Buchhorn GH, Fayyazi A, et al. Metal-on-metal bearings and
hypersensitivity in patients with artiﬁcial hip joints. A clinical and
histomorphological study. J Bone Joint Surg Am 2005;87:28–36.
[27] Davda K, Lali FV, Sampson B, Skinner JA, Hart AJ. An analysis of metal ion
levels in the joint ﬂuid of symptomatic patients with metal-on-metal hip
replacements. J Bone Joint Surg Br 2011;93:738–45.
[28] Wynn-Jones H, Macnair R, Wimhurst J, et al. Silent soft tissue pathology is
common with a modern metal-on-metal hip arthroplasty. Acta Orthop
2011;82:301–7.
[29] Corradi M, Daniel J, Ziaee H, Alinovi R, Mutti A, McMinn DJW. Early markers of
nephrotoxicity in patients with metal-on-metal hip arthroplasty. Clin Orthop
Relat Res 2011;469:1651–9.
[30] Bascarevic Z, Vukasinovic Z, Slavkovic N, et al. Alumina-on-alumina ceramic
versus metal-on-highly cross-linked polyethylene bearings in total hip
arthroplasty: a comparative study. Int Orthop 2010;34:1129–35.
[31] Kim Y-H, Choi Y, Kim J-S. Cementless total hip arthroplasty with alumina-onhighly cross-linked polyethylene bearing in young patients with femoral
head osteonecrosis. J Arthroplasty 2011;26:218–23.
[32] Oonishi H, Kim SC, Kyomoto M, Masuda S, Asano T, Clarke IC. Change in
UHMWPE properties of retrieved ceramic total knee prosthesis in clinical use
for 23 years. J Biomed Mater Res B 2005;74:754–9.
[33] Hannouche D, Zaoui A, Zadegan F, Sedel L, Nizard R. Thirty years of experience
with alumina-on-alumina bearings in total hip arthroplasty. Int Orthop
2011;35:207–13.
[34] Nizard R, Sedel L, Hannouche D, Hamadouche M, Bizot P. Alumina pairing in
total hip replacement. J Bone Joint Surg Br 2005;87:755–8.
[35] Hamadouche M, Boutin P, Daussange J, Bolander ME, Sedel L. Alumina-onalumina total hip arthroplasty: a minimum 18.5-year follow-up study. J Bone
Joint Surg Am 2002;84:69–77.
[36] Oonishi H, Murata N, Saito M. 3 to 18 year clinical results of total knee
replacement with ceramic components. Key Eng Mat 2001;192–
195:999–1002.
[37] Oonishi H, Nabeshima T, Hanatate Y, Tsuji E, Yunoki H. Wear test of KOMalumina total knee prosthesis by a knee simulator. In: Oonishi H, Ooi Y,
editors. Orthopaedic ceramic implants, vol. 4. Japanese Society of Ceramic
Implants; 1984. p. 297–304.
[38] Akagi M, Nakamura T, Matsusue Y, Ueo T, Nishijyo K, Ohnishi E. The Bisurface
total knee replacement: a unique design for ﬂexion. Four-to-nine-year
follow-up study. J Bone Joint Surg Am 2000;82:1626–33.
[39] Bal BS, Greenberg DD, Buhrmester L, Aleto TJ. Primary TKA with a zirconia
ceramic femoral component. J Knee Surg 2006;19:89–93.

B.S. Bal, M.N. Rahaman / Acta Biomaterialia 8 (2012) 2889–2898
[40] Hui C, Salmon L, Maeno S, Roe J, Walsh W, Pinczewski L. Five-year comparison
of oxidized zirconium and cobalt-chromium femoral components in total
knee arthroplasty: a randomized controlled trial. J Bone Joint Surg Am
2011;93:624–30.
[41] Innocenti M, Civinini R, Carulli C, Matassi F, Villano M. The 5-year results of
an oxidized zirconium femoral component for TKA. Clin Orthop Relat Res
2010;468:1258–63.
[42] Clarke IC, Manaka M, Green DD, et al. Current status of zirconia used in total
hip implants. J Bone Joint Surg Am 2003;85(Suppl. 4):73–84.
[43] Fukui K, Kaneuji A, Sugimori T, Ichiseki T, Kitamura K, Matsumoto T. Wear
comparison between a highly cross-linked polyethylene and conventional
polyethylene against a zirconia femoral head: minimum 5-year follow-up. J
Arthroplasty 2011;26:45–9.
[44] Nakahara I, Nakamura N, Nishii T, Miki H, Sakai T, Sugano N. Minimum ﬁveyear follow-up wear measurement of longevity highly cross-linked
polyethylene cup against cobalt-chromium or zirconia heads. J Arthroplasty
2010;25:1182–7.
[45] Iwakiri K, Iwaki H, Minoda Y, Ohashi H, Takaoka K. Alumina inlay failure in
cemented polyethylene-backed total hip arthroplasty. Clin Orthop Relat Res
2008;466:1186–92.
[46] Rhoads DP, Baker KC, Israel R, Greene PW. Fracture of an alumina femoral
head used in ceramic-on-ceramic total hip arthroplasty. J Arthroplasty
2008;23(1239):e1225–30.
[47] Garino JP. Modern ceramic-on-ceramic total hip systems in the United States:
early results. Clin Orthop Relat Res 2000;379:41–7.
[48] Barrack RL, Burak C, Skinner HB. Concerns about ceramics in THA. Clin Orthop
Relat Res 2004;429:73–9.
[49] Masson B. Emergence of the alumina matrix composite in total hip
arthroplasty. Int Orthop 2009;33:359–63.
[50] Affatato S, Torrecillas R, Taddei P, et al. Advanced nanocomposite materials
for orthopaedic applications. I. A long-term in vitro wear study of zirconiatoughened alumina. J Biomed Mater Res B 2006;78:76–82.
[51] Maccauro G, Bianchino G, Sangiorgi S, et al. Development of a new zirconiatoughened alumina: promising mechanical properties and absence of in vitro
carcinogenicity. Int J Immunopathol Pharmacol 2009;22:773–9.
[52] Fernandez-Fairen M, Blanco A, Murcia A, Sevilla P, Gil FJ. Aging of retrieved
zirconia femoral heads. Clin Orthop Relat Res 2007;462:122–9.
[53] Maccauro G, Piconi C, Burger W, et al. Fracture of a Y-TZP ceramic femoral
head. Analysis of a fault. J Bone Joint Surg Br 2004;86:1192–6.
[54] Pezzotti G, Yamada K, Porporati AA, Kuntz M, Yamamoto K. Fracture
toughness analysis of advanced ceramic composite for hip prosthesis. J Am
Ceram Soc 2009;92:1817–22.
[55] Pezzotti G, Yamada K, Sakakura S, Pitto RP. Raman spectroscopic analysis of
advanced ceramic composite for hip prosthesis. J Am Ceram Soc
2008;91:1199–206.
[56] Pezzotti G, Saito T, Takahashi Y, Fukatsu K, Sugano N. Surface topology of
advanced alumina/zirconia composite femoral head as compared with
commercial femoral heads made of monolithic zirconia. J Am Ceram Soc
2011;94:945–50.
[57] Wang W, Hadﬁeld M, Wereszczak AA. Surface strength of silicon nitride in
relation to rolling contact performance. Ceram Int 2009;35:3339–46.
[58] Shi F, Miao H, Peng Z, Si W, Qi L, Li W. Bending strength of ceramics implanted
by titanium, zirconium, and chromium ions with MEVVA source. Key Eng Mat
2005;280–283:1211–2.
[59] Chen FC, Ardell AJ. Fracture toughness of ceramics and semi-brittle alloys
using a miniaturized disk-bend test. Mater Res Innovations 2000;3:250–62.
[60] Li CW, Yamanis J. Super-tough silicon nitride with R-curve behavior. Ceram
Eng Sci Proc 1989;10(7–8):632–45.
[61] Becher PF, Sun EY, Plucknett KP, Alexander KB, Hsueh CH, Lin HT, et al.
Microstructural design of silicon nitride with improved fracture toughness: I,
effect of grain shape and size. J Am Ceram Soc 1998;81:2821–30.
[62] Becher PF. Microstructural design of toughened ceramics. J Am Ceram Soc
1991;74:255–69.
[63] Bal BS, Khandkar A, Lakshminarayanan R, Clarke I, Hoffman AA, Rahaman
MN. Fabrication and testing of silicon nitride bearings in total hip
arthroplasty. Winner of the 2007 ‘‘HAP’’ PAUL Award. J Arthroplasty
2009;24:110–6.
[64] Guedes e Silva CC, Higa OZ, Bressiani JC. Cytotoxic evaluation of silicon
nitride-based ceramics. Mater Sci Eng C 2004;24:643–6.
[65] Wang L, Snidle RW, Gu L. Rolling contact silicon nitride bearing technology: a
review of recent research. Wear 2000;246:159–73.
[66] Mazzocchi M, Bellosi A. On the possibility of silicon nitride as a ceramic for
structural orthopaedic implants. Part I: processing, microstructure,
mechanical properties, cytotoxicity. J Mater Sci Mater Med 2008;19:2881–7.
[67] Park DS, Danyluk S, McNallan MJ. Inﬂuence of tribochemical reaction
products on friction and wear of silicon nitride at elevated temperatures in
reactive environments. J Am Ceram Soc 1992;75:3033–9.
[68] Fischer TE, Tomizawa H. Interaction of tribochemistry and microfracture in
the friction and wear of silicon nitride. Wear 1985;105:29–45.
[69] Ishigaki H, Nagata R, Iwasa M. Effect of adsorbed water on friction of hotpressed silicon nitride and silicon carbide at slow speed sliding. Wear
1988;121:107–16.
[70] Takadoum J, Houmid-Bennani H, Mairey D. The wear characteristics of silicon
nitride. J Eur Ceram Soc 1998;18:553–6.
[71] Lee KH, Kim KW. Effects of humidity and sliding speed on the wear properties
of Si3N4 ceramics. Mater Sci Eng A 1989;186:185–91.

2897

[72] Saito T, Imada Y, Honda F. An analytical observation of the tribochemical
reaction of silicon nitride sliding with low friction in aqueous solutions. Wear
1997;205:153–9.
[73] Xu J, Kato K. Formation of tribochemical layer of ceramics sliding in water and
its role for low friction. Wear 2000;245:61–75.
[74] Maw W, Stevens F, Langford SC, Dickinson JT. Single asperity tribochemical
wear of silicon nitride studied by atomic force microscopy. J Appl Phys
2002;92:5103–9.
[75] Jahanmir S, Ozmen Y, Ives LK. Water lubrication of silicon nitride in sliding.
Tribol Lett 2004;17:409–17.
[76] Amutha Rani D, Yoshizawa Y, Jones MI, Hyuga H, Hirao K, Yamauchi Y.
Comparison of tribological behavior between a-Sialon/Si3N4 and Si3N4/
Si3N4 sliding pairs in water lubrication. J Am Ceram Soc 2005;88:1655–8.
[77] Sasaki S. The effects of the surrounding atmosphere on the friction and wear of
alumina, zirconia, silicon carbide and silicon nitride. Wear 1989;134:185–200.
[78] Zhou YS, Ikeuchi K, Ohashi M. Comparison of the friction properties of four
ceramic materials for joint replacements. Wear 1997;210:171–7.
[79] Kusaka J, Takashima K, Yamane D, Ikeuchi K. Fundamental study for allceramic artiﬁcial hip joint. Wear 1999;225–229:734–74.
[80] Hah S, Burk CB, Fischer TE. Surface quality of tribochemically polished silicon
nitride. J Electrochem Soc 1999;146:1505–9.
[81] Sariali E, Stewart T, Jin Z, Fisher J. In vitro investigation of friction under edge
loading conditions for ceramic-on-ceramic total hip prosthesis. J Orthop Res
2010;28:979–85.
[82] Jahanmir S. Wear transitions and tribochemical reactions in ceramics. P I
Mech Eng J-J Eng 2002;216:371–85.
[83] Iliev C. On the wear behaviour of silicon nitride sliding against metals in
water. Ind Lubr Tribol 2010;62:32–6.
[84] Blewis ME, Nugent-Derfus GE, Schmidt TA, Schumacher BL, Sah RL. A model
of synovial ﬂuid lubricant composition in normal and injured joints. Eur Cells
Mater 2007;13:26–39.
[85] Mazzucco D, Spector M. The John Charnley Award Paper. The role of joint
ﬂuid in the tribology of total joint arthroplasty. Clin Orthop Relat Res
2004;429:17–32.
[86] Zhang W, Titze M, Cappi B, Wirtz DC, Telle R, Fischer H. Improved mechanical
long-term reliability of hip resurfacing prostheses by using silicon nitride. J
Mater Sci Mater Med 2010;21:3049–57.
[87] Mazzocchi M, Gardini D, Traverso PL, Faga MG, Bellosi A. On the possibility of
silicon nitride as a ceramic for structural orthopaedic implants. Part II:
chemical stability and wear resistance in body environment. J Mater Sci
Mater Med 2008;19:2889–901.
[88] Herrmann M, Schilm J, Hermel W, Michaelis A. Corrosion behaviour of silicon
nitride ceramics in aqueous solutions. J Ceram Soc Jpn 2006;114:1069–75.
[89] Cheong YS, Mukundhan P, Du HH, Withrow SP. Improved oxidation resistance
of silicon nitride by aluminum implantation: I. Kinetics and oxide
characteristics. J Am Ceram Soc 2000;83:154–60.
[90] Tsarenko I, Park S, Due H, Lee WY. Sol–gel alumina coating for improved
cyclic oxidation resistance of silicon nitride. J Am Ceram Soc 2003;86:1622–4.
[91] Salgueiredo E, Vila M, Silva MA, Lopes MA, Santos JD, Costa FM, et al.
Biocompatibility evaluation of DLC-coated Si3N4 substrates for biomedical
applications. Diam Relat Mater 2008;17:878–81.
[92] Cheong YS, Mukundhan P, Du HH, Withrow SP. Improved oxidation resistance
of silicon nitride by aluminum implantation: II. Analysis and optimization. J
Am Ceram Soc 2000;83:161–5.
[93] Chowdhury S, Vohra YK, Lemons JE, Ueno M, Ikeda J. Accelerating aging of
zirconia femoral head implants: change of surface structure and mechanical
properties. J Biomed Mater Res B 2007;81:486–92.
[94] Hayaishi Y, Miki H, Yoshikawa H, Sugano N. Phase transformation of a new
generation yttria-stabilized zirconia femoral head after total hip arthroplasty.
Mod Rheumatol 2008;18:647–50.
[95] Masonis JL, Bourne RB, Ries MD, McCalden RW, Salehi A, Kelman DC. Zirconia
femoral head fractures: a clinical and retrieval analysis. J Arthroplasty
2004;19:898–905.
[96] Neumann A, Reske T, Held M, Jahnke K, Ragoss C, Maier HR. Comparative
investigation of the biocompatibility of various silicon nitride ceramic
qualities in vitro. J Mater Sci Mater Med 2004;15:1135–40.
[97] Kue R, Sohrabi A, Nagle D, Frondoza C, Hungerford D. Enhanced proliferation
and osteocalcin production by human osteoblast-like MG63 cells on silicon
nitride ceramic discs. Biomaterials 1999;20:1195–201.
[98] Cappi B, Neuss S, Salber J, Telle R, Knüchel R, Fischer H. Cytocompatibility of
high strength non-oxide ceramics. J Biomed Mater Res A 2010;93:67–76.
[99] Guedes e Silva CC, König Jr B, Carbonari MJ, Yoshimoto M, Allegrini Jr S,
Bressiani JC. Tissue response around silicon nitride implants in rabbits. J
Biomed Mater Res A 2008;84:337–43.
[100] Bal BS, Garino J, Ries M, Rahaman MN. Ceramic materials in total joint
arthroplasty. Semin Arthroplasty 2006;17:94–101.
[101] Rahaman MN, Yao A, Bal BS, Garino JP, Ries MD. Ceramics for prosthetic hip
and knee joint replacement. J Am Ceram Soc 2007;90:1965–88.
[102] Lewis PM, Al-Belooshi A, Olsen M, Schemitch EH, Waddell JP. Prospective
randomized trial comparing alumina ceramic-on-ceramic with ceramic-onconventional polyethylene bearings in total hip arthroplasty. J Arthroplasty
2010;25:392–7.
[103] Lombardi Jr AV, Berend KR, Seng BE, Clarke IC, Adams JB. Delta ceramicon-alumina ceramic articulation in primary THA: prospective, randomized
FDA-IDE study and retrieval analysis. Clin Orthop Relat Res 2010;468:
367–74.

2898

B.S. Bal, M.N. Rahaman / Acta Biomaterialia 8 (2012) 2889–2898

[104] Garvin KL, Hartman CW, Mangla J, Murdoch N, Martell JM. Wear analysis in
THA utilizing oxidized zirconium and crosslinked polyethylene. Clin Orthop
Relat Res 2009;467:141–5.
[105] Good V, Ries M, Barrack RL, Widding K, Hunter G, Heuer D. Reduced wear
with oxidized zirconium femoral heads. J Bone Joint Surg Am 2003;85(Suppl
4):105–10.
[106] Koshino T, Okamoto R, Takagi T, Yamamoto K, Saito T. Cemented ceramic
YMCK total knee arthroplasty in patients with severe rheumatoid arthritis. J
Arthroplasty 2002;17:1009–15.
[107] Vavrik P, Landor I, Denk F. Clinical evaluation of the ceramic femoral
component used for reconstruction of total knee replacement. Acta Chir
Orthop Traumatol Cech 2008;75:436–42.
[108] Tsukamoto R, Chen S, Asano T, et al. Improved wear performance with
crosslinked UHMWPE and zirconia implants in knee simulation. Acta Orthop
2006;77:505–11.
[109] Luo M, Hou GY, Yang JF, et al. Manufacture of ﬁbrous b-Si3N4 reinforced
biomorphic SiC matrix composites for bioceramic scaffold applications.
Mater Sci Eng C 2009;29:1422–7.
[110] Bal BS, Lowe J. Muscle damage in minimally invasive total hip
arthroplasty: MRI evidence that it is not signiﬁcant. Instr course lect
2008;57:223.
[111] Sorrell CC, Hardcastle PH, Druitt RK, Howlett CR, McCartney E. Results of 15year clinical study of reaction-bonded silicon nitride intervertebral spacers.
Proc 7th World Biomater Cong 2004;7:1872.

[112] Kotzar G, Freas M, Abel P, et al. Evaluation of MEMS materials of construction
for implantable medical devices. Biomaterials 2002;23:2737–50.
[113] Kristensen BW, Noraberg J, Thiebaud P, Koudelka-Hep M, Zimmer J.
Biocompatibility of silicon-based arrays of electrodes coupled to
organotypic hippocampal brain slice cultures. Brain Res 2001;896:1–17.
[114] Davis DH, Giannoulis CS, Johnson RW, Desai TA. Immobilization of RGD to < 1
1 1 > silicon surfaces for enhanced cell adhesion and proliferation.
Biomaterials 2002;23:4019–27.
[115] Anderson MC, Olsen R. Bone ingrowth into porous silicon nitride. J Biomed
Mater Res 2010;92:1598–605.
[116] Guedes e Silva CC, König Jr B, Carbonari MJ, Yoshimoto M, Allegrini Jr S,
Bressiani JC. Bone growth around silicon nitride implants - An evaluation by
scanning electron microscopy. Mater Charact 2008;59:1339–41.
[117] Otten R, van Roermund PM, Picavet HSJ. Trends in the number of knee and
hip arthroplasties: considerably more knee and hip prostheses due to
osteoarthritis in 2030. Ned Tijdschr Genees 2010;154:A1534.
[118] Oduwole KO, Molony DC, Walls RJ, Bashir SP, Mulhall KJ. Increasing ﬁnancial
burden of revision total knee arthroplasty. Knee Surg Sport Traumatol
Arthrosc 2010;18:945–8.
[119] Ong KL, Mowat FS, Chan N, Lau E, Halpern MT, Kurtz SM. Economic burden of
revision hip and knee arthroplasty in Medicare enrollees. Clin Orthop Relat
Res 2006;446:22–8.

