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A B S T R A C T   

Polyether ether ketone (PEEK) is widely used for polymer-metal sliding pairs due to its excellent characteristics 
such as self-lubrication, and chemical stability. However, PEEK is prone to be worn easily when it comes to 
friction with metal, which is the most critical limitation for the development of PEEK/metal tribo-pairs. In this 
study, the tribological properties of silicon and oxygen co-doped amorphous hydrogenated carbon (a- C:H:Si:O) 
coating on PEEK substrates were focused, where the a-C:H was used for comparison simultaneously. Results 
revealed that both a-C:H and a-C:H:Si:O coated PEEK displayed a high hardness over 6 GPa and enhanced the 
tribological resistance. Noted that even the PEEK coated with a-C:H coating behaved the lowest wear rate of 1.82 
× 10− 7 mm3/Nm, co-doping Si and O improved the adhesion strength between coating and PEEK substrate 
together with the lubricity. In particular, the a-C:H:Si:O coatings with the concentration of 3.96– 7.49 at. % for Si 
and 3.07– 6.07 at. % for O showed excellent stability with a wear rate of (2.9 ± 0.4) × 10− 7 mm3/Nm, due to the 
formed compacted tribo-film over the counterpart. The results bring forward a promising strategy to enhance the 
wear resistance of PEEK/metal sliding components for harsh tribological applications.   

1. Introduction 

Polyether ether ketone (PEEK) is a high-performance thermoplastic 
polymer material, which has outstanding self-lubrication characteris-
tics, high toughness-stiffness, fatigue resistance, and chemical stability 
[1–4]. Therefore, it has been widely used in polymer-metal sliding pairs 
[5,6]. Nevertheless, for pristine PEEK, its mechanical strength and 
thermal stability are lower than that of the metallic counterpart. The 
resulting poor wear resistance, high coefficient of friction, and local 
melting of the PEEK can greatly restrict its booming in engineering ap-
plications. Therefore, some modification methods should be considered 
for improving the tribological performance of the PEEK-metal tribo-pair 
[7]. 

Generally, both adding appropriate fillers and surface modification 
treatments are employed to improve the tribological properties of PEEK. 
For example, Yan et al. [8] found that the addition of graphene oxide 
(GO) can reduce the friction coefficient and wear rate of PEEK, due to 

the improvement of hardness and tensile strength. Zhu et al. [9] also 
confirmed that adding the combination of carbon fiber, graphite, and 
polytetrafluoroethylene (PTFE) into PEEK would improve its self- 
lubricating performance, but reduce its wear resistance. By intro-
ducing nanometer silicon carbide, Wang et al. [10] believed that the 
improvement of the tribological properties of PEEK after modification 
was related to the formation of transfer film. Besides, the tribological 
performance of PEEK can be greatly improved by surface treatment 
methods without changing its excellent mechanical properties. Chen 
et al. [4] found that high laser power density treatment of PEEK can 
carbonize its surface and produce a solid lubrication effect, thus 
reducing its friction and wear. Using a picosecond laser to make dimples 
on PEEK, Wang and co-workers [11] concluded that when the dimple 
diameter was 50 mm, wear debris could be squeezed into texture dim-
ples, avoiding the generation of large wear debris to reduce wear. 

In particular, amorphous carbon has attracted much interest in this 
area, in consideration of its excellent hardness, high wear resistance, and 
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low friction coefficients, especially when sliding with metallic friction 
pair [12–15]. For example, Kaczorowski et al. [16] deposited amor-
phous hydrogenated carbon (a-C:H) on PEEK by radio frequency 
plasma-enhanced chemical vapor deposition (PECVD) method, and the 
wear rate of PEEK was reduced by 35 times. Su et al. [17] also prepared 
a-C:H on the surface of PEEK, and improved the adhesion strength of the 
coating on the substrate by etching PEEK. However, some researchers 
proposed that the high internal stress of a-C:H and its poor interface 
match with the polymer weakened the modification effect of a-C:H on 
PEEK [18–21]. It remains a challenge to avoid early fracture and 
delamination for a-C:H coated PEEK. Many researchers have attempted 
to solve this dilemma by reducing stress and designing an appropriate 
interface, such as introducing doping elements and transition layers 
[17,22–25]. Especially, the Si incorporation in diamond-like carbon 
(DLC) coating contributes to lower stress. The results show that the 
modified fluoro rubber with Si-DLC has a lower friction coefficient and 
wear rate [26]. Oxygen-doped modification treatment has also been 
proven to improve the adhesion strength of polymer composites [27]. 
Moreover, the silicon and oxygen co-doped a-C:H (a-C:H:Si:O) also 
showed reduced stress and improved thermal stability [25]. Considering 
these features, co-doping silicon and oxygen in a-C:H is considered one 
of the promising strategies for improving the tribological performance of 
PEEK. However, few studies have focused on the tribological properties 
of a-C:H:Si:O coated PEEK, their design criteria and the influence of 
silicon and oxygen concentration have yet to be disclosed. 

In this work, a-C:H and a-C:H:Si:O coatings with different Si/O 
concentrations were deposited on PEEK, with the PECVD technique 
(Fig. 1). The mechanical and tribological properties of the a-C:H:Si:O 
coated PEEK were studied systematically, and the related failure 
mechanism was also discussed, which may provide an effective strategy 
for improving the performance of PEEK/metal tribo-pairs in engineering 
applications. 

2. Material and method 

2.1. Coating deposition 

The coatings were prepared on both P-type Si (100) wafers and PEEK 
substrates (22 mm × 22 mm × 6 mm) by the PECVD technique, using 
acetylene (C2H2) and hexamethyl disiloxane (HMDSO) as the precursor 
gases. Before being loaded onto the substrates holder in the deposition 
chamber, the substrates were ultrasonically cleaned with ethanol for 10 
min. When the chamber vacuum reached 4 × 10− 3 Pa, all substrates 
were in-situ cleaned using an Ar plasma etch for 10 min to remove the 
adhered contamination, with a negative pulse voltage (Advanced En-
ergy, plus +5 K) of 500 V. During deposition, the negative pulse voltage 

was kept at 450 V, and then the a-C:H/a-C:H:Si:O coatings were 
deposited, with 150 W pulse power and a duty cycle of 61.5 %. The 
substrates were not heated during deposition. The coatings were named 
S1 ~ S6, according to the gas flow ratio of HMDSO to C2H2. The gas flow 
rates were controlled by respective mass flow controllers and mixed 
before entering the deposition chamber with different mixture ratios. 
Before depositing the coating, we calculated the deposition rate of the 
coating under different gas ratios through exploratory experiments. A 
surface profilometer (Alpha-step IQ, USA) was used to measure the 
thickness of coatings. The results show that the deposition rate of the 
coating increased with the incorporation of HMDSO. With 100 sccm 
C2H2, a-C:H (S1) coating had the lowest deposition rate of 14.6 nm/min. 
As the gas flow ratio of HMDSO to C2H2 increased from 1/10 to 1/2, the 
corresponding deposition rate of the coatings also increased from 16.1 
nm/min to 21.4 nm/min. By adjusting the deposition time, the thick-
nesses of all a-C:H/a-C:H:Si:O coatings were controlled to be approxi-
mately 1.5 μm. Detailed process parameters are shown in Table 1. 

2.2. Microstructural and mechanical characterization 

The composition content and chemical bonding state of the coatings 
were measured by X-ray photoelectron spectroscopy (XPS, Axis 
UltraDLD, Japan) with Al (mono) Kα radiation. To exclude the influence 
of surface impurities, Ar plasma was used to etch the target area for 30 s 
before the test. The Raman spectra (In Via-reflex, Renishaw) of the 
coatings were obtained with a 532 nm exciting wavelength laser. The 
coating on the silicon wafer was selected for the above characterization. 

The hardness (H) and elastic modulus (E) of the coatings on PEEK 
substrates were measured by the MTS nanoindentation system (G200), 
which was equipped with a 20 nm radius Berkovich diamond tip using 
continuous stiffness mode. For each sample, the indentation depth was 
200 nm. Accoring to The model of Oliver and Pharr [28], the H and E of 
the coatings were calculated from indentation load-displacement data. 
We randomly test several different positions on each sample surface and 
calculate the average value to ensure the uniformity and correctness of 
the data. 

The scratch tester (CSM Revetest) equipped with a tapered diamond 
indenter (Փ = 0.2 mm) was used to test the adhesion strength between 
the coating and PEEK substrate. The indenter moved at a speed of 1 mm/ 
min for a distance of 5 mm. At the same time, the applied load linearly 
increased from 1 to 30 N, with a loading speed of 5.8 N/min. 

2.3. Friction and wear tests 

A ball-on-plate tribometer (UMT-3) was used to evaluate the tribo-
logical performance of the coated PEEK in ambient air. A 304 stainless 
steel ball with a diameter of 6 mm was selected as the counterpart. The 
amplitude was 5 mm, and the sliding frequency was 5 Hz, corresponding 
to a velocity of 2.5 cm ⋅ s− 1. The load of 3 N was applied through a 
stationary loading system. The total reciprocating test duration was 
1800 s. After the test, the normalized wear rate (W, mm3/N ⋅ m) was 
obtained according to the following equation [29]: 

W =
V
FL

(1)  

where V is the wear volume loss (mm3), F is the applied load (N), and L is 
the total sliding distance (m). The volume loss (V) of the coatings and the 
mating balls was calculated using the following equations [30]: 

Vcoating = l× S (2)  

Vball = (πh/6)×
(
3d2/4+ h2) (3)  

where l is the amplitude (mm), S is the cross-sectional area of the wear 
track (mm2), and d is the diameter of the wear scar (mm). The h = r − (r2 

− d2/4)1/2, where r is the radius of the mating balls (mm). Fig. 1. Schematic diagram of PECVD system for a-C:H:Si:O deposition.  
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The two-dimensional (2D) wear track depth profiles of the coatings 
were measured by white light interferometer microscope (UP-Lambda). 
The surface topography and chemical composition of the coatings as 
well as the counterparts after friction tests were investigated by a field 
emission FEI Quanta FEG 250 scanning electron microscope (SEM), and 
the areal distributions of C, O, Si, and Fe elements on the counterparts 
were ascertained by energy dispersive X-ray spectroscopy (EDS). The 
transfer materials on the mating balls were analyzed by Raman spec-
troscopy with a laser wavelength of 532 nm. 

3. Results 

3.1. Composition and microstructure characteristics 

The elements composition and bonding state of the deposited coat-
ings were investigated by XPS. Fig. 2(a) illustrates the relative contents 
(at.%) of C, Si, and O elements. For a-C:H, only C, and a few O can be 
detected; as the HMDSO/C2H2 ratio increased from 1/10 to 1/2, the 
concentration of C decreased monotonously from 93.0 at.% to 79.8 at.%, 
while, the Si and O concentration increased from 4.0 at.% to 10.0 at.%, 
and from 3.1 at.% to 10.9 at.%, respectively. Fig. 2(b) shows the C 1s 
spectra of the a-C:H and a-C:H:Si:O coatings. In each C 1s spectrum, two 
peaks situated at 285.2 ± 0.1 eV and 286.5 ± 0.1 eV were ascribed to 
the sp3-C and C–O bonds, respectively. The peak with a binding energy 
of 284.7 ± 0.1 eV corresponded to sp2-C or C-Si-O bonds as reported in 

organosiloxanes [31]. The Si 2p spectrum of all a-C:H:Si:O coatings and 
its fitting results were shown in Fig. 2(c), it can be deconvoluted into 
three peaks centered at 100.9 ± 0.2 eV, 101.5 ± 0.2 eV, and 102.4 ±
0.2 eV, which were related to Si–C, Si (–O)1 and Si(–O)2, respectively 
[32]. The contents of sp2-C/C-Si-O, sp3-C, and C–O phases were shown 
in Table 2. The a-C:H had the maximum sp3-C fraction of 38.6 at.%. With 
increasing Si and O concentration, the sp3-C fraction in a-C:H:Si:O kept 
stable around 22.9 at.%, while, the C–O fraction of S6 significantly 
decreased at the highest HMDSO/C2H2 ratio. 

Fig. 3 shows Raman spectra of a-C:H and a-C:H:Si:O coatings. In 
Fig. 3(a), for all samples, the G peak appeared at around 1530 cm− 1, 
which stemmed from the E2g C–C stretching vibration, and the D peak 
appeared at around 1330 cm− 1 due to the disordering of ordered 
graphite. The G and D peaks were fitted using two Gaussian modes. The 

Table 1 
Detailed process parameters of prepared a-C:H/a-C:H:Si:O coatings.  

Samples Negative pulse Voltage (V) Current (A) Chamber Pressure (Pa) HMDSO (sccm) C2H2 (sccm) Deposition Rate (nm/min) Deposition Time (min) 

S1 450 0.3 2 –  100  14.6  102 
S2 10  100  16.1  90.5 
S3 10  80  16.6  88.7 
S4 10  60  18.2  84 
S5 10  40  19.5  77.5 
S6 10  20  21.4  68  

Fig. 2. The XPS spectra for (a) Chemical composition (calculated from XPS data) of coatings. (b) C 1 s and the C spectrum fitting result of coatings. (c) Si 2p and the Si 
spectrum fitting result of coatings. 

Table 2 
The contents of sp2-C/C-Si-O, sp3-C, and C–O phases.  

Samples sp2-C/C-Si-O (%) sp3-C (%) C-O (%) 

S1  53.8  38.6  7.6 
S2  69.7  20.7  9.6 
S3  69.3  22.9  7.8 
S4  68.5  22.4  9.1 
S5  65.5  26.8  7.7 
S6  68.5  27.3  4.2  
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position of the G-peak, the full width at half maximum of G-peak 
(FWHM (G)), and the area ratio of D peak to G peak (ID/IG) were present 
in Fig. 3(b). With increasing silicon and oxygen contents, the position of 
the G-peak decreased from 1532 cm− 1 to 1514 cm− 1, which suggested 
the decline of the sp2 content, since the Si atoms can replace the C atoms 
and weaken the strength of C––C bonds [33]. FWHM (G) also decreased 
evidently from 191.9 cm− 1 to 174.2 cm− 1, suggesting a more orderly 
structure. Meanwhile, a-C:H and a-C:H:Si:O coatings had approximate 
ID/IG values around 0.68, indicating the similar size of sp2 clusters. 

3.2. Mechanical properties 

Hardness (H) and elastic modulus (E) are considered to be important 
parameters affecting the wear resistance of materials [34]. As shown in 
Fig. 4(a), the a-C:H coating exhibited a much higher H and E value than 
that of a-C:H:Si:O coatings, which were 10.4 and 49.5 GPa. With the 
increase of Si and O content, both the H and E of the coating decreased. 
The H values of the a-C:H:Si:O (S2 ~ S6) coatings were 8.3, 8.0, 7.8, 6.3, 
and 6.2 GPa, respectively, and the corresponding E values were 36.9, 
36.7, 35.1, 32.2 and 29.8 GPa. The load-displacement curves of all 
samples can be found in supporting information Fig. S1. In Fig. 4(b), the 
H/E and H3/E2 were calculated, which can be used to evaluate the long- 
term durability, strain resistance, and plastic deformation resistance of 
coatings [35,36]. The high H/E ratio means that the coating has good 
elastic deformation resistance, and a high H3/E2 value indicates a higher 

plastic deformation resistance and better wear resistance [37,38]. The 
H/E ratio of the coatings did not change regularly. Samples 2 and 4 
deposited with 1/10 and 1/6 gas flow ratios had the maximum H/E 
value of 0.22. However, the H3/E2 value exhibited obvious dependency 
on the silicon and oxygen content. The a-C:H coating sample showed the 
maximum H3/E2 value of 0.48. With increasing the doping content, the 
a-C:H:Si:O coatings showed a decreasing trend of H3/E2 value. 

Fig. 5(a) shows the scratch morphologies of the coatings. Here, the 
critical load corresponding to the first visible crack on the coating sur-
face in the scratch test is represented by LC1 [39,40]. The LC1 of the a-C:H 
and a-C:H:Si:O coated PEEK were about 3.0 N, 3.3 N, 4.8 N, 8.1 N, 7.8 N, 
and 6.0 N, respectively. When the crack was initiated, the corresponding 
acoustic emission signal was also generated (Fig. 5(b)). The incorpora-
tion of Si and O can greatly improve the adhesion strength between the 
a-C:H:Si:O coating and the PEEK substrate, which may be due to the 
increase of surface energy by its polar components [41,42]. While, once 
the oxygen content exceeded 10 at.%, the adhesion strength decreased 
slightly, which can be explained by the reduction of C–O bond forma-
tion [18], as confirmed by the above-mentioned XPS results. 

3.3. Tribological test 

Fig. 6(a) presents the friction coefficient (COF) curves for all coat-
ings. Fig. 6(b) shows the average COF after the running-in stage and the 
wear rate of a-C:H and a-C:H:Si:O coatings. Supporting information 

Fig. 3. (a) Raman spectra and (b) fitting results of a-C:H/a-C:H:Si:O coatings.  

Fig. 4. (a) Hardness (H) and elastic modulus (E), (b) H/E and H3/E2 of a-C:H/a-C:H:Si:O coatings.  
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Fig. 5. (a) Scratch morphologies of a-C:H/a-C:H:Si:O coatings and (b) the corresponding acoustic emission signal.  

Fig. 6. (a) COF curves and (b) average COF after the running-in stage and wear rate of different samples.  

Fig. 7. The surface morphologies after the tribological experiment and the corresponding 2D wear track depth profiles for S1 (a), S2 (b), S3 (c), S4 (d), S5 (e), and S6 
(f), respectively. 
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Fig. S2 provided the schematic illustration of the cross-sectional area of 
the wear track measurement. For virgin PEEK, it showed an unstable and 
high COF of around 0.4 during the whole tribological test. For a-C:H 
coated PEEK (S1), its COF curve was relatively stable at around 0.17, 
and no running-in period can be observed. For a-C:H:Si:O coated PEEK 
with HMDSO/C2H2 ratio range from 1:10 to 1:4 (S2 ~ S5), each sample 
exhibited a running-in period from 300 to 500 s, and then followed by a 
stable and lower COF values of 0.13, 0.14, 0.15 and 0.13, respectively. 
At HMDSO/C2H2 ratio 1/2 (S6), its friction coefficient curve exhibited 
an exceptionally continuous increasing trend (Fig. 6(a)). After 700 s, its 
COF was even larger than that of the pristine PEEK. In Fig. 6(b), the wear 
rate of the virgin PEEK was 4.4 × 10− 6 mm3/Nm, while that of the a-C:H 
coated sample (S1) was reduced to 1.8 × 10− 7 mm3/Nm. The a-C:H:Si:O 
coated PEEK (S2 ~ S5) also had a low wear rate of 2.9 ± 0.4 × 10− 7 

mm3/Nm, suggesting improved wear resistance. However, sample 6 was 
worn out. 

Fig. 7 presents the representative SEM surface morphologies and the 
corresponding 2D wear track depth profiles of all coatings after the 
tribological test. The a-C:H coated sample showed the shallowest wear 
depth(Fig. 7(a)). Its wear track was 245.7 μm in width and 0.5 μm in 
depth, which can be attributed to its highest hardness and maximum H3/ 
E2 value, namely its best resistance to plastic deformation. However, 
numerous scratches were found in the wear track of the S1 coating, 
which may be caused by the poor adhesion strength between a-C:H 
coating and substrate and its relatively low elastic deformation resis-
tance. The width and depth of the wear tracks of S2, S3, S4, and S5 
coatings were 230.1 μm and 0.6 μm, 259.1 μm and 0.6 μm, 250.4 μm and 
1.0 μm, 212.8 μm and 1.1 μm (Fig. 7 (b-e)), respectively. And compared 
with the a-C:H coated sample, all those four wear tracks showed rela-
tively smooth surface morphologies with fewer scratches, which can be 
explained by the improved adhesion strength and lower H and E values. 
When the gas flow ratio of HMDSO to C2H2 was 1/2 (S6), the wear track 
was 295.1 μm in width and 5.8 μm in depth (Fig. 7(f)), which exceeded 
the thickness of the coating. Besides, many particles were scattered on 
the surface. 

Moreover, the surface morphologies and elemental distributions on 
the mating balls were characterized. In Fig. 8, for a-C:H/a-C:H:Si:O (S1 
~ S6) coated samples, the sizes of the contact area were a diameter of 
283.8, 279.3, 265.9, 269.9, 268.4, 408.7 μm, respectively. For a-C:H and 

a-C:H:Si:O deposited with HMDSO/C2H2 ratio range from 1/10 to 1/4 
(S1 ~ S5), the contact area on the mating ball was covered with some 
transfer materials. C, O elements (Fig. 8(a)), or C, Si, and O elements 
were identified by the corresponding EDS elemental maps (Fig. 8(b-f)), 
suggesting that the transfer materials were mainly composed of debris 
from the a-C:H/a-C:H:Si:O coatings. In addition, the transfer materials of 
the S1 sample mainly accumulated around the wear scar, while for the 
Si/O co-doped samples (S2 ~ S5), the transfer layer was mainly formed 
in the center of the wear scar. For the sample 6, though there were some 
materials transferred from the coating, no dense and intact tribo-film 
was formed. 

The wear rate of the mating ball is an important basis for evaluating 
the lubricity of the coating. We have summarized the average wear rate 
of mating ball sliding with different coatings, as shown in Fig. 9. For a-C: 
H (S1), the wear rate of the mating ball was 11.6 × 10− 7 mm3/Nm. This 
reflects the excellent lubricity of the amorphous carbon coating. 
Furthermore, the mating balls sliding with a-C:H:Si:O coatings (S2 ~ S5: 
Si:3.96– 7.49 at. %, O:3.07– 6.07 at. %) obtained a lower wear rate, and 

Fig. 8. Surface morphologies and EDS energy spectra of the wear scars on the mating balls for S1 (a), S2 (b), S3 (c), S4 (d), S5 (e), and S6 (f), respectively.  

Fig. 9. Wear rates of mating balls.  
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the ball sliding with sample 3 got the lowest wear rate of 7.2 × 10− 7 

mm3/Nm, which indicates that co-doping of silicon and oxygen is 
beneficial to improve the lubricity of the coating. However, for sample 6 
(Si:10.0 at. %, O:10.9 at. %, and C:79.1 at. %), the mating ball was 
seriously worn due to severe damage to the coating, and the wear rate 
was 42.9 × 10− 7 mm3/Nm. 

The transfer materials on the mating balls were investigated with the 
Raman spectrum. In Fig. 10(a), typical Raman signals of amorphous 
carbon located at 1000 ~ 2000 cm− 1 were detected. Combined with EDS 
analysis (Fig. 8), it indicated that the tribo-film was composed of debris 
from the deposited coatings. Fig. 10(b) shows the quantitative fitting 
results. Compared with as-deposited coatings (Fig. 3(b)), the FWHM (G) 
of the tribo-film did not change evidently. The position of the G peak on 
S1, S2, and S3 was little changed, but the ID/IG value increased from 
about 0.66 to 1.22. For samples 4 to 6, the position of the G peak 
increased, and the ID/IG also increased slightly, suggesting the graphi-
tization of the tribo-film in different degrees. 

4. Discussion 

The tribological properties of a-C:H and a-C:H:Si:O coated PEEK 
should be discussed from the incorporation of silicon and oxygen ele-
ments, and the following evolution of mechanical properties and the 
formation of the tribo-film. 

During the tribological test, the contact area between the mating ball 
and the sample will determine the COF and wear rate of a-C:H or a-C:H: 
Si:O coated PEEK, Fig. 11 illustrates the schematic diagram of the wear 
mechanism for various systems. Firstly, due to the significant improve-
ment of the mechanical properties of the sample surface, the PEEK 
coated by a-C:H or a-C:H:Si:O exhibited a lower wear rate. In addition, 
the excellent lubricity of amorphous carbon made a major contribution 
to the reduction of the friction coefficient of coated PEEK. In general, 
with the application of a-C:H (S1) and a-C:H:Si:O (S2 ~ S5) coatings, the 
tribological performance of the PEEK were greatly improved. 

However, numerous scratches were found in the wear track of the a- 
C:H coating, which may be related to the poor adhesion strength be-
tween a-C:H coating and substrate and its relatively low elastic defor-
mation resistance. This is unfavorable to the long-term stability of the 
equipment. Compared with pure a-C:H, all a-C:H:Si:O coatings had a 
lower hardness because the doping of silicon and oxygen will break up 
the continuity of the amorphous carbon matrix [43,44]. The splinter and 
delamination of a-C:H:Si:O could appear in the initial stage of the 

tribological test, due to their degraded mechanical properties, which can 
explain their longer running-in period. Then, those delaminated mate-
rials can be transferred to the mating ball during the sliding process, and 
the tribo-film can also be formed. In consideration of the higher polar 
bond fraction of C–Si and C–O, the higher surface energy of the 
transferred material from the sample 2 to 5 may result in a stronger 
adhesion force between the tribo-film and the contact area on the mating 
ball. Furthermore, the C-Si-O on the tribo-film could reduce shear 
resistance [45]. Therefore, this tribo-film can dominate the following 
sliding process and result in its stable and lower friction coefficient. 

5. Conclusion 

Here, a-C:H and a-C:H:Si:O coatings were prepared on PEEK sub-
strates by the PECVD system using C2H2 and HMDSO as precursors. 
Compared with untreated PEEK with the hardness of 0.2 GPa, the sur-
face hardness of the coated PEEK increased and the wear rate decreased 
by more than 10 times. With the increase of Si and O concentration, the 
hardness and plastic deformation resistance (H3/E2) of the coating 
decreased. It was found that the COF of the S2 to S5 was lower than S1, 
suggesting that the tribo-film played an important role. In summary, 
considering its mechanical properties and the formation of dense tribo- 
film, proper Si and O concentration (Si:3.96– 7.49 at. %, O:3.07– 6.07 
at. %) in the a-C:H:Si:O coating should be one key factor for improving 
the tribological performance of PEEK. 

Fig. 10. (a) Raman spectra and (b) fitting results of mating ball worn with a different sample.  

Fig. 11. Schematic diagrams of wear mechanism for various systems.  
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