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A B S T R A C T

Carbon-based coatings have been successfully utilized in aerospace, automobiles, and ocean exploration, as 
typical solid lubricants. Particularly, amorphous carbon coatings (a-C:H) have been employed on kinematic pairs 
of advanced equipment, such as polyether ether ketone (PEEK)/steel pair, for enhancing their wear resistance 
and solid lubricity. However, the significant disparity in mechanical properties between PEEK and a-C:H and the 
poor interface adhesion strength are the key factors that limit the further improvement of tribological perfor
mance. In this study, based on the gradient transition of composition and mechanical properties between PEEK 
and a-C:H, a-C:H/a-C:H:Si:O functionally graded coatings (FGCs) were fabricated on PEEK. The friction behavior 
of the a-C:H/a-C:H:Si:O FGCs coated PEEK sliding against 304 stainless steel was performed in dry atmosphere 
using a ball-on-plate reciprocating tribometer. Compared with the single-layer a-C:H and a-C:H:Si:O coated 
PEEK, the friction stability period of FGCs is extended by at least 33 %. When the thickness ratio of a-C:H/a-C:H: 
Si:O is 1/1, the wear rate of FGC is as low as 5.6 × 10− 7 mm3/Nm. The excellent tribological performances of 
FGCs can be attributed to the appropriate mechanical property transition and strong adhesion strength between 
the coatings and the PEEK. The finite element simulation results indicate that the FGCs can provide more 
excellent deformation resistance and can also significantly eliminate stress concentration. This work can provide 
basic theoretical guidance for preparing functionally graded amorphous carbon coatings on PEEK to achieve 
excellent tribological and wear performance.

1. Introduction

Owing to the lightweight, chemical inertness, and superior me
chanical characteristics [1–3], polyether ether ketone (PEEK) and its 
composites have found extensive application in various industrial fields, 
including aerospace, biomedical engineering, and ocean exploration 
[4–8]. Moreover, given its outstanding self-lubricating performance, 
PEEK emerges as a promising candidate for friction parts or solid 
lubricant when paired with metals, especially where dry sliding or 
insufficient lubrication is required [9–12].

However, during the operation of dry or insufficient lubrication 

system, PEEK exhibits high friction coefficient and high wear rate 
against friction pairs such as stainless steel [11,13] and ceramics [14]. 
This is crucial for the safe and reliable operation of some advanced 
equipment. To date, two main strategies have been adopted to enhance 
its wear resistance. For one thing, a number of fillers can be added to 
PEEK, including carbon fiber (CF), silicon carbide (SiC), zirconium oxide 
(ZrO2), and graphene oxide (GO), to enhance its mechanical strength 
and wear resistance [15,16]. Considering that the wear mainly occurs on 
the surface of PEEK, a protective coating can provide another effective 
solution, such as Cr2AlC coating [17], Al2O3/PTFE composite coating 
[18], and NiB-Al2O3 coating [19]. In some practical applications, there 
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is a simultaneous requirement for a low wear rate and low friction of the 
PEEK/metal pair in the motion systems. Amorphous carbon coatings 
(a-C:H or DLC), which possess excellent anti-wear and anti-friction 
properties, are considered as one of the most promising materials to 
address the mentioned issue [20–22].

Up to now, the easy peel-off of the hard a-C:H from the soft PEEK is 
unfavourable to the high reliability of many applications. Since the high 
internal stress of a-C:H, which is around 6 GPa, and the poor adhesion 
strength between a-C:H and PEEK can easily lead to many cracks during 
the friction test [21,23]. Introducing dopants or alloying elements into 
a-C:H offers the possibility to modify both the internal stress and 
interfacial characteristic. Recent studies have confirmed that silicon and 
oxygen co-doped a-C:H coating (a-C:H:Si:O) through organic precursor 
of hexamethyl disiloxane (HMDSO) has lower internal stress and a 
similar composition to PEEK [24–26]. Specifically, low concentrations 
of Si and O, ranging from 3.96 to 7.49 at.% and from 3.07 to 6.07 at.%, 
can endow a-C:H:Si:O coatings with excellent adhesion strength, me
chanical properties, and wear resistance [27].

From the perspective of interface technology, functionally graded 
coatings (FGCs) developed from multilayer coatings have provided a 
new solution to improve protective performance of the coated PEEK. 
With functionally graded transition achieved through gradient changes 
in microstructure porosity or composition in the FGCs [28–30], the 
crack sensitivity can be greatly reduced by eliminating the sharp tran
sition between substrates and coatings [31–33]. For practical applica
tions, the thickness, components and microstructure of functionally 
graded layer can affect the tribological performance. Besides, different 
from FGCs on some rigid substrates, the FGCs coated PEEK will exhibit 
various stress distribution and deformation characteristics under 
applied normal load, which can result in different tribological behaviors. 
How to obtain optimum gradient design for FGCs on PEEK and to reveal 
the role of interface characteristics on the tribological failure mecha
nism remain unclear.

In the present work, a-C:H/a-C:H:Si:O FGCs with varying composi
tions and mechanical property gradients were prepared on PEEK by 
adjusting the thickness ratio of the a-C:H and a-C:H:Si:O coatings. The 
influence of the composition and microstructure characteristics of the 
graded interfacial structure on the adhesion strength and mechanical 
properties of the coatings is investigated. Additionally, the role of 
interface characteristics and the related friction and wear mechanism of 
the coated PEEK are also discussed using the finite element method 
(FEM) model.

2. Experimental details

2.1. Preparation of FGCs

In this work, the substrates employed are P-type silicon wafer and 
PEEK (20 mm × 20 mm × 20 mm). The hardness (H) and elastic 
modulus (E) of PEEK are 0.2 GPa and 4.4 GPa, respectively. The a-C:H/a- 
C:H:Si:O FGCs were prepared by the plasma-enhanced chemical vapor 
deposition (PECVD) system using the mixture of acetylene (C2H2) and 
HMDSO. The details of cleaning and etching treatment prior to coatings 
deposition have been described in previous literature [27].

To obtain optimum gradient design, a-C:H/a-C:H:Si:O FGCs with 
varying compositions and mechanical property gradients were pre
pared. As depicted in Fig. 1, the functionally graded amorphous carbon 
coating consist of one bottom-layer of a-C:H:Si:O and a top-layer of a-C: 
H. The a-C:H:Si:O coating was prepared with a precursor gas HMDSO/ 
C2H2 ratio of 1/6, based on our previous study. Additionally, single- 
layer a-C:H coating (S1) and single-layer a-C:H:Si:O coating (S5) were 
also prepared as references. The specific deposition parameters are 
presented in Table 1. It should be noted that when the bottom a-C:H:Si:O 
coating is deposited, the HMDSO valve is immediately closed, and the 
flow rate of C2H2 is adjusted to 100 sccm for the deposition of a-C:H. 
Thus, the residual HMDSO can prevent the sharp transition between a-C: 
H and a-C:H:Si:O. The samples are named S1-S5 according to the 
thickness ratio of a-C:H to a-C:H:Si:O, as shown in Table 2. All the 
coatings are maintained at 1.45 ± 0.05 μm by adjusting the deposition 
time, which is verified by a surface profilometer (Alpha-step IQ, USA).

2.2. Characterization method

The distribution of C, Si and O elements from the coating surface to 
the substrate was carried out using glow discharge optical emission 
spectroscopy (GD-OES, Spectrum Analytik GmbH GDA 750HP). Addi
tionally, the depth profile of the chemical composition was obtained by 
X-ray photoelectron spectroscopy (XPS, Axis UltraDLD, Japan). More
over, XPS spectra were collected in detail for C 1s, O 1s, and Si 2p peaks. 

Fig. 1. Structure diagram of the a-C:H/a-C:H:Si:O FGCs.

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

Process Negative Pulse Voltage (V) Current (A) Chamber Pressure (mTorr) Ar (sccm) HMDSO (sccm) C2H2 (sccm) Deposition Rate (nm/min)

Etching 500 0.4 20 100 / / /
a-C:H 450 0.3 15 / / 100 13.5
a-C:H:Si:O 10 60 16.0

Table 2 
Deposition parameters of the coatings.

Sample S1 S2 S3 S4 S5

a-C:H/a-C:H:Si:O a-C:H 9/1 1/1 1/9 a-C:H:Si:O
Thickness (μm) 1.45 ± 0.05
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The binding energy was calibrated with the C 1s peak at 284.6 eV. A 
Raman spectrometer (Renishaw, in Via Reflex, 532 nm) was used to 
analyze the chemical composition related to the bond structure of a-C: 
H/a-C:H:Si:O coatings, wear tracks and wear scars after the tribological 
test. In addition, the Raman signal of PEEK was also analyzed at an 
excitation wavelength of 785 nm [34].

To acquire the mechanical properties of the coatings, their hardness 
(H) and elastic modulus (E) were measured by a nanoindenter (Nano
Indentation G200, MTS, USA) equipped with a Berkovich-diamond 
indenter. The values of H and E were calculated using the model pro
posed by Oliver and Pharr [35,36]. For each sample, at least six different 
positions were tested, and the average value was calculated to reduce 
the measurement errors. The residual stress (RS) was calculated in 
accordance with the Stoney equation [37]. The film/substrate curvature 
was determined by a laser tester (JLCST022, J&L Tech). The adhesion 
strength was determined as the maximum tensile strength applied by a 
direct load perpendicular to the surface under teste. The pull-off test was 
classified as a near-to-surface, partially destructive method that can 
measure tensile strength between the coating and the substrate [38,39]. 
Here, a cylindrical pin with a diameter of 10 mm was adhered to the 
coated PEEK by epoxy resin AB glue (DP460). The tests were performed 
using displacement control at 1 mm/min until the coating was 
completely detached from the substrate. At this point, the adhesion 
stress was defined as the ratio between the failure load and the test area.

2.3. Tribological tests

The tribological behavior of the coated PEEK was investigated using 
a ball-on-plate reciprocating tribometer (UMT-3) in ambient air. Owing 
to its favorable comprehensive properties and low cost, 304 stainless 
steel is widely utilized in industrial fields, and its frictional character
istics with PEEK have also drawn extensive attention [11,40–42]. 
Therefore, in this work, the 304 stainless steel (304 L) ball with a 
diameter of 6 mm serves as the counterpart. The amplitude and sliding 
velocity were set at 5 mm and 0.05 m ⋅ s− 1 respectively. The normal 
applied load was 3 N, and the total sliding distance was 180, 75, and 9 m 
respectively. The PV (product of contact pressure and sliding speed) 
value corresponding to the test condition ranged from 13.2 to 16.2 MPa 
m/s. The test condition was chosen to simulate extreme conditions in 
engineering applications, such as the piston-cylinder friction pair in a 
piston pump. In addition, this test condition is consistent with the pre
vious studies [27,43]. Each sample was repeated three times under the 
same sliding conditions to ensure the authenticity and repeatability of 
the test data. Finally, the wear rate (W, mm3/N⋅m) can be calculated by 
the following equation [44]: 

W=
V
FL 

where V indicates the wear volume loss (mm3), F denotes the applied 
load (N), and L is the total sliding distance (m). The V of coatings is the 
average value calculated at different locations on the wear track. 
Following the tribotest, the wear volume of the coated PEEK is obtained 
by a white light interferometer microscope (UP-Lambda). The surface 
morphology and chemical composition of the coatings and mating balls 
were investigated using a scanning electron microscope (SEM, FEI 
Quanta FEG 250) equipped with an energy dispersive spectrometer 
(EDS). The transfer film or tribo-film on the surface of the mating balls at 
different friction stages is observed using an optical microscope 
(LSM700).

2.4. Finite element method model

The finite element software (ANSYS 2024) was employed to simulate 
the stress distribution and deformation of different systems. A two- 
dimensional FEM was developed to simulate the situation when loads 

were applied to the system. The physical properties parameters of ma
terials are presented in Table 3. In the model design, a double-layer 
coating with a thickness ratio of 1:1 was utilized to replace the FGC, 
as shown in Fig. 2. The total thickness of the coating in all models was 
1.5 μm. Furthermore, to avoid any artificial constraints or edge effects, a 
large substrate region with a diameter of 10 mm and a height of 3 mm 
was modeled. The diameter of the 304 L ball is 6 mm. Mapped meshing 
with significant refinement around the contact region results in 
approximately 406248 triangular elements, with a minimum element 
size of 7.5 × 10− 4 mm. The applied boundary conditions are shown in 
Fig. 2.

3. Results

3.1. Composition and microstructure characteristics

Fig. 3 shows GD-OES in-depth profiles from five different coatings on 
the Si wafer. The gradients of C, Si, and O elements have a certain 
correlation with the thickness ratio of a-C:H and a-C:H:Si:O coatings. For 
single-layer samples in Fig. 3(a–e), elemental transition is only observed 
at the coating-substrate interface, with sharp step changes in elemental 
signals. For FGCs with a-C:H/a-C:H:Si:O thickness ratio of 9/1 (S2), its 
depth profiles of elements are similar to S1, as observed in Fig. 3(b). 
However, when the thickness ratio is 1/1 (S3), two curve inflection 
points appear. At this point, the typical silicon content first remains at 
3.3 at.%, then slowly increases to 8.5 at.%, and rises again at the 
coating-substrate interface(Fig. 3(c)). Similarly, at thickness ratio of 1/9 
(S4), the Si content rapidly increases from 3.3 at.% to 8.5 at.% at a depth 
of 0.15 μm, and this Si content remains stable until the detection depth 
reaches the coating-substrate interface(Fig. 3(d)).

As shown in Fig. 4, before etching treatment, the O content on the 
surface is the highest, approximately 8.3 at.%, mainly attributed to the 
adsorption of O in the air. As the XPS etching time extends, the O content 
drops sharply within the first 6 min and remains at around 0.6 at.% in 
the following 42 min. From the etching time of 42 min–72 min, both the 
O and Si contents increase slowly from 0.6 at.% and 0.1 at.% to 4.0 at.% 

Table 3 
Materials properties used in finite element analyses.

Material Young’s modulus, 
E (GPa)

Poisson’s ratio Density (g/cm3) Reference

PEEK 4.4 0.3 1.3 [45,46]
304 L 215.3 0.29 7.9 [47,48]
a-C:H 53.9 0.07 2.5 [49–51]
a-C:H:Si: 

O
36.7 0.07 2.5

Fig. 2. Schematic of the model and mesh generation of the finite 
element analysis.
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and 5.7 at.%, respectively. Regarding the C element, its content de
creases from 91.7 at.% to 89.9 at.% as the etching time increases. Ac
cording to the C 1s fitting results at 6, 54, 66, and 96 min, the sp2-C/C-Si- 
O content gradually increases, while the sp3-C content shows an oppo
site trend, as presented in Table 4. In this work, FGCs are successfully 
prepared on PEEK, and the significant changes in composition from 
PEEK to the a-C:H layer are avoided.

The Raman spectra and fitting results of as-deposited FGCs are shown 
in Fig. 5. In Fig. 5(a), all coatings exhibit typical Raman characteristics 
of amorphous carbon. Since the top layer of the a-C:H/a-C:H:Si:O FGCs 
is a-C:H, S1 to S3 have similar G-peak positions and the same half-peak 

full width of G-peak (FWHM). The G-peak positions of S1, S2, and S3 are 
1537, 1534 and 1536 cm− 1, respectively, and the FWHM(G) is 191 
cm− 1(Fig. 5(b)). The G-peak positions of S4 and S5 is 1531 cm− 1 and 
1520 cm− 1 respectively, and FWHM(G) are 189 cm− 1 and 181 cm− 1 

respectively. Thus, the a-C:H:Si:O coating has a lower sp2-C content and 
a more ordered structure than the a-C:H coating. The ID/IG of all coatings 
remains around 0.6, indicating that Si and O co-doping has no signifi
cant effect on the size of sp2-C clusters. Compared with other samples, 
the G-peak position and FWHM(G) of S5 are the smallest, indicating its 
lowest content of sp2-C and highest degree of order.

3.2. Mechanical properties

Fig. 6 shows the H, E, H/E, and H3/E2 of the coatings deposited on 
silicon wafer. Fig. 6(a) demonstrates that the single-layer a-C:H coating 
achieves the highest hardness of 26.4 GPa and elastic modulus of 215.2 
GPa, while the single-layer a-C:H:Si:O coating exhibits the lowest values, 
at 16.0 GPa and 135.7 GPa, respectively. The FGCs display intermediate 
mechanical properties, and its mechanical properties exhibit a discern
ible degradation trend as the thickness of the a-C:H:Si:O layer increases. 
Generally, the hardness-to-modulus ratio (H/E) quantifies resistance to 
elastic deformation, and the H3/E2 ratio measures resistance to plastic 
deformation [52]. So, the gradient structural designs enhance resistance 
to elastic deformation, as evidenced by consistently higher H/E values in 
gradient coatings, as shown in Fig. 6(b). More specifically, the H/E value 
of S4 is 13 % greater than that of the single-layer a-C:H:Si:O coating (S5). 
With regard to plastic deformation, the H3/E2 value remains at 0.40 GPa 
for samples with a-C:H:Si:O layer thickness proportions of 0–50 % 
(S1–S3) and decreases slightly to 0.36 GPa in S4, which still exceeds the 
0.22 GPa for the single-layer a-C:H:Si:O coating (S5). It can be readily 
concluded that, gradient structural design substantially enhances the 
comprehensive mechanical properties of amorphous carbon coatings.

As shown in Fig. 7, the single-layer a-C:H exhibits the highest 
compressive RS (− 2.61 GPa), while the single-layer a-C:H:Si:O shows 
the lowest value (− 1.16 GPa). As the thickness ratio increases, the ab
solute value of compressive RS decreases, demonstrating that the func
tional gradient design effectively reduces the compressive RS of a-C:H.

Table 5 summarizes the maximum pull-off forces, stress, and fracture 
types of the pull-off testing of the five samples. In Fig. S1, we provide a 
schematic diagram of the pull-off test and show the raw data using S5 as 
an example. The single-layer a-C:H:Si:O coating has the highest 

Fig. 3. GD-OES depth profiles of coatings: (a)⁓(e) corresponding S1⁓S5 samples.

Fig. 4. XPS in-depth profile of the a-C:H/a-C:H:Si:O FGC (Results from S4).

Table 4 
Fitting results of C1s peaks at different etching times.

Sputtering time(min) 6 54 66 96

sp2-C/C-Si-O(%) 52.2 60.3 75.6 78.3
sp3-C(%) 40.3 33.4 16.2 15.7
C-O(%) 7.5 6.3 8.1 6.0
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adhesion strength, with a maximum pull-off force of approximately 
577.3 N and an adhesion stress of 7.4 MPa. However, the maximum pull- 
off force between single-layer a-C:H coating and PEEK is only 250.7 N, 

and the corresponding maximum adhesion stress is 3.2 MPa, indicating 
that Si and O co-doping significantly improves the adhesion strength.

From the fracture morphology after pull-off tests, the coating is 
completely transferred to the surface of the cylindrical pin, and the PEEK 
is not damaged, indicating their adhesion failure characteristic. For 
functional gradient coatings, the adhesion stress gradually increases 
with the increase in the thickness ratio, which is consistent with the 
changing trend of the internal stress (Fig. 7). Generally, according to the 
research of Hu et al. [53], for amorphous carbon coatings, the residual 
stress is the dominant factor and is negatively correlated with its 
adhesion strength.

3.3. Tribological properties

Fig. 8(a) shows the friction coefficient (COF) curves for all coatings 
during the 60 min tribological test. The five samples exhibit various 
frictional states, which are related to their thickness ratio of a-C:H/a-C: 
H:Si:O. The initial COF of a-C:H coating (S1) is about 0.17 and increases 
slowly as the test time extends. After about 40 min, its COF increases 
sharply, indicating the failure of the coating. When the thickness ratio of 
a-C:H/a-C:H:Si:O reaches 9/1 (S2), its initial COF is 0.17 and increases 
slowly with test time without any dramatic fluctuation. For the S3 
sample, its COF increases slowly and then decreases after 34 min, and 
then stabilizes at about 0.22 until the end of the test. The COF of S4 
begins to decrease after 25 min and then remains stable after decreasing 
to approximately 0.1. When the friction test reaches 44.4 min, the COF 
increases sharply, indicating the failure of the coating. Obviously, a-C: 
H/a-C:H:Si:O FGCs significantly increase the wear life of the coated 
PEEK compared to single-layer amorphous carbon coatings.

Fig. 5. (a)Raman spectra of as-deposited coatings and (b)the corresponding fitted result of ID/IG, position(G), and FWHM(G).

Fig. 6. (a) Hardness (H) and elastic modulus (E) and (b) H/E and H3/E2 of coatings. (Error bars represent the standard deviation. Data were collected from 6 
measurements.)

Fig. 7. Compressive residual stress of the single-layer coatings and a-C:H/a-C: 
H:Si:O FGCs. (Error bars represent the standard deviation. The data was 
collected from 3 measurements.)
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Fig. 8(b) shows the wear rate and the wear track depth after the 
tribological test. The wear rates of S2 to S4 coatings are 9.4, 5.6, and 9.5 
× 10− 7 mm3/Nm respectively, and the corresponding wear depths are 
0.96, 0.65, and 0.98 μm respectively, which are lower than the designed 
thickness of as-deposited coatings. In contrast, the samples with single- 
layer coating (S1 and S5) have the maximum wear depth range from 3.5 
to 4.5 μm, indicating wear out of the coatings.

Fig. 9 shows surface morphology of wear tracks and corresponding 
EDS mapping results of coated PEEK. S1 has the widest wear track of 
505.2 μm. The wear track widths of S2-S5 are 315.8 μm, 303.1 μm, 
268.7 μm, and 303.4 μm respectively. According to the EDS mapping, 
there is no significant reduction of carbon and silicon contents in the 
wear track for S2 to S4. However, the C and Si elements in S1 and S5 are 

significantly reduced, while more O atoms are detected. Fig. 10 presents 
the Raman spectra of the wear track center for S1 and S5. The typical 
ether bonds (around 1146 cm− 1) and benzene rings (around 1508 cm− 1) 
confirm the exposure of PEEK substrate [34,54].

Fig. 11 shows the surface morphology and corresponding EDS energy 
spectra of wear scars from the mating balls. S1 sample exhibits the 
largest wear scars, with a diameter of 535.8 μm, and a considerable 
amount of wear debris is scatters around (Fig. 11(a)). The main con
stituents of the debris are C and O elements, which predominantly 
originate from the a-C:H coating. Virtually no C element is present in the 
center of the wear scars, signifying that no transfer film is formed. In 
contrast to S1, the quantity of debris accumulation around S2 to S4 is 
significantly diminished (Fig. 11(b–d)), and a strong C element signal 

Table 5 
Maximum pull-off forces and stress and fracture types of the pull-off testing of the coatings (values in parentheses are standard deviations).

Sample S1 S2 S3 S4 S5

Maximum pull-off force (N) 250.7 (9.3) 389.2 (67.3) 452.5 (100.6) 511.6 (113.8) 577.3 (174.6)
Maximum adhesion stress (MPa) 3.2 (0.1) 5.0 (0.9) 5.8 (1.3) 6.5 (1.5) 7.4 (2.2)
Fracture type Adhesive at the PEEK/coating interface
Fracture morphology

Fig. 8. (a) Friction curves during the sliding process and (b) the wear rate and wear track depth of coatings after 1 h of tribological experiment. (Error bars represent 
the standard deviation. Data were collected from 3 samples.)

Fig. 9. The wear track of the coatings and the corresponding EDS mapping results from wear track: (a)⁓(e) corresponding S1⁓S5.
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still exists at the center of the wear scars, indicating that the transfer film 
is well retained. In the S4 sample, a robust Si element signal is observed, 
suggesting that the top a-C:H coating is worn out and the a-C:H:Si:O 
layer is exposed. In Fig. 11(e) for the S5 sample, the diameter of the scar 
is approximately 349.7 μm, and there is more wear debris around, which 

retains a small quantity of the transfer film.
To gain a deeper understanding of the friction process of the coat

ings, the tribological behaviors at the initial stage (the first 3 min) and 
the stable stage (25 min) are investigated. In Fig. 12(a), the samples 
featuring the top a-C:H layer (S1⁓S4) have a relatively higher wear rate 
ranging from 1.9 to 3.7 × 10− 7 mm3/Nm at the initial stage. Their wear 
rate decreases significantly in the stable stage, and the S3 demonstrates 
the lowest wear rate of 1.3 × 10− 7 mm3/Nm and 0.4 × 10− 7 mm3/Nm at 
3 and 25 min, respectively. Regarding the single-layer a-C:H:Si:O 
coating (S5), its wear rate at the initial stage is marginally higher than 
that at the stable stage, which are 1.2 × 10− 7 mm3/Nm and 1.5 × 10− 7 

mm3/Nm, respectively. From the wear depth of the different stages in 
Fig. 12(b), the wear depth of all samples at 3 min and 25 min is 
considerably less than the thickness of the five coatings, indicating that 
the coatings are still capable of protecting the PEEK substrate. The S2 
has the greatest wear depth of 0.41 μm, while S3 and S5 have the 
smallest wear depth of 0.07 μm at the initial stage. At 25 min, the wear 
track depth for each sample is greater than that at 3 min, the wear depth 
of S4 and S5 increases sharply to 0.57 and 0.63 μm, respectively, indi
cating that the coating has undergone severe wear. However, S3 still has 
the slightest wear track depth of 0.16 μm. For all samples, their wear 
track depths reach the peak value when the friction test duration is 
extended to 60 min. For the single-layer coatings, the a-C:H (S1) and a-C: 
H:Si:O (S5) coated PEEK exhibits significantly aggravated wear, with 
wear track depths of 4.5 μm and 3.5 μm, respectively. These values are 
well above the wear depths observed at the 25-min mark and 

Fig. 10. The Raman spectra of wear track from S1 and S5.

Fig. 11. Surface morphologies and EDS energy spectra of the wear scars: (a)⁓(e) corresponding S1⁓S5.

Fig. 12. (a) Wear rate and (b) wear track depth of coatings after 3 min and 25 min tribological test. (Error bars represent the standard deviation. Data were collected 
from 3 samples.)
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Fig. 13. The morphologies of wear scars on the matting ball in different friction periods, (a) initial stage (friction for 3 min), (b) stable stage (friction for 25 min), and 
(c) later or failed stage (friction for 60 min).

Fig. 14. (a, b) Raman test for wear tracks and wear scars, and (c) ⁓ (f) the corresponding fitting results.
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significantly greater than the original coating thickness. In contrast, the 
FGCs samples maintain structural integrity at the 60-min stage, among 
which the S3 exhibits the lowest wear track depth. Notably, compared to 
the friction stable stage (3–25 min), the increase in wear track depth 
during the later stage (25–60 min) becomes more pronounced, indi
cating a characteristic of accelerated wear. Overall, the FGCs samples 
demonstrate significantly superior wear resistance compared to single- 
layer coatings, with the optimal wear performance under gradient 
ratio of 1:1 (as seen in S3).

The morphologies of the wear scars on matting balls at various 
friction stages are analyzed in detail as well. In Fig. 13, circular wear 
scars emerge on the matting ball at different friction stages, with many 
parallel grooves arranged along the sliding direction. During the 
running-in period in Fig. 13(a) and stable period in Fig. 13(b), a 
significantly greater amount of black substances are transferred from the 
coating to the matting ball, and the diameter of the wear scar also en
larges. At 60 min, the wear debris around the wear scar of all samples 
increases dramatically, as shown in Fig. 13(c). The wear scar diameter of 
S1 and S5 increases by 61 % and 19 %, respectively, compared to that 
during the stable period. While contrary to the single-layer coatings, all 
the FGCs display a smaller wear scar, owing to the formed transfer film.

The structural alteration of the coating during the sliding process is 
another crucial factor influencing its tribological properties. Three 
typical areas of the wear tracks and wear scars (Fig. 14(a and b)) are 
examined by Raman, where A denotes the center of the wear track, B 
represents the center of the wear scar, and C indicates the area around 
the wear scar with scattered debris.

For the as-deposited coatings, they possess similar sp2-C cluster sizes, 
and their C-sp3 content exhibits an ascending trend when the coatings 
are doped with Si and O elements. According to Fig. 14(c, d) from area A, 
the ID/IG and G peak positions after 3 and 25 min are lower than that of 
the as-deposited coating, signifying that the sp2-C cluster size reduces 
and the sp3 content increases after the friction test. After 1 h test, 

characteristic peaks of amorphous carbon could not be detected for S1 
and S5, indicating the failure of the two single-layer coatings. In S2 and 
S3, the ID/IG value and G peak position are still lower than that of the as- 
deposited coating. However, the ID/IG value and G peak position of S4 
increase to 0.9 and 1534.2 cm− 1, respectively, which are significantly 
higher than the as-deposited coating, indicating severe graphitization on 
the wear track.

The B area can reflect the evolution of transfer film or tribo-film. In 
Fig. 14(e and f), the ID/IG value and G peak position of the transfer 
materials on the mating ball are notably higher than those on the wear 
tracks, which confirms the formation of a graphitized transfer layer. In 
the initial stage (3 min), samples with a thicker a-C:H:Si:O layer, such as 
S3-S5, have greater value of ID/IG and G peak positions, indicating that 
these materials transferred from the coating to the mating ball have a 
larger sp2-C cluster size and more sp2-C content at this stage. In the 
stable and the subsequent stages (25 and 60 min), the ID/IG values at 
area B are comparable for all samples. However, at 25 min, the G peak 
position of the transfer layer in S4 is significantly larger than that for 
other samples, indicating its highest sp2-C content. Although the S5 fails 
after 60 min, the residual transfer material on the mating ball still has 
similar ID/IG and G peak positions close to that of the S4, indicating a 
similar graphitization process before its failure.

At the C area, the ID/IG and G peak positions of the wear debris are 
greater than those of the transfer layer in the stable and later stages, 
which indicates that the wear debris is formed through the graphitiza
tion of the transfer layer in the friction test. Additionally, for the two 
single-layer coatings, the changes in their ID/IG and G peak position 
value are within a wide range throughout the entire friction test. 
Meanwhile, the FGCs exhibit relatively stable structure characteristics, 
especially for the S3 sample, its ID/IG and G peak position values are 
nearly the same.

Fig. 15. Equivalent stress contours for (a) a-C:H coated PEEK, (b) a-C:H:Si:O coated PEEK, (c) a-C:H/a-C:H:Si:O FGC coated PEEK. Regions A, B, and C are the 
magnified view of the contact center of the model, the position of maximum stress and the stress contours of the coating, respectively.
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3.4. Stress distribution and deformation of the system

During the friction test, a normal applied load will induce stress and 
deformation in coated PEEK. Analyzing the stress distribution and 
deformation characteristics of coated PEEK is beneficial for explaining 
their tribological behaviors. The distribution contour of the equivalent 
stress from different systems is shown in Fig. 15. The equivalent von 
Mises stress within the coating results mainly from the normal load and 
the elastic modulus mismatch. High stresses due to normal loads are 
concentrated below the contact area, while stresses from elastic modulus 
mismatch occur mainly at the interface [55,56]. In this study, the stress 
concentration appears at the center of the contact region (region A) 
between the ball and the sample. Further analysis reveals a distinct 
geometric transition in region B when the sample deformation is 
magnified five times (Fig. S3) This geometric transition is caused by the 
mismatch in the elastic modulus between coatings and PEEK under 
external loading. As a result, stress distortion at this transition leads to 
localized high stress concentration. The von Mises stress distribution 
field of the single-layer coating system is similar (Fig. 15(a and b)), the 
maximum stress value appears at the upper surface of the coating and 
the coating-substrate interface, which is in accordance with the stress 
distribution of hard coatings reported in the literature [57,58]. The 
maximum stresses of a-C:H coated PEEK and a-C:H:Si:O coated PEEK are 
351.85 and 277.28 MPa, respectively. Whereas the stress distribution in 
the FGC system is different, the maximum stress is uniformly distributed 
along the thickness of the coating, the lowest value of their maximum 
stress is only 229.73 MPa (Fig. 15(c)). Further, regions A, B, and C are 
respectively the magnified view of the contact center of the model, the 
position of maximum stress, and the stress contours of the coating. The 
maximum stress in the three systems is far away from the contact center 
of the model. The stress distribution profiles of the single-layer coatings 
are similar, and there is obvious stress concentration on the upper sur
face of the coating and the coating-substrate interface. However, the red 
region of the maximum stress in the FGC is uniformly distributed in the 
thickness direction, indicating that the stress release in the FGC is su
perior to that in the single-layer coating.

Fig. 16 presents the deformation from different systems. The defor
mation profiles of all coating systems are identical. The maximum 
deformation occurs at the center of contact between the ball and the 
coating and decreases gradually as the distance from the contact center 
increases. However, there are significant differences in the maximum 
deformation values of the three systems. The maximum deformations of 
the a-C:H coated PEEK, a-C:H:Si:O coated PEEK, and FGC coated PEEK 

are 5.77, 5.82, and 5.59 × 10− 3 mm respectively.

4. Discussion

The FGC coated PEEK demonstrates superior wear resistance 
compared to the single-layer amorphous carbon coated one. At least 
three aspects should be considered to uncover the underlying wear 
mechanism, including the stress distribution and deformation charac
teristics, formation of the transfer film, chemical structure changes 
during the tribological test.

For a-C:H coated PEEK, the fundamental premise of its enhanced 
tribological performance lies in the existence of a-C:H or carbon-based 
transfer film in the sliding interface. Obviously, the early spalling of 
the two single-layer coatings led to a lack of lubricating material and 
their poor protective performance.

The priority is to analyze their stress distribution and deformation 
characteristics. From the finite element method model, there is con
spicuous stress concentration in the single-layer coated PEEK, which is 
the main cause of cracks in the coating [59,60]. Besides, the maximum 
stress value emerges at the interface between the coatings and the PEEK 
substrate and all coatings show adhesion failure characteristics 
(Table 5). However, the FGCs show reduced stress concentration, with a 
maximum stress decline of 35 % (Fig. 15). The single-layer a-C:H coated 
PEEK has the lowest adhesion strength, so numerous cracks are pro
duced on the surface of single-layer a-C:H coated PEEK during friction 
test [27]. Additionally, according to GD-OES and XPS depth profiles, the 
FGCs avoid the composition mutation from the PEEK to the a-C:H 
coating, which endows the FGCs coated PEEK with better plastic 
deformation resistance and mechanical stability [30,61,62]. As a result, 
FGCs coated PEEK can hold the stress concentration and deformation 
during tribological tests without obvious spalling, demonstrating their 
better protective performance.

The second aspect is that once the carbon-based coatings cover the 
PEEK during the tribological test, their tribological performance is 
highly dependent on the transfer film [63–65]. In the initial stage (the 
first 3 min), a small amount of transfer material is observed on the 
mating balls of all samples (Fig. 13(a)). From the initial stage (3 min) to 
the stable stage (25 min), the transfer material on the mating ball in
creases and forms a complete transfer film (Fig. 13(b)), resulting in a 
reduced wear rate of the coatings. At the later stage of friction (60 min), 
the diameter of the wear scar on the mating ball for single-layer coated 
PEEK increases significantly, and the corresponding transfer film is 
consumed (Fig. 13 (c)), indicating that the single-layer coatings cannot 

Fig. 16. Deformation contours for (a) a-C:H coated PEEK, (b) a-C:H:Si:O coated PEEK, (c) a-C:H/a-C:H:Si:O FGC coated PEEK.
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provide long-term protection for PEEK. However, for all the FGCs 
samples, their mating balls show a smaller wear scar, due to the dense 
transfer film on their surface.

A final factor is the chemical structure change during the tribological 
test. Among the FGCs coatings, the interaction between the wear track 
and the transfer film determines their COF and wear rate. After 1 h of 
tribological test, the wear track depth of S2 is less than the thickness of 
the top a-C:H layer, and the wear track depths of S3 and S4 are much 
larger than the top a-C:H thickness (Fig. 8(b)), so fewer Si and O atoms 
will be involved in the tribo-chemical reaction for S2. Since Si and O 
atoms are beneficial for the graphitization of C-sp3 under the friction test 
[66], the sp2-C content in the wear track from high to low in turn is S4, 
S3, S2, as affirmed by Raman spectra (Fig. 14(c)). During the tribological 
test, more C-sp3 in the wear track causes more covalent bonds with the 
transfer film on the matting ball, which requires more tensile force to 
break [42], so S2 has the highest COF and a higher wear rate. S4 has the 
lowest friction coefficient, however, its poor mechanical properties and 
deformation resistance (Fig. 6) also account for its relatively highest 
wear rate. Overall, S3 has the optimum gradient structure, this appro
priate thickness ratio of a-C:H to a-C:H:Si:O implies both excellent me
chanical properties and lubricating properties, resulting in its best 
tribological performance.

Based on the mentioned analysis, the tribological failure mechanism 
of FGC coated PEEK is proposed, as shown in Fig. 17. For the single-layer 
a-C:H coating, its high compressive residual stress and weak interfacial 
adhesion strength can result in early spalling of the coating, and the 
following lack of lubricating material in the sliding interface can cause 
its poor wear resistance. In contrast, by incorporating the a-C:H:Si:O 
transition layer between a-C:H and PEEK, the FGCs samples have both 
reduced residual stress and higher adhesion strength, so the less spalling 
of the FGCs coating and more dense transfer film during tribological test 
provide its superior wear resistance.

5. Conclusion

By introducing a gradient composition of Si and O into the interface, 
the a-C:H/a-C:H:Si:O FGCs are prepared on PEEK. The effects of the 
structure of a-C:H/a-C:H:Si:O FGC on its mechanical properties and 
tribological behaviors are systematically investigated, and the wear 
mechanisms of the coatings were elucidated. The following conclusions 
can be drawn: 

1. The residual stress and adhesion strength of a-C:H/a-C:H:Si:O FGCs 
are greatly governed by its thickness ratio. With the increase in 
thickness of a-C:H:Si:O, the residual stress of FGCs gradually de
creases, the adhesion strength between the amorphous carbon 
coatings and PEEK increases from 3.2 MPa to 6.5 MPa.

2. Compared with the single-layer a-C:H:Si:O and a-C:H, FGCs coated 
PEEK has higher H and E and an appropriate element transition zone, 
resulting in its excellent deformation resistance. PEEK coated with 
FGCs also shows reduced stress concentration, with a maximum 
stress decline of 35 %.

3. PEEK coated with FGCs exhibits superior tribological performance 
compared to single-layer coatings. With the optimum thickness ra
tios of a-C:H and a-C:H:Si:O (1/1), S3 can avoid stress concentration 
and maintain excellent mechanical and lubricating properties, which 
accounts for its best wear resistance and a minimum wear rate of 5.6 
× 10− 7 mm3/Nm.
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