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Poly(ether-ether-ketone) (PEEK) is a type of biomaterial which may be used for modifying the surface of
materials used in implants. Hence, in the present investigation, the potentiality of PEEK and its composites
coatings has been explored for improving the friction and wear behavior of the Ti6Al4V to be used for
cervical disks. The structural characteristics, micro-hardness, friction, and wear characteristics of PEEK/
Al2O3 and PEEK/SiO2 composite coatings have been investigated and compared with pure PEEK coating
and bare titanium alloy sample. According to the XRD analysis results, these coated samples were mainly
orthorhombic crystalline form. The contact angle values of PEEK and its composite coatings were higher,
while micro-hardness values of these samples decreased significantly. The thickness values of the three
coated samples were all above 70 lm on average. The average friction coefficients with a counterface of
ZrO2 ball decreased significantly, especially under NCS (newborn calf serum) lubricated condition. After
comprehensive evaluation, the PEEK/Al2O3 coating demonstrated optimum tribological properties and
could be applied as bearing materials for artificial cervical disk.

Keywords artificial cervical disk, PEEK coating, titanium alloy
(Ti6Al4V), tribology

1. Introduction

Titanium alloys are widely used as bio-implant materials
because of their good mechanical properties, prominent bio-
compatibilities, and corrosion resistance (Ref 1). They are also
applied as the preferred endplate materials for artificial cervical
disk due to the imaging requirements (e.g., MRI/CT) (Ref 2).
However, the poor tribological performances of titanium alloys
might cause aseptic loosening and the osteolysis, which could
lead to the failure of the replaced cervical disk implants (Ref 3,
4). Thus, it is particularly important to modify the tribological
performance of the titanium alloys. Surface modification by
coating is an effective means to improve the tribological
behavior of titanium alloys without changing the bulk mechan-
ical characteristics (Ref 5).

The tribological properties of titanium alloys modified by
coatings have been extensively researched. It has been reported

that many coatings, such as the titanium aluminum nitride
(TiAlN) nanocomposite coating (Ref 6), graphite-like carbon
coating (Ref 7), and diamond-like carbon coating (Ref 8, 9),
could increase the wear resistance of titanium alloys. Further-
more, researchers have shown great interest in surface modi-
fications by polymer coatings. Yang et al. (Ref 10) deposited
the Ni-P-PTFE composite coatings on titanium alloy. It was
suggested that this coating could obviously promote the
tribological properties of titanium alloy. Panjwani et al. (Ref
11) coated the ultra-high molecular weight polyethylene
(UHMWPE) thin film onto Ti6Al4V alloy by using dip coating
method. The results proved that UHMWPE coating could
improve the wear behavior of titanium alloy, which made a low
coefficient of friction (0.15) and high wear durability (>96,000
cycles) for the tested conditions. In fact, every coating has its
own advantages as well as disadvantages. There are few
coatings that combine the toughness of metal, wear resistance
of ceramic, and an excellent bonding strength to satisfy the
needs, especially in biomedical application (Ref 12).

Poly(ether-ether-ketone) (PEEK) is a special type of semi-
crystalline engineering thermoplastic with excellent mechani-
cal, chemical, and physical characteristics (Ref 13) and
possesses remarkable biocompatibility, radiation permeability,
and other advantages. Thus, its superior comprehensive prop-
erties show great potential in the study of the new generation
long-life artificial cervical disk. It has been successfully used in
the field of interbody fusion cage (Ref 14). However, the
disadvantage of PEEK is its poor osseointegration, which can
lead to implant stability problems (Ref 15). While titanium and
its alloys have shown excellent osseointegration (Ref 16).
Hence, the combination of PEEK coating and titanium alloys
might be a good idea to make use of their beneficial properties
to complement each other. However, in order to make the
characteristics of PEEK better, to satisfy the requirements of
artificial cervical disk in high precision manufacture, corrosion
resistance, wear resistance, and anti-fatigue, PEEK properties
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could be modified through particle filling using materials by
adding filler materials which have been clinically proved safe
and harmless to human health.

There are very few investigations about PEEK coating being
applied as bearing materials for artificial cervical disk. Hence,
in this study, the tribological properties of PEEK has been
modified by adding alumina (Al2O3) and silicon dioxide (SiO2)
nanoparticles and coated onto the Ti6Al4V alloy plates, aiming
to assess the potential of such PEEK composite coatings for
being used as artificial cervical disk bearing materials. The
wear behavior of these coatings has been explored by using a
ball-on-flat apparatus under physiological load in dry friction
and 25 wt.% NCS lubricated conditions. The friction and wear
characteristics of Ti6Al4V alloy without coating and with pure
PEEK coating have been also examined for the purpose of
comparison.

2. Methods

2.1 Sample Preparation

As shown in Table 1, three kinds of coatings were deposited
onto Ti6Al4V (TC4, Baoji Titanium Industry Co., Ltd.) plate
substrates for surface characterization and tribological testing,
respectively. The rectangular shaped Ti6Al4V were 40 mm in
length, 20 mm in width and 5 mm in thickness, which were cut
from larger panels. The PEEK, Al2O3 and SiO2 particles were
supplied by Beijing Sino-Rich Material Technology Co., Ltd.
The average size of PEEK particles was below 100 lm and that
of Al2O3 and SiO2 particles were about 50 nm. Before coating,
2 wt.% Al2O3 and 2 wt.% SiO2 particles were dispersed into
PEEK, respectively. The Ti6Al4V specimens were cleaned in
an acetone and deionized water bath for 15 min, respectively.
Next, the plates were degreased for 10 min by soaking in a
water-based solution of alkaline cleaner and followed by
thorough rinsing with deionized water and roughened by sand-
blasting to enhance the mechanical bonding of the deposited
coatings. Then, the coatings were deposited on the previously
treated substrates following the method used by Nunez et al.
(Ref 17). Xanthan and morpholine gum were mixed with the
pure PEEK particles, PEEK with 2 wt.% Al2O3 particles and
PEEK with 2 wt.% SiO2 particles into a liquid dispersion to
prohibit rust and inhibit sagging (formation of tears of the
deposited coating), respectively. When cured over 350 �C, the
gum particles were removed from the coating, leaving only the
PEEK composite solid particles in the coating. After being
cured, the PEEK composite particles were evenly distributed
throughout the thickness of the coating.

2.2 Surface Layer Characterization

Microstructural examinations of uncoated and coated
Ti6Al4V samples were conducted using x-ray diffraction (D8
ADVANCE, BRUKER) analysis. The static-water contact
angles were measured under distilled water and 25 wt.%
NCS (5.0± 0.1 g/L protein concentration, Zhejiang Tianhang
Biotechnology Co., Ltd) lubricant by a contact angle apparatus.
Hardness measurements were conducted on the original
surfaces of the plates by a micro-hardness tester (Tukon 2500
DM-400) with the indentation load of 0.05 g and loading time
of 15 s. In order to measure the thickness of all the coatings, the
samples were cut into small pieces and the cross sections were
studied by SEM (FEI Quanta 200 FEG) as well as EDX
analysis. All experimental results were obtained by averaging
the values of at least four repetitions.

2.3 Tribological Tests

The tribological properties of all the Ti6Al4V samples were
tested against a 6.35 mm diameter zirconia (ZrO2) ball (having
surface roughness Ra = 20 nm and supplied by Haining Kove
Bearing Technology Co., Ltd.) using a ball-on-flat apparatus
(UMT-3, CETR) under reciprocatingmotion (Fig. 1). The structure
of most artificial cervical disks were designed as the ball-socket
joint, and the sliding and rubbing motion of ball-socket articulating
surfaces could lead to serious surface wear. So this situation could
be simplified as the basic ball-to-flat contact mode (Ref 18).

The tribological tests were conducted under dry friction and 25
wt.%NCS lubricated conditions at the temperature of 37 �C for an
hour. According to ISO 18192-1 and ASTM F2423, the motion
frequency was chosen as 2 Hz while the reciprocating stroke was
3 mm (nearly the same to the sliding distance of artificial cervical
disk) (Ref 3). Hence, the average sliding speed for the test was
12 mm/s. The normal load was chosen as 3.0 N, an equivalent
contact stress of�472.2 MPa for bare Ti6Al4Valloy samples, and
�65.8 MPa for coated samples based on Hertz contact theory.
During the tribological test, the values of load and frictional forces
were acquired by a two-dimension sensor simultaneously. Then
the friction coefficients were calculated by computer automati-
cally. All experimental results reported here were obtained by
averaging the values of at least four repetitions.

The worn surfaces were observed under scanning electron
microscopy (FEI Quanta 200 FEG) as well as EDX analysis.
Before SEM examination, the samples were cleaned in an
acetone and deionized water bath for 15 min and then coated
with a thin platinum (Pt) layer to improve image quality. The
three-dimensional subsurface damage was observed by a three-
dimensional white-light interfering profilometry. Owing to the
bumpy surfaces of the samples, it was hard to ensure the
accuracy of the wear volume calculation. Thus, only the
maximum wear depth and maximum wear width of the wear
scars on the plates were measured by the three-dimensional
white-light interfering profilometer. All the reported results are
obtained by averaging the values of at least four repetitions.

3. Results and Discussion

3.1 Microstructure and Composition Analysis

Figure 2 displays the XRD analysis on the surface of the
bare and coated Ti6Al4V alloys. As reported above, PEEK is a

Table 1 The PEEK composite coatings onto Ti6Al4V
alloy

Sample code Coating Substrate

Surface
roughness,
Ra/nm

C0 None Ti6Al4V alloy 48
C1 PEEK 596
C2 PEEK + 2 wt.% Al2O3 548
C3 PEEK + 2 wt.% SiO2 831
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semi-crystalline thermoplastic polymer (Ref 13). As shown in
Fig. 2, it is suggested that these coated samples are mainly
orthorhombic crystalline form (Ref 19), The three peaks around
2h of 20� can be assigned to the (110), (113), and (200) planes
of crystallized PEEK, respectively. Besides, the peak around
29� is the (213) plane of PEEK. Normally, XRD cannot detect
the phases lower than that approximately 5%. Hence, the there
are no visible peaks corresponding to Al2O3 and SiO2, which is
in agreement with the previous literature (Ref 20).

The static contact angles of bare and coated samples with
different liquids are shown in Fig. 3. As shown in Table 1, the
bare sample is designated as C0, the one coated with pure
PEEK as C1and those coated with PEEK-Al2O3 and PEEK-
SiO2 are designated as C2 and C3, respectively. It could be seen
from Fig. 3 that contact angles of the bare Ti6Al4V alloy

sample with distilled water and 25 wt.% NCS are approxi-
mately 80.4� and 73.8�, respectively. However, compared to
C0, the contact angle values of those coated Ti6Al4V alloys
with these liquids are all higher which may be attributed to the
relatively strong hydrophobicity of PEEK (Ref 21). Besides,
compared to the pure PEEK coating, the contact angles of C2
with the two liquids are lower while that of C3 are higher. In
essence, C3 sample demonstrates the highest contact angle and
the increase reaches to 31.8 and 41.1% for distilled water and
25% NCS lubricant, respectively, in comparison to those
observed for bare alloy. Moreover, C3 sample shows a
comparable contact angle (74.8�) with 25% NCS, compared
with the bare one in the same condition. It is defined that water
contact angles >90� are hydrophobic, while water contact
angles <90� are hydrophilic, indicating a good wettability of

Fig. 1 Schematic diagram of the loading/motion configuration for a ball-on-flat contact apparatus

Fig. 2 XRD patterns of bare and coated Ti6Al4V alloys Fig. 3 The contact angle of bare and coated Ti6Al4V alloys

118—Volume 25(1) January 2016 Journal of Materials Engineering and Performance



Fig. 4 The cross section micrograph and EDX analysis for: (a) cross section and thickness micrographs of the PEEK coating, (a1) relative
EDX analysis and (b) cross section and thickness micrographs of the PEEK/Al2O3 coating, (b1) relative EDX analysis, and (c) cross section and
thickness micrographs of the PEEK/SiO2 coating, (c1) relative EDX analysis
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the surface (Ref 22). The obtained results for C2 may be
attributed to the hydroxyl groups in Al2O3 of C2 coating, which
are hydrophilic and could improve the wettability of the
surface. Though, there are also some hydroxyl groups in SiO2

of C3 coating, its surface roughness is higher (Ra = 831 nm),
which might have a strong influence on the wettability of the
surface (Ref 23). Hence, the contact angle values of C3 in
distilled water and 25% NCS lubricant are the highest among
all samples. It is reported that the superior surface wettability
could promote the implant surface area for human osteoblast
adhesion, which is important to the implant materials (Ref 24).
Thus, PEEK/Al2O3 coating could retain the wettability of
original Ti6Al4V alloy preferably. Figure 3 also reveals that the
static contact angles with distilled water are relatively larger
than those with NCS, especially for C2 sample. The probable
reason may be the adsorption of proteins in NCS. Meanwhile,
there are some polar groups, such as -COO-, -NH3, and -OH-,
in serum proteins and making the hydrophilic nature of proteins
better. This phenomenon indicates that NCS lubricant could
cover the sample surface easily and might protect the surface
from severe wear and friction.

Figure 4 displays the cross section micrograph and EDX
analysis of the PEEK composite coatings. It is observed that the
thickness values of coatings in C1, C2, and C3 are about 75, 70,
and 73 lm, respectively, which are larger than the similar
polymer coatings reported earlier (Ref 11, 25). According to the
EDX analysis, the elements in the coatings are in agreement
with our sample preparation, which are the component of
PEEK, PEEK filled with Al2O3 and PEEK filled with SiO2,
respectively. In addition, no obvious cracks could be found at
the interfaces of coatings and substrates as shown in Fig. 4,
which ensures a good mechanical bonding and confirms the
stability of the PEEK and its composite coatings.

3.2 Micro-hardness

The micro-hardness values of the bare and coated Ti6Al4V
alloy samples are given in Fig. 5. There is no doubt that the
average surface micro-hardness values of all the coated
specimens are very less compared to the bare alloy. It is
indicated that the micro-hardness value of PEEK coating could
be increased about 35% by adding 2 wt.% SiO2 nanoparticles.
The reason is that when cured, the structure of PEEK/SiO2

coating changes into oversaturated solid solution with respect
to SiO2 gradually and will make the lattice deformation,
making the hardness increase (Ref 26). However, the obtained
results reveal that adding 2 wt.% Al2O3 nanoparticles into
PEEK coating could not improve the micro-hardness. There are
no obvious differences between the micro-hardness of PEEK
(20.9± 0.5 HV) and PEEK/Al2O3 (21.0± 0.4 HV). Hence, in
terms of Al2O3 nanoparticles, the weight percent value of 2%
could not make grain refinement and particle strengthening
effects notable. Furthermore, the measured results are in
agreement with the PEEK coatings on Fe substrate (Ref 27)
and higher than that on Al substrate (Ref 28) because of the
higher crystallinity level.

3.3 Tribological Characteristics

Figure 6 shows the friction curves of four types of samples
sliding against ZrO2 balls at applied load of 3 N under dry and
NCS lubricated conditions. As seen from Fig. 6(a), bare
Ti6Al4V alloy displays a considerably high friction coefficient
(0.463) in comparison to coated specimens, which sharply
increases at the beginning of sliding and fluctuates during the
whole test, indicating poor friction resistance. It has been
proposed that the high reactivity of titanium makes itself prone
to the formation of the surface oxide layer easily. The failure of
this surface oxide layer of Ti6Al4Valloy might result in the rise
of friction coefficient (Ref 7). The friction coefficient also

Fig. 5 The micro-hardness of bare and coated Ti6Al4V alloys

Fig. 6 Friction coefficient curves for wear test conducted: (a) in
dry friction and (b) in 25 wt.% NCS lubricated conditions
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increases sharply in all the coated specimens after certain time
but remains stable thereafter. There are no significant differ-
ences among the average friction coefficients of C1 (0.351), C2
(0.387), and C3 (0.349) in dry friction condition, while the
values are approximately three-fourths of C0. Owing to the
NCS lubricant, the average friction coefficients of all samples
are about half of those in dry friction condition. As shown in
Fig. 6(b), the friction coefficient of C0 still fluctuates but with
decreased magnitude in comparison to the dry sliding. It is
demonstrated that the friction coefficients of the three coated
specimens i.e., C1, C2, C3 are stable and<0.12 at all the times
during the test. There is only a marginal difference among the
friction coefficients of the coatings. However, the PEEK/SiO2

coating has shown the lowest friction coefficient of 0.112. The
results suggest that the PEEK and its composite coatings are
beneficial in reducing the friction coefficients of Ti6Al4V alloy
both in dry friction and NCS lubricated conditions. In addition,
the friction coefficients observed in the present study are in the
allowable range predicted by the simplified models used for
artificial joints (Ref 29-31).

Figure 7 presents the maximum wear depth and the
maximum wear width for the four Ti6Al4Valloy plate samples.
It is apparent that C0 has the largest maximum wear depth and

maximum wear width both in dry and NCS lubricated
conditions, while the C2 has the least. The maximum wear
depth of C2 represents a 93.36% decline in dry friction and a
98.53% decline in NCS lubricated condition compared to C0
under the same conditions. Besides, the maximum wear width
of C2 also demonstrates an obvious decrease of 53.90% in dry
friction and 83.94% in NCS lubricated condition, respectively.
Figure 8 illustrates the 3D-profile micrograph of the worn
surfaces of different coatings, respectively. It could be seen that
the coated surfaces have a higher roughness in comparison to
the base alloy. According to the deep and wide grooves seen in
Fig. 8(a) and (b), it appears that the surface of uncoated
Ti6Al4Valloy substrate has been badly worn. The worn surface
of C2 has shown the least wear depth and width both in dry and
NCS lubricated conditions which could be observed from
Fig. 8(g) and (h) and this is in agreement with the measured
results given in Fig. 7.

Micrographs of wear scar examined under SEM for all
samples are shown in Fig. 9. It can be seen that there is a
significant difference in micrographs among the bare and
coated Ti6Al4V alloys. A large amount of wear grooves,
cracks, and flake wear debris (white spots in the micrograph)
and debris could be seen on the worn surface of base alloy (C0)
as evident from Fig. 9(a) and (b), especially in dry friction.
Compared with this, wear track of the coated Ti6Al4V alloys
are smooth after sliding for an hour as seen in Fig. 9(c)-(h).
Specifically, there is no obvious wear scar in Fig. 9(f)
corresponding to PEEK-Al2O3 coating under NCS lubricated
condition while some adhesive wear scar with a few cracks
could be seen on the worn surface of other coatings. In order to
further explore the operative wear mechanisms, the composi-
tions of debris particles and wear tracks for the samples both in
dry friction and NCS lubricated conditions have also been
detected using EDX and the corresponding spectrums are
illustrated in Fig. 10 and 11, respectively, for dry and NCS
lubricated conditions. EDX analysis of the worn surface of base
alloy shows the presence of Zr apart from Ti, Al, and V on the
worn surface which reflects the transfer of materials from
counterface to the base alloy under dry conditions as seen from
Fig. 10(a1). However, while sliding under NCS the EDX
spectra of the base alloy does not show any trace of Zr as could
be seen from Fig. 11(a1). Surface plowing by the hard mating
ZrO2 ball might be the main reason for the serious damage of
bare Ti6Al4V alloy surface both in dry friction and NCS
lubricated conditions. Thus, it is noted that the deformation
under plowing force as well as abrasive wear and adhesive wear
are the main wear mechanisms for bare Ti6Al4V alloy in dry
friction condition. While the deformation under plowing force
and abrasive wear are the main wear mechanisms for bare
Ti6Al4V alloy in NCS lubricated condition.

Because of the protection provided by the coatings, the wear
scar observed in Fig. 10(b) is mainly composed of PEEK
including C and O elements as shown in Fig. 10(b1). Few
debris particles and some fatigue cracks could be seen in the
SEM micrograph of C1 in dry friction condition. The
compositions of the wear scar observed in Fig. 11(b) are also
C and O elements as shown in Fig. 11(b1). However, it is
apparent that the worn surface of C1 has been a large amount of
adhered particles under NCS lubricated condition. Thus, it is
believed that the fatigue wear and mild adhesive wear are the
main wear mechanisms for C1 in dry friction condition. While
adhesive wear is the main wear mechanism for C1 in NCS
lubricated condition. Similar to the C1 sample, the wear scar of

Fig. 7 The (a) maximum wear depth and (b) maximum wear width
for Ti6Al4V plates in dry friction and 25 wt.% NCS lubricated con-
ditions
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Fig. 8 The 3D-profile micrographs of the wear scars for: (a) C0 in dry friction condition, (b) C0 in 25 wt.% NCS lubricated condition, (c) C1
in dry friction condition, (d) C0 in 25 wt.% NCS lubricated condition, (e) C2 in dry friction condition, (f) C0 in 25 wt.% NCS lubricated condi-
tion, (g) C3 in dry friction condition, and (h) C0 in 25 wt.% NCS lubricated condition
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Fig. 9 SEM micrographs of wear scar profiles for: (a) C0 in dry friction condition, (b) C0 in 25 wt.% NCS lubricated condition, (c) C1 in dry
friction condition, (d) C0 in 25 wt.% NCS lubricated condition, (e) C2 in dry friction condition, (f) C0 in 25 wt.% NCS lubricated condition, (g)
C3 in dry friction condition, and (h) C0 in 25 wt.% NCS lubricated condition
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Fig. 10 EDX analysis of wear scars for: (a) C0 in dry friction condition and (a1) relative EDX analysis, (b) C1 in dry friction condition and
(b1) relative EDX analysis, (c) C2 in dry friction condition and (c1) relative EDX analysis, (d) C3 in dry friction condition and (d1) relative
EDX analysis
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C2 and C3 are also composed of the coating materials mainly,
without the elements of substrate as shown in Fig. 10(c1) and
(d1) and 11(c1) and (d1). As for C2 sample, more fatigue
cracks and adhesive area could be seen in Fig. 9(e) and 10(c).
Therefore, it is suggested that fatigue wear and adhesive wear
are the main wear mechanisms for C2 in dry friction condition.
Moreover, it is noted that some adhesive wear debris are
randomly scattered on the surface and no obvious wear scar
could be found as shown in Fig. 9(f) and 11(c). The obtained
results indicate that adhesive wear is the main wear mechanism
for C2 in NCS lubricated condition. One can observe the
presence of wear grooves and flake type wear debris on the
worn surface of C3 shown in Fig. 9(g) and 10(d) but to a lesser
degree, compared to C1 in the same condition. Yet, serious
adhesive wear scar without distinct wear grooves are shown in
Fig. 11(d). Hence, abrasive wear and adhesive wear are the
main wear mechanisms for C3 in dry friction condition. While
adhesive wear is the main wear mechanism for C3 in NCS
lubricated condition.

3.4 Discussion

The tribological behaviors are some of the most important
properties for titanium alloys in orthopedic applications. As
mentioned above, owing to the better friction and wear
resistances of PEEK and its composite materials (Ref 14), the
tribological properties of Ti6Al4V alloy could be improved by
PEEK and its composite coatings significantly. As a result, the
friction coefficients, maximum wear width and maximum wear
depth those coated Ti6Al4V alloy specimens decrease in
comparison to bare Ti6Al4V samples both in dry friction and
NCS lubricated conditions. Because of the low thermal
conductivity of PEEK and it composite coatings (Ref 32), the
friction-induced thermal effect in dry friction condition would
lead to serious adhesion of wear debris. Consequently, there is a
large amount of adhesive area and no obvious wear scars in the
wear area of PEEK coatings shown in Fig. 9(c), (e), and (g).
While in terms of bare Ti6Al4V alloy, owing to its excellent

thermal conductivity, the main wear mechanisms for bare
Ti6Al4V alloy are the deformation under plowing force as well
as abrasive wear and light adhesive wear in dry friction
condition. Furthermore, the obtained results in the present study
suggest that the tribological performances of PEEK composite
coatings are better than that of pure PEEK coating. This may be
attributed to the presence of Al2O3/SiO2 nanoparticles, which
are evenly distributed in PEEK coating. It is reported that a
hard phase in the soft polymer matrix could decrease the
coating deformation and true contact area with the counterbody
under certain load (Ref 33). Therefore, these nanoparticles
added into PEEK coatings could prevent the asperities of upper
samples from penetrating the surfaces of PEEK, and relieve the
deformation of the surfaces as well as the plowing effect. Also,
due to the restriction of these nanoparticles, the macromolecule
in the PEEK material could not prolapse easily. Furthermore,
PEEK/Al2O3 coating displays better tribological properties than
PEEK/SiO2 coating. The obtained results could be due to the
different surface roughness values between the two sample
surfaces. The surface of PEEK/Al2O3 coating is smoother
which could reduce the plowing effect under dry friction
condition.

As far as NCS lubricated condition is concerned, a
significant decrease in the friction coefficients and the maxi-
mum wear depth and width of PEEK and its composite coatings
has been observed in the present study in comparison to dry
sliding condition. It has been reported that there is a large
amount of proteins in NCS (Ref 34), which could adsorb onto
the surfaces of bare titanium alloy and PEEK coatings due to
the excellent wettability. The adsorbed protein layer could
reduce the direct contact between the ZrO2 ball and the coatings
and function as a semi-protective film (Ref 35). Therefore, the
friction coefficients and wear rates are larger in dry friction
condition than in NCS lubricated condition for both untreated
and coated samples as shown in Fig. 6 and 7. According to
literature (Ref 36), mixed lubrication and boundary lubrication
may occur in simple daily activities for natural and artificial
joints, because the film thickness can be very similar to the

Fig. 10 continued

Journal of Materials Engineering and Performance Volume 25(1) January 2016—125



Fig. 11 EDX analysis of wear scars for (a) C0 in 25 wt.% NCS lubricated condition and (a1) relative EDX analysis, (b) C1 in 25 wt.% NCS
lubricated condition and (b1) relative EDX analysis, (c) C2 in 25 wt.% NCS lubricated condition and (c1) relative EDX analysis, (d) C3 in 25
wt.% NCS lubricated condition and (d1) relative EDX analysis
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average roughness of the articulating surfaces. It is suggested
that theoretical predictions of lubrication regimes are usually
based on the k ratio in Eq 1. The minimum film thickness hmin

could be evaluated by the well-known Hamrock-Dowson
formula for isoviscous-elastic lubrication as shown in Eq 2.

k ¼ hmin

R0
q

ðEq 1Þ

hmin

R0
q

¼ 2:8
gue
E0R0

� �0:65 Wy

E0R02

� ��0:21

ðEq 2Þ

R0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
a1 þ R2

a2

q
ðEq 3Þ

1

R0 ¼
1

R1
� 1

R2
ðEq 4Þ

1

E0 ¼
1

2

1� t21
E1

þ 1� t22
E2

� �
ðEq 5Þ

In Eq 1 and 2, R0; g; ue;Wy and E0 are the effective radius,
the lubricant viscosity, the sliding velocity, the vertical load and
the elastic modulus, respectively. R0

q in Eq 3 means the

composite roughness. While in Eq 4 and 5, R1;E1; t1 and
R2;E2; t2 are the radii, Young�s modulus and Poisson ratio of
the ball and the contacting material, respectively. According to
the above equations, hmin is about 573 nm in this study.
Therefore, under NCS lubricated condition, the k ratio for
PEEK/Al2O3 coating is about 1.045 and that for PEEK/SiO2
coating is 0.679. Once the k ratio is evaluated, lubrication
regime could be conventionally identified by the following
ranges: (a) 0.1< k<1: boundary lubrication, (b) 1 £ k< 3:
mixed lubrication, and (c) k ‡ 3: full film lubrication. Thus,

under NCS lubricated condition, PEEK/Al2O3 coating is mixed
lubrication, while PEEK/SiO2 coating is boundary lubrication.
It is suggested that the mixed or boundary lubrication film has
formed with the improvement of wettability, which will
influence the friction and wear under lubrication (Ref 37). It
is reported that the protein adsorption displays a strong friction
under mixed lubrication while a low friction under boundary
lubrication (Ref 37, 38). These are inconsistent with results
shown in Fig. 3 and 6(b). Hence, the friction coefficient of C3
is the lowest. Besides, the presence of hydroxyl groups found in
the introduced Al2O3/SiO2 nanoparticles (Ref 39), also helps in
reducing the adhesion between the sliding materials. The
previous results have indicated that that these hydroxyl groups
tend to reduce the direct contact between bearing materials
under NCS lubricated conditions (Ref 40). Hence, compared
with those of pure PEEK coating, the wear volumes are
reduced, which is similar to the conclusion of Kuo et al. (Ref
41). Because of the adsorbed proteins, the wear debris is able to
get adhered on the surface easily. Thus, adhesive wear is one of
the operative wear mechanisms for these samples in NCS
lubricated condition. Therefore, better lubricated condition of
PEEK/Al2O3 coating leads to the optimum wear behavior under
NCS lubricated condition.

4. Conclusions

Different PEEK composite coatings were studied under
unlubricated and 25 wt.% NCS lubricated conditions. Based on
their surface layer characterization and tribological character-
istics, the following major conclusions could be obtained.

1. The contact angle values of PEEK composite materials
coated Ti6Al4V alloys were all higher than those of the
bare sample. Meanwhile, the static contact angle values
with distilled water were larger than those with 25 wt.%
NCS because of the adsorption of proteins.

2. Micro-hardness values of PEEK composite coatings de-
creased significantly, compared with that of bare Ti6Al4V

Fig. 11 continued
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alloy. The high hardness of SiO2 resulted in the highest
micro-hardness of PEEK/SiO2 coating (27.7± 3.1 HV)
among the three coatings.

3. The tribological performances of PEEK composite coat-
ings were better than that of pure PEEK coating. This
has been attributed presence of Alumina and Silica
nanoparticles, which were evenly distributed in PEEK
coating. These nanoparticles prevented the asperities of
upper samples from penetrating the surfaces of PEEK,
and relieved the deformation of the surfaces as well as
the plowing effect.

4. Under the conditions used in the present study, PEEK/
Al2O3 composite coating demonstrated optimum tribolog-
ical properties and hence, could be taken as a potential
candidate to be applied as bearing material for artificial
cervical disk.
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