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ABSTRACT: Complicated tribochemical reactions with the
surrounding media often occur at the prosthesis material, which
is a dominant factor causing the premature failure in revision
surgery. Graphite-like carbon (GLC) film has been proven to be
an excellent tribological adaption to water-based media, and this
work focused on the friction and wear behavior of Mo-doped GLC
(Mo-GLC)-coated poly(aryl ether ether ketone) sliding against
Al2O3 counterpart in physiological saline, simulated body fluid, and
fetal bovine serum (FBS), which mainly emphasized the interface
interactions of the prosthetic materials/lubricant. Results showed
different tribological responses of Mo-GLC/Al2O3 pairs strongly correlated with the interfacial reactions of the contacting area.
Particularly, a transfer layer was believed to be responsible for the excellent wear reduction of Mo-GLC/Al2O3 pair in FBS
medium, in which graphitic carbon and protein species were contained. The wear mechanisms are tentatively discussed according
to the morphologies and chemical compositions of the worn surfaces examined by scanning electron microscope as well as X-ray
photoelectron spectroscopy.
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1. INTRODUCTION

In the field of prosthetic materials, the improvement of
antiwear and antifriction performance of the prosthetic
materials interface is imperative for long-term lubricated
pairings in the human body.1 Poly(aryl ether ether ketone)
(PEEK), one polymer substituting for metal alloy in joint
replacement, shows a desirable combination of high strength,
stiffness, and fatigue and wear resistance,2 as well as being
nontoxic and naturally radiolucent.3 However, PEEK debris
inevitably produced due to wear during the sliding process has
been earlier proven to induce aseptic loss and osteolysis,
causing a failure of total joint replacement.4,5 Graphite-like
carbon (GLC) films have shown excellent tribological adaption
in water or humid environments, attaining a combination of
highly desirable properties in the context of biomedical
applications, as compared to diamond-like carbon (DLC).6−8

It is well-known that synovial fluid serves as the lubricant at
the articulating joints, and interactions at the interface of the
prosthetic materials/synovial fluid inevitably occur under
physiological loading conditions, where the synovial fluid has
a pH value of 7.4 and a temperature of 37 °C (98.6 °F).9

However, the wear process in the human body is complicated.
Since human body fluids contains both inorganic species and
organic giant molecules (i.e., serum proteins), these constitu-
ents are entrained into the contact zone during joint
movement, which in turn affects the friction and wear response
of the prosthetic materials via chemical and mechanical

interactions.10 In particular, tribochemical reactions between
the articulating surfaces can damage the biological media and
surrounding tissue around the prosthetic materials and lead to
the bone loosening.11,12 Therefore, the tribological perform-
ance and service life of the GLC-coated medical devices can be
greatly improved by suitable lubrication.13

Recent in vitro biotribological studies have shown that NaCl
solution,14 simulated body fluid,15 bovine serum16 and model
or synthetic fluids17−19 normally functioned as a biological
media, providing low-wear and low-friction properties for the
prosthetic joint materials. Among them serum is the most
popular lubricant in the wear evaluation of prosthetic joints and
their relevant materials because its composition is close to that
of the original synovial fluid. However, very few studies have
been directly reported about the influence of proteins on the
tribological behavior of Mo-doped GLC (Mo-GLC) films and
the changes in protein structure after a friction test, which is
very important for biomedical materials applications. For
example, when in contact with the fetal bovine serum solution,
the protein will first adsorb to the surface of the prosthetic
materials, which will obviously influence the tribological
behavior of GLC films. On the contrary, the thermal and
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mechanical action of friction will also affect the microstructural
changes of the protein adsorbed on the prosthetic surface.20

In this work, metallic Mo is selected as the dopant to modify
the GLC surface owing to its high biocompatibility.21−23 Mo-
GLC films were first deposited onto PEEK substrates and the
tribological characteristic of Mo-GLC-coated PEEK sliding
against Al2O3 were systemically investigated in different
biological lubricants. For comparison, the tribological proper-
ties of the GLC films under dry conditions are examined as
well. In order to fully optimize the tribological behavior of
carbon-based films for biomedical applications, the worn
surfaces of the Mo-GLC/Al2O3 pairing were analyzed as well
as the interfacial reactions at the rubbing surface.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The specimens, with a dimension of Φ

25 × 3 mm2, were cut from a bulk semicrystalline PEEK rod. These
cut specimens were first diamond-polished until a final surface
roughness of Ra = 140 nm as determined by a surface profilometer.
Prior to deposition, the PEEK substrates were ultrasonically cleaned in
acetone and alcohol baths in succession for 15 min and dried with a
blower. The GLC films were deposited on PEEK substrates by an
unbalanced magnetron sputtering technique in a multitarget PVD
system. A graphite target (purity 99.95%) with dimensions of 6 × 76 ×
153 mm3 for sputtering carbon was used. A base pressure of 2.0 × 10−3

Pa in the chamber was attained with a turbomolecular pumping
system, and then the total pressure was set at a pressure of 0.6 Pa by
Ar inflation with a flow rate of 120 sccm. As the pressure of the
vacuum chamber was reached, PEEK substrates were sputter cleaned
in situ for 15 min in argon plasma at a dc bias voltage of −1000 V and
a duty cycle of 50%. Meanwhile, the rotation speed of PEEK substrate
was 5 rpm during the depositing process. Finally, GLC film was
deposited at a dc current of 1.2A and a bias voltage of −300 V. The
total deposition process lasted for 100 min.
As ref 13 reported, Mo-GLC film was deposited onto PEEK

substrates, as well as pure GLC film. GLC film had a thickness of
around 1700 nm and showed a uniformly smooth surface finish
consisting of nanometer-sized particles, as shown in in Figure 1a. As

for Mo-GLC composite film, its total thickness is around 1400 nm,
where the Mo intermediate layer accounted for 200 nm, as shown in
Figure 1c. In contrast with GLC film, Mo-GLC film grew with a
homogeneously glassy columnar feature, as seen in the cross-sectional
SEM image. It was also found that the columnar microstructure would
disappear on the surface of the Mo-GLC film when the Mo content
decreased to a low range. Furthermore, GLC and Mo-GLC film has a
higher ID/IG ratio of ∼3.24 and ∼3.58, respectively, well consistent
with graphite-like amorphous structure according to the Gaussian-
fitted Raman spectrum (Figure 2).24,25

Full-scale XPS spectra of Mo-GLC give a composition of 6.69 atom
% Mo and 12.36 atom % O with a carbon content 80.95 atom %,
respectively (Figure 3), while GLC film is made up of 82.78 atom % C
and 17.22 atom % O. As compared with the C 1s line of the GLC film,
a band lies at 283.0 eV, which indicates the existence of carbide
species,26 and the Mo 3d line having a band at 228.5 eV also confirms
that Mo bonds with carbon during the depositing process.27,28

Figure 1. Cross-sectional and surface images of as-fabricated coatings for (a, b) GLC and (c, d) Mo-GLC films.

Figure 2. Gaussian−Lorentzian fitted Raman spectrum of GLC and
Mo-GLC films.
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2.2. Characterization. Field-emission scanning electron micros-
copy (FESEM; JEM-6701F) was used to observe surface morphology
and cross-sectional features of GLC and Mo-GLC films. The wear

tracks of samples are determined by scanning electron microscopy
(SEM; JSM-5600LV) and the attached energy-dispersive spectroscopy
microprobe (EDS), including the worn-out surface and the chemical
composition of debris and its distribution. The chemical composition
and microstructure of samples were evaluated by X-ray photoelectron
spectroscopy (XPS; Physical Electronics) and Raman spectroscopy
(HR800) in the cooperative way. Furthermore, the structure evolution
of proteins was determined by Fourier transform infrared spectroscopy
(FTIR; IFS 66 V/S) because of its high sensitivity to the secondary
structure of proteins. The internal properties, mainly protein
distribution and pore occurrence of the microparticles, were examined
by transmission electron microscopy (TEM; TF20). Wear track
profiles were analyzed using a noncontact 3D surface profiler (model
MicroMAXTM, ADE Phase Shift, Tucson, AZ) after the wear test. A
SVM3000 rotating viscometer was used to measure the density and
viscosities of the physiological saline (PS), simulated body fluid (SBF),
and fetal bovine serum (FBS) solutions at 37 °C. Each sample was
measured at least three times and the average value was accepted. The
nanohardness of as-deposited film on PEEK substrate was determined
by the Nanotest600 nanoindenter apparatus (Micro Materials Ltd.),
the indentation depth was set not to exceed 10% of the film thickness
to ensure no interference from the substrate.

2.3. Friction and Wear Tests. A ball-on-disk reciprocating
tribometer was applied to investigate the tribological properties of
GLC and Mo-GLC films. All the friction measurements are done
under the following conditions: an applied load of 3 N, a sliding speed
of 10 cm/s, the counterpart Al2O3 ball with a diameter of 6 mm, the
ambient humidity of 35%, and the room temperature of 23 °C. The
dry friction media was ambient air, and the wet friction was performed
in three biological lubricants, PS, SBF, and FBS, as shown in Figure 4.
According to ref 29, the inorganic ion concentration of the SBF
solution was nearly equal to that of human blood plasma (pH of 7.2−
7.4 at 36.5−37 °C). The SBF solution contains biological macro-
molecules (trisaminomethane), while PS solution does not contain any
organic biomacromolecules and was tested as a comparison with FBS
solution. During the testing process, the ball-on-disk tribosystem was
submerged into the fluids. Triplicate measures were done for each
sample. The wear loss of the coating was calculated using the following
formula on the basis of the 3D profile measurements:

= ·−K
V
FL

(mm /N m)3
(1)

where V is the wear volume of GLC-coated substrates, F is the applied
load, and L is the total sliding distance.

3. RESULTS
3.1. Friction and Wear Behaviors of Pure GLC and Mo-

GLC Films in Different Biological Mediums. Figure 5

Figure 3. XPS survey scans for (a) GLC and (b) Mo-GLC films. Insets
show C 1s and Mo 3d peak deconvolution.

Figure 4. Photographs of three different biological fluids and the prepared samples.
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shows a graph of the coefficient of friction as a function of time
for pure GLC and Mo-GLC films against the Al2O3 counterpart
in three biological fluids, and the dry friction of samples is
tested as a comparison. Without lubricating fluids, PEEK shows
a strongly fluctuating coefficient curve with an average friction
coefficient of 0.45. On the contrary, the coated PEEK has a
lower coefficient of friction (COF). However, the COF of pure
GLC film starts out at approximately 0.08, followed by a sharp
increase to 0.27. After a running-in period, the highest steady-
state COF is about 0.35, which is believed to indicate the wear
failure of the GLC film. When lubricated in the biological fluids,
the friction coefficient of the sample remains approximately
constant and tends to smaller values for the biological lubricant
with higher viscosity. For PS and SBF solution, the variations of
friction curves are almost identical for either pure GLC or Mo-
GLC films. The frictional sliding curves of the film exhibit a
large fluctuation during the whole experimental process. The
fluctuation of friction curves might be ascribed to the combined
effect of the chemicals in PS and SBF solution, friction force,
and possible temperature rise. The friction coefficient of Mo-
GLC film is much lower than that of pure GLC film. In FBS
medium, the viscous protein sticks to the sliding surface of the
films, and thus, the initial friction coefficients are relatively low,
but upon increasing the sliding speed, the lubricating
proteinaceous film gradually becomes thin and steady, so that
the friction coefficient rises at first and then becomes stable. As
can be seen from the figure, the friction curves of Mo-GLC film
were much smoother, and the friction coefficient was more
stable and lower as compared with that of the other three
media. The friction coefficient of PEEK reaches the highest
value at about 0.16 compared to 0.14 and 0.09 measured for
pure GLC and Mo-GLC film, respectively, but it is worth

noting that the friction coefficient of pure GLC film under FBS
solution was higher than that for Mo-GLC film. In addition, the
graphitization effect or tribolayers of amorphous carbon films
played a vital role in the solid−liquid composite lubricating
effect, which contributed to the further reduction of friction.
Figure 6 gives the corresponding average COF of the

uncoated and coated PEEK in different environments. We
could observe clearly that the average COF of the uncoated and
coated PEEK under dry sliding is the highest and under fetal
bovine serum is the lowest. Under the three biological fluid
conditions the average COF of all samples follows the rule of
μin FBS < μin SBF < μin PS, which can be related to the higher

Figure 5. Frictional curves of PEEK, GLC−PEEK, Mo-GLC−PEEK in different biological environments: (a) in air, (b) in PS, (c) in SBF, and (d) in
FBS.

Figure 6. Average friction coefficient of PEEK, GLC−PEEK, and Mo-
GLC−PEEK under different environmental conditions.
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viscosity of FBS solution resulting in the apparent decrease of
the friction coefficient. According to the Stribeck curve, the
friction coefficient is inversely proportional to a normal load
(P) and directionally proportional to the velocity (ω) and
viscosity (η) of the lubricant.30 The viscosity of the three media
increased in the following order: PS < SBF < FBS. Under the
present testing conditions, if a mixed lubrication or/and
boundary lubrication regime might be considered, we believe
that this effect can be attributed to the presence of an adsorbed
proteinaceous film at the liquid/solid interfaces.
In this paper, an equivalent ball-on-plane model was used to

represent the articulation, simply defined by the effective radius
(R′) and elastic modulus (E′).

′ = =R R 6 mm1 (2)

ν ν
′

=
−

+
−⎛

⎝⎜
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2

ball (3)

The corresponding lubrication regime can be approximately
predicted according to the λ ratio in eq 4, where hmin
corresponds to the minimum film thickness. The Hamrock−
Dowson equation for isoviscous and elastic lubrication in eq 5
is well-known,31 and Rq′ is the composite roughness evaluated
by eq 6

λ =
′
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2
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2

(6)

where Wy is the normal load, R′ is the radius of the ball (6
mm), Eball and νball are the elastic modulus and Poisson’s ratio
of the Al2O3 ball, and Efilms and νfilm are the elastic modulus and
Poisson’s ratio of the Mo-GLC film. The specific parameters
are reported in Table 1. Once the λ ratio is evaluated, the

lubrication regime is conventionally identified by the following
ranges: 0.1 < λ < 1 shows boundary lubrication; 1 ≤ λ ≤ 3
shows mixed lubrication, and λ > 3 shows full film lubrication.
Considering an average vertical load Wy = 3 N, a flexion

extension velocity ue = 10 cm/s, and the viscosity values of PS,
SBF, and FBS of 0.65, 0.86, and 0.95 mPa s at 37 °C, λ
obtained from eq 4 for the bearings in Table 1 are reported in
Table 2 and their lubrication regime was estimated. Typically,
tribochemical reactions are essential for tribosystems running
under boundary or mixed lubrication conditions.
The wear volumes were calculated from the wear track

profile obtained using a noncontact 3D surface profiler three
times. The wear rates of the Mo-doped GLC-coated PEEK

under different experimental conditions are shown in Figures
7−10. Under dry sliding condition, the uncoated PEEK
presents a relatively high wear rate, which is 6.43 × 10−6

mm3/N·m. However, the as-fabricated Mo-GLC film has a very
low wear rate of 1.87 × 10−6 mm3/N·m, which is just one-third
of that for the uncoated PEEK. Additionally, the insets in
Figure 7 are their corresponding wear tracks, and it can be seen
that the uncoated PEEK has a comparatively deep wear track,
typical characteristics of adherence and scratches on the wear
surface. For GLC-coated PEEK, the SEM images reveal a
severely damaged wear track and some delamination.
Especially, it presents the widest and deepest wear track. For
Mo-GLC−PEEK, the wear track is very narrow and shallow.
From the right of Figure 7, it can be seen that the
corresponding Al2O3 ball mated with Mo-GLC film shows
the smallest wear scar, although lots of wear debris is
aggregated beside the wear scars of the ball along the wear
orientation. In PS solution (Figure 8), the specific wear rate of
the uncoated PEEK is approximately 2.03 × 10−6 mm3/N·m,
which is reduced greatly to around 1.19 × 10−6 and 0.97 × 10−6

mm3/N·m by GLC and Mo-GLC films, respectively. The
surface of the polymer PEEK is heavily damaged by plowing,
which leads to deep and wide furrows as well as serious plastic
deformation near the surface. However, slight wear and a rather
smooth surface with smaller damaged regions are presented for
GLC and Mo-GLC films. Besides, because the hardness of
GLC (3.83 GPa) and Mo-GLC (5.62 GPa) films are higher
than uncoated PEEK (0.24 GPa), quite larger wear scars on the
corresponding Al2O3 balls are clearly observed when compared
with that for uncoated PEEK. In addition, the contact region is
damaged with the formation of a wear scar and the deposited
NaCl crystal on the surface of the Al2O3 balls. In SBF solution
(Figure 9), the wear rates of uncoated PEEK are always
significantly higher than those of coated PEEK. It has been
calculated that the specific wear rate of uncoated PEEK is
approximately 1.6 × 10−6 mm3/N·m, whereas the specific wear
rate of GLC and Mo-GLC−PEEK are approximately 1.18 ×
10−6 and 0.76 × 10−6 mm3/N·m, respectively. The plastic
deformation and furrows are more obvious on the worn surface
of uncoated PEEK. The wear tracks on the GLC and Mo-GLC
films after sliding tests had a similar morphology, and no
spallation or delamination could be detected. Seen from the
typical 3D morphologies, the difference of wear depth between
uncoated and coated PEEK can be seen clearly. In FBS solution
(Figure 10), the wear rate values are about 1.43 × 10−6, 0.69 ×
10−6, and 0.62 × 10−6 mm3/N·m, corresponding to PEEK,
GLC−PEEK, and Mo-GLC−PEEK, respectively. The wear rate

Table 1. Mechanical Properties of Materials and Typical
Roughness Values for Ball-on-Plane Equivalent
Configuration: The Elastic Modulus (E), Poisson’s Ratio
(ν), and Average Roughness (Ra)

material E (GPa) ν Ra (μm) E′ (GPa)
ball: Al2O3 210 0.3 0.02
plane: PEEK 3.6 0.25 3 7.55
GLC 25.2 0.25 0.58 48.17
Mo-GLC 32.6 0.25 0.3 60.42

Table 2. Ranges of λ, Minimum Film Thickness (hmin), and
Lubrication Regime Are Calculated on the Basis of Rq′
range

material medium
hmin
(μm) λ lubrication regime

PS 0.3 0.125
PEEK SBF 0.36 0.15 boundary lubrication

FBS 0.39 0.16
PS 0.133 0.22

GLC−PEEK SBF 0.159 0.266 boundary lubrication
FBS 0.17 0.283
PS 0.12 0.42

Mo-GLC−PEEK SBF 0.14 0.51 boundary lubrication
FBS 0.15 0.54
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of all the samples are lower than in PS and SBF solution, due to
the protective and lubricating role of the protein. The
corresponding wear track of Mo-GLC film shows the wear
depth as shallow as the level of film surface roughness.
However, a severely damaged surface is measured for pure
GLC, with spalling or delamination. Almost no wear took place
on the surface of the Al2O3 ball in FBS solution due to the
boundary lubrication of the protein, as shown in Figure 10.
Meanwhile, the surface of the Al2O3 ball was covered with a
continuous solid proteinaceous layer after 1 h of sliding, which
may be caused by the adsorbed proteins. As the experimental
results indicated, the wear rates of uncoated PEEK are higher
than those of the coated ones under all experimental conditions

considered, and all the samples yield the lowest wear rates
under FBS solution and the highest under dry sliding
conditions.
In order to validate the elemental compositions of the surface

adsorbed on the Al2O3 ball, the adsorbed layer was evaluated by
utilizing EDS analysis. Figure 11 illustrates the schematic
diagram of the friction reduction mechanism of Mo-GLC films
and EDS analysis under different experimental conditions. As
presented by Figure 11a, most of those dangling strong
covalent σ-bonds are terminated during dry sliding contact by
CO, C−H, and C−OOH bonds. This is mainly due to the
adsorption and dissociation of oxygen and water molecules on
the surface of the Mo-GLC film.32 The relatively small friction

Figure 7. Wear rates of PEEK, GLC−PEEK, and Mo-GLC−PEEK and wear scars of mating Al2O3 balls in air.

Figure 8. Wear rates of PEEK, GLC−PEEK, and Mo-GLC−PEEK and wear scars of mating Al2O3 balls in PS.
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of the water molecules in some contact areas results in the
formation of strong carbon−carbon covalent bonds, which can
increase the adhesive interaction and thus make the friction
coefficient relatively higher in ambient air. However, PS and
SBF solutions provide a large number of water molecules, so
almost all of the dangling σ-bonds are terminated by CO,
C−H, and C−OOH bonds. Because of the existence of
effective lubrication, the Mo-GLC film and Al2O3 ball cannot
easily directly contact each other. Therefore, the friction force
would be the van der Waals force and the hydrogen-bonding
interaction between water molecules and tribopair, which leads
to a very low friction coefficient. Meanwhile, some new
elements were detected by EDS, such as Na, Mg, K, Ca, and Cl;

the carbon, hydrogen, and oxygen were derived from the
lubricants. In SBF solution, a continuous snowflake-like crystals
film was present on the contact area, which could protect the
contacting surfaces from rubbing each other. In FBS solution,
the surface of the Al2O3 ball was covered with a continuous
solid layer, which may be caused by a tribolayer of proteins.
The tribolayer of proteins can act as low-shear-modulus
boundary lubrication additives during sliding friction. Addi-
tionally, N and S elements were obtained from the continuous
solid layers surface. Therefore, the ceramic surface underneath
appeared relatively smooth.

3.2. Analysis of FBS Solution after Sliding Tests. After
the wear tests, FBS solution is collected and stored. As seen

Figure 9. Wear rates of PEEK, GLC−PEEK, and Mo-GLC−PEEK and wear scars of mating Al2O3 balls in SBF.

Figure 10. Wear rates of PEEK, GLC−PEEK, and Mo-GLC−PEEK and wear scars of mating Al2O3 balls in FBS.
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with the naked eye, light to dark colors are present in the FBS
solution after the sliding wear test, and a large number of black
precipitate particles are dispersed and then precipitated, which
possibly are a mixture of small graphite-like wear particles and
protein that is thermally denatured as a result of material
contact.33 Figure 12b shows FTIR spectra of bovine serum
before and after the friction test. FTIR spectroscopy was the
most often used method for obtaining relevant information on
the protein misfolding and aggregation in vitro.34−36 It should

be noted that two prominent features appear in a protein, one
is the amide I band and the other one is the amide II band. The
amide I region (1600−1700 cm−1) band is the stretching
vibrations of CO (approximately 80%) coupled weakly with
C−N stretch and N−H bending,37 which are mainly affected
during conformational changes in the protein secondary
structure. So the frequency of the amide I vibrational mode is
particularly sensitive to secondary structure. For example, in the
α-helical structure, the main amide I absorbance is around 1655
cm−1, while for the β-sheet peak it is normally around 1630
cm−1, and random coil structures occur at around 1644
cm−1.35,38 Especially, the vibrational frequency of an aggregated
protein falls around 1620−1625 cm−1 due to the distinct
hydrophobic environment.39 The amide II region (1500−1600
cm−1) band is mainly derived from the C−N (approximately
40%) stretch along with N−H (approximately 60%) in-plane
bending.40 Strong confirmation can be obtained from TEM
analysis in Figure 12c that the protein aggregation and
misfolding are seen for some of the FBS solutions with the
dimensions ranging from tens to hundreds of nanometers.
Additionally, protein aggregates are usually very small and the
initial oligomers form at the nanoscale. The aggregates
gradually become larger or greater, but the largest of them
are only 20−30 μm in size. Meanwhile, the spectral differences
can capture a subtle protein conformational change requiring
spectra with a high signal-to-noise ratio (S/N).41 Reference 33
has shown that these tribolayers are rich in organic carbon,
originating from the joint fluid, in addition to metal oxides and
a number of organic elements and salts.

3.3. Analysis of the Contact Surface of Mo-GLC Film
under FBS Solution. To further analyze the surface coverage
of Mo-GLC film after the sliding wear test under FBS solution,
the wear track zone can be resolved by means of XPS spectra,
as shown in Figure 13. The presence of elemental N or N-
containing fragment ions indicates proteins adsorbed to
surfaces. The binding energies of N 1s detected on the surface
of Mo-GLC film (close to 400 eV) are typical for organic

Figure 11. Schematic drawing of the friction mechanism of the film in different environments: (a) in ambient air, (b) in PS, (c) in SBF, (d) in FBS.

Figure 12. (a) The FBS solutions after the wear test, (b) FTIR spectra
of FBS solution after the wear rest, and (c) TEM image of the protein
aggregates.
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matrices and are related to C−N bonds.42,43 Furthermore, the
detection of sulfur (S 2p centered at 169 eV) is assigned to
cysteine and methionine amino acids. The presence of Na 1s
and Cl 2p peaks in the sample may be from the FBS solution.
So the wear performance of Mo-GLC film might be affected by
the organic components. The proteins in FBS solution can
form a proteinaceous tribolayer on the surface of Mo-GLC film,
currently often called the biofilms or tribological films.44 The
tribofilm is carbonaceous. It can act as a solid lubricant and can
also act as a barrier to prevent further wear.

4. DISCUSSION

Generally, the antiwear ability and low friction coefficient of
GLC films are strongly dependent on the interfacial
graphitization at microcontact regions under dry conditions,45

and such results can be found in this study. It has been known
that tribochemical reactions of the artificial joint interface with
the surroundings media are inevitable and that physiological
fluids could be pumped into the prosthesis implants interface
under physiological loading. Therefore, a further understanding
of the tribochemcal reactions of biological lubrication is
necessary. Under PS lubrication, the friction coefficients for
uncoated and coated PEEK are lower than under dry sliding
conditions. This can be explained by the aqueous medium
affecting the tribological behavior of uncoated PEEK during the
sliding wear testing. For the uncoated PEEK, when it is
subjected to cross-directional shearing, the ripples on PEEK are
more easily broken off. Therefore, more wear debris will be
flushed away and a higher wear mass loss of plain PEEK will be
induced (Figure 8). Besides, PS solution contains a large
number of chloride ions that can greatly accelerate the
corrosion of the mating ball surface, and the corrosion of the
counterface would further deteriorate the lubricating effect of
PS solution and then significantly increase the plow breakage to
plain PEEK. So the wear mass loss of plain PEEK increases too
much. Though the PEEK wear debris got continuously flushed
by the PS solution, the actual wear rates and the wear volumes
in PS solution were lower than in dry friction media. As
analyzed above, we can conclude that the main wear
mechanism of plain PEEK is abrasive wear characterized by

the plowing effect in PS solution, while adhesive wear is the
main wear mechanism under dry sliding conditions. However,
for the coated PEEK, on the one hand, the solution provides a
large amount of water molecules, so almost all of the dangling
σ-bonds are terminated by CO, C−H, and C−OOH
bonds.46 In other words, the low friction is due to the
formation of hydroxyl and carboxyl groups on the film surfaces
preventing the adhesion between the sliding materials. Because
of the formed hydrophilic groups, the film and the mating ball
cannot easily directly contact each other. In addition to
medium lubrication, the carbon-based film is a solid self-
lubricating material, which has good lubrication itself.
When sliding in the SBF solution, there is a large amount of

accumulated materials around the wear scar of the Al2O3 ball
compared to the test condition with PS solution. The
accumulated materials were the corrosion products of the
film material from the SBF solution, which protected the
surface of counterface ball, and therefore, the ball had less wear
loss, as shown in Figure 9. For the better tribological
performance of the SBF solution, besides the reasons of the
terminated dangling σ-bonds and the low chloride ion
concentration, another major reason is that the SBF solution
contains larger amount of Ca2+ and Mg2+. As presented by
Figure 11c, EDS analysis indicated that the main components
of SBF solution are Ca2+ and Mg2+, which result in the relatively
low wear rate and friction coefficient of all films in SBF
solution, because the deposited layer of CaCO3 (or CaO) and
Mg(OH)2 acted as the lubrication layer.47,48 Meanwhile, the
lubrication layer can isolate the Al2O3 ball surface with SBF
solution as well as prevent oxygen (O2) and chloride ion (Cl−)
from diffusing onto the surface of the Al2O3 ball, thus reducing
the corrosion of the mating ball. Moreover, it has been
reported49 that the inorganic ions such as HPO4

2− and H2PO
4−

present in the composition of the SBF solution could be
adsorbed on the film surface, decreasing the interaction
between the film and the corrosive solution, but the mating
Al2O3 balls are covered with a thinner layer of corrosion
products.
The way in which the protein-containing biological environ-

ments affect the performance of prosthetic materials is of
interest to many researchers. Compared to PS and SBF

Figure 13. XPS spectra of the surface of Mo-GLC film after the wear test under FBS.
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solution, FBS solution supplies a protein-rich environment. As
soon as the film is immersed in FBS solution, the adsorbed
protein layer at wear zone can reduce the direct contact
between the Al2O3 ball and the film and function as a
semiprotective film, improving the boundary lubrication.
Particularly, the adsorbed protein at the real contacting
protuberant point will suffer from an elevated temperature,
namely, when the temperature-induced denaturation of
proteins occurs. The denaturing of the protein is always
irreversible, which means it cannot go back to its original
state.50 Therefore, the formation of these protein aggregates or
precipitates could be due to the frictional heat and/or high-
shear-induced protein denaturation within the tribocontact, and
the denatured protein shown in Figure 12c mixed with the
graphite-like debris may further protect the film and counter-
face surface. Once the tribological process starts,6 the nature of
the proteins can be changed, turning them into a lubricating
film. As shown in Figure 10, it can be seen that the wear scar of
the Al2O3 ball was covered with a thick protein solidlike film
after 1 h of sliding. It protects the Al2O3 ball from contacting
the films directly and results in a reasonable reduction of the
surface wear and surface damage. Furthermore, the surface of
the Mo-GLC film was coated with a proteinaceous film, as
evidenced by the significant peak of nitrogen and sulfur
contents (Figure 13), which are considered indicators of
protein adsorption. This evidence indicates that the solid film
was indeed adsorbed proteins from the fetal bovine serum
solution, as the amide bond (−CONH−) is the basic unit of
protein, which has been addressed by many authors.51,52 In our
own studies, this is believed to be the result of the formation of
solidlike films resulting from the tribochemical reaction of
proteins with the corresponding ball. However, studies showed
such a lubricating effect of proteinaceous film would be
beneficial in terms of wear but can either increase or decrease
the friction between the contacting surfaces.51,53 This is
supported by other researchers who have shown that low
wear rates of films against ball are contributed by the deposition
of protein and other organic contents in human serum.46,54

Interestingly, the different molecular structures of different
proteins have different adsorption properties with the different
implant materials and a different effect on the tribological
behavior.
An important factor that influences the protective character

of GLC films is their adhesion to the substrate, since it has
significant influences on the bearing capacity and the wear life
of the films. SEM micrographs and friction curves together
revealed that the tribological properties for the Mo-GLC film
were better than those of pure GLC film and uncoated PEEK,
irrespective of working media and load conditions. From Figure
13, if the film was not prepared properly, pieces of GLC film
peel off the PEEK substrate under cyclic stress in combination
with the corrosion of FBS solution. This is mainly due to pure
GLC films poorly adhesing to PEEK substrate and the viscosity
of FBS solution, which should be directly responsible for the
shortest wear life. Fortunately, the typical amorphous micro-
structure of GLC allows the doping with nonmetal and metal
elements, such as Si,55 Ti,56 or Ag,57 to improve the proper
functionality for biomaterial application. In this work, the Mo
interlayer bonds well with both the GLC film and PEEK
substrate. Furthermore, the antiwear and antifriction character-
istics of Mo-GLC film could be more advantageous for the
surface protection of PEEK. The role of medium on the

synergistic interaction between film and counterface needs
particular attention.

5. CONCLUSIONS
In conclusion, this work revealed that Mo-doped GLC film
improved antifriction and antiwear properties and the stability
in biological environments. The findings indicated that the
friction coefficient of Mo-GLC film under all experimental
conditions was lower than that on pure GLC film. Under dry
sliding condition, because of the absence of biological lubricants
and the formation of covalent bonds between tribopair, all the
films have both high wear rate and friction coefficient. In PS
and SBF solution, the films have lower friction coefficient and a
lower wear rate than that in air because of the presence of the
tribochemical reactions products and the lubrication of
biological media. In FBS solution, the films have the lowest
friction coefficient and wear rate, which is brought about by
means of the boundary lubrication effect of the thick protein
solidlike films.
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