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A B S T R A C T   

Rotational speed has an important influence on the performance of coating materials. The a-C:Ta composite 
coatings were prepared by controlling the substrate rotational speed during deposition process using PVD 
technique. The results showed that the coating transformed from dense structure to columnar structure. Due to 
the changes of deposition time and the vapor incident angle of the sputtering ions, the sp2 hybrid structure 
increased and the C–Ta bonds contents decreased as a function of the rotational speed, which led to the 
improvement of adhesion force. The average friction coefficient of the composite coatings did not fluctuate 
significantly for the amorphous carbon matrix and the transfer films formed during friction, while the wear rates 
were gradually increased. The sample at 0.5 rpm possessed the lowest wear rate, which was mainly associated 
with the cooperative behavior of the dense structure and the formation of TaC nanoclusters in the composite 
coating.   

1. Introduction 

Amorphous carbon coatings are widely used for the cutting tools, 
bearing and other moving components as a protection coating owing to 
their outstanding performances such as high hardness, chemical inert
ness, outstanding lubrication property and excellent wear resistance 
[1–3]. However, the coatings normally presented several drawbacks in 
application and service life, such as high residual stress generated from 
the deposition and low thermal stability for the metastable sp3C struc
ture. Many methods including doping, and designing multi-layer struc
ture were proposed to solve the problems by tailoring the microstructure 
of the coatings [4–6]. Goto [7] obtained the Ag-DLC and Cu-DLC coat
ings with different metal contents by changing the diameter of Ag or Cu 
tablets in concentric composite target. The tribological results showed 
that the transition of the friction coefficient became stable when 
metal-rich tribofilms formed on the counterfaces. Mohammad et al. [8] 
prepared the soft-hard alternate DLC multilayer coatings above the 
Cr/CrCx graded layer by varying the bias voltage during deposition 
process, and tested the mechanical properties. The results indicated the 

multilayer coatings exhibited excellent plastic deformation resistance 
and adhesion strength. 

The microstructure of the sputtering coatings can be adjusted not 
only by the process design but also by the modification of the deposition 
parameters. Among the deposition parameters, the substrate rotational 
speed is one of the most important factors to influence the crystal 
orientation and structure, as well as the mobility and diffusion of the 
adsorbed atoms [9,10]. Turkoglu et al. [11] obtained the AZO films by 
DC magnetron sputtering, and found the substrate rotational speed had a 
significant influence on the optical, structural and electrical properties. 
Jayaraman et al. [12] found the homogeneous and preferential orien
tation of the ZnO films could be modified by the substrate rotational 
speed. Wada et al. [13] investigated the structure and properties of 
thermal barrier coatings by changing the substrate rotational speed 
during deposition. It was found that the substrate rotational speed could 
tune the growth direction and morphologies of the coatings. Therefore, 
the structure and properties of the compound coatings or thermal barrier 
coatings can be reformed by changing the substrate rotational speed 
during deposition. However, there are not many deep studies regarding 
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the effect of substrate rotational speed on the microstructure and 
tribological properties of the amorphous carbon coatings, particularly 
a-C:metal composite coatings. 

In this article, the a-C:Ta composite coatings were prepared on the 
9Cr18 steel using physical vapor deposition (PVD) technique by tuning 
the substrate rotational speed during deposition. The evolutions of the 
microstructure, hardness, friction and wear behaviors of the a-C:Ta 
composite coatings were investigated as a function of the substrate 
rotational speed in detail. 

2. Experimental details 

2.1. Coatings deposition 

The 9Cr18 steel (φ25mm × 8 mm) was selected as the substrates to 
test the tribological properties of the coatings for its high hardness. The 
Si (100) wafers were used to measure the surface morphologies, struc
ture of the carbon bonds and mechanical properties of the coatings. The 
9Cr18 steel was polished to achieve a mirror surface. The polished 9Cr18 
steel and Si wafers were ultrasonically cleaned in petroleum ether and 
alcohol for 15 min, respectively. 

The magnetron sputtering technique was used to prepare the a-C:Ta 
composite coatings by controlling the rotation speed of the substrate. 
The mirror surface of the substrates was faced to the sputtering source 
with a distance of about 75 mm. The schematic diagram of the deposi
tion process of the composite coatings was shown in Fig. 1. The graphite 
target and tantalum target with the purity of 99.99% were used as the 
carbon and Ta source, respectively. The substrates were cleaned for 30 
min to remove the oxides contamination on the substrates surface by Ar+

bombardments when the pressure reached to 4.0 × 10− 4 Pa in the 
chamber. A buffer layer, which consisted of Cr layer and Cr–C layer, was 
subsequently deposited on the surface of the substrates to improve the 
adhesion force. The detailed parameters of the composite coatings 
during the deposition are shown in Table 1. 

2.2. Sample characterization 

The field emission scanning electron microscope (FE-SEM JSM- 
7610F) was used to characterize the cross-section morphologies and 
thickness of the a-C:Ta composite coatings. The chemical bonds were 
investigated by Raman spectroscopy (Raman HR Evolution) with an Ar+

laser source of 532 nm line. The X-ray photoelectron spectroscopy (XPS 
ESCALAB 250Xi) was used to analyze the elements binding state, and the 
source was monochromated Al Kα source. The samples used for the XPS 
test were etched by Ar+ for 20 s and then tested in vacuum to avoid the 
influence of the surface oxides and adventitious carbon. The surface 
roughness of the coatings was measured by atomic force microscopy 
(AFM JPK NanoWizard4) with a 2 × 2 μm area. 

The Nano Indenter II system (MTS) was used to measure the hardness 
and elastic modulus, and the maximum indentation depth was 200 nm to 
minimize the influence of the 9Cr18 substrate. Each sample was tested 
for 5 times. The adhesion force between the composite coatings and 
substrates was tested by the scratch tester (MFT-4000) with a termina
tion loading force of 50 N and a length of 5 mm. 

2.3. Friction and wear test 

The friction and wear properties were tested under dry sliding con
dition by a ball-on-disk tribo-meter. The 9Cr18 steel ball with a diameter 
of 6 mm was selected as the friction counter. The sliding speed of the 
tribological tests was 0.157 m/s at room temperature, and the total 
sliding distance was 565 m. The applied load was 5 N and the relative 
humidity was about 45%. 

The morphology and cross-section profiles of the wear tracks were 
obtained by a 3D surface profiler to calculate the wear rates. The wear 
tracks of the coatings and the wear scars of the friction pairs were also 
observed by FE-SEM and EDX (Energy-dispersive X-ray spectroscopy, 
which was attached to the FE-SEM) to analyze the wear mechanism. The 
wear volume was measured by the 3D surface profiler, and the wear rate 
was calculated by the formula [14]: w = V/NS, where w is the wear rate, 
V is the wear volume, N is the load, and S is the total distance. 

3. Results and discussion 

3.1. Structure and morphology 

The cross-section morphology of the a-C:Ta composite coatings were 
shown in Fig. 2. The coatings exhibited a dual-layer structure composed 
of a transition layer and a composite layer with the significant interface, 
which was caused by the discrepancy of the average atomic mass [15]. 

Fig. 1. Schematic diagram of the deposition process of the composite coatings.  

Table 1 
Detailed parameters of the composite coatings during the deposition.  

Films Target currents 
(A) 

Ar 
(sccm) 

Bias voltage 
(V) 

Substrate rotation 
speed (rpm) 

Cr Ta C 

Cr 3 0 0 16 400 5 
Cr–C 3 0 3.5 16 60 5 

a-C:Ta- 
1 

0 0.2 3.5 16 60 0.5 

a-C:Ta- 
2 

0 0.2 3.5 16 60 1 

a-C:Ta- 
3 

0 0.2 3.5 16 60 3 

a-C:Ta- 
4 

0 0.2 3.5 16 60 5  
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The dense coatings transformed into a coarse microstructure with the 
increase of the substrate rotational speed, due to the incidence state of 
sputtering ions and the growth interface between the transition layer 
and the composite layer [16,17]. When the substrate was held at a 
higher speed, the sputtering ions incidence state of the composite layer 
was similar with that of the transition layer, hardly changing the growth 
state and mode of the coatings, resulting in a coarse and columnar 
structure. However, the growth state and mode were changed when the 
substrate possessed a lower rotation speed, as the sputtering ions were 
almost perpendicular to the substrate surface, and thus a dense structure 
was formed. This result was also described in the earlier studies [18]. 
Moreover, Wang et al. [19] once obtained a multi-layer coatings at a 
lower substrate speed during deposition. The multi-layer structure also 
affected the growth direction and benefited to form a dense structure of 
the composite coatings. 

Another phenomenon that cannot be ignored was the growth di
rection of the composite layer. The growth direction of the sample at 0.5 
rpm was vertical, whereas that of the sample at 5 rpm became obviously 
inclined. This was related with the vapor incident angle (VIA, Angle 
between incident direction of sputtering ions and horizontal direction of 
sample surface). The shadow and lateral migration effect would be 

enhanced once the sputtering ions obtained low VIA, resulting in the 
tilted and coarse morphologies [20,21]. The VIA of most samples at 5 
rpm was low, therefore causing the coarse structure. 

Fig. 3 showed the AFM results of the samples under different sub
strate rotational speeds. The roughness and thickness of the coatings 
first increased and then decreased with the enlargement of the substrate 
rotational speed that corresponded to the decrease of incident angle. At 
low rotational speed, the sputtering ions held higher VIA, and the sur
face rebound and surface injection effect were stronger, which reduced 
the effective deposition of the sputtering ions on the surface of the 
substrate, resulting in lower thickness and better surface quality. As the 
rotational speed increased, the incident angle declined, and the function 
of the surface rebound and surface injection diminished, so the thickness 
and the surface roughness increased. With the further increase of the 
rotational speed, the substrates went farther away from the targets 
surface, which lowered the energy of sputtering ions due to the com
bined effect of the particle collision and the magnetic field effect of the 
target. Such low-energy ions only imposed an etching effect [22] on the 
coatings and therefore the thickness and the surface roughness 
decreased again. 

Fig. 4a shows the Raman curves of the a-C:Ta composite coatings. It 

Fig. 2. The cross-section SEM morphologies of the a-C:Ta composite coatings.  

Fig. 3. AFM images of the a-C:Ta composite coatings.  
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can be seen that the shift of the coatings hardly changed no matter how 
the substrate rotational speed changed, which implied that the com
posite coatings were still dominated by amorphous structure. But the 
intensity of the curves varied, ascribed to the different contents of the 
centrosymmetric phase (tantalum carbides) in the coatings [23]. 

The ID/IG value and GFWHM were sensitive to the sp2C content of the 
carbon-based coatings [24]. The ID/IG value showed first decrease and 
then increase as a function of the substrate rotational speed from Fig. 4b, 
which demonstrated that the sp2C contents of the composite coatings 
decreased at first and then increased. The reasons were related to the 
tantalum carbides contents and the catalysis of the tantalum clusters. 
Both of them were decreased with the rotational speed increasing, which 
led to the decline of the ID/IG value. But the VIA were decreased grad
ually with the increase of the rotational speed and the thermal relaxation 
phenomenon was enhanced [25], promoting the transition from meta
stable sp3C to stable sp2C. And thus, the re-increase of the ID/IG value 
occurred. The GFWHM exhibited an opposite trend to the ID/IG value, 
which suggested the disorder of the composite coatings was first 
enlarged and then diminished. 

The C 1s spectra of the a-C:Ta composite coatings were shown in 

Fig. 5. All the curves could be decomposed into four sub-peaks including 
C–Ta, sp2 C–C, sp3 C–C and C–O by Gaussian fitting [26], which corre
sponded to the binding energy of 283.1, 284.5, 285.0 and 287.0 eV. The 
position of the sub-peaks hardly changed for the coatings deposited at 
various rotational speed, but the C 1s spectra curves fluctuated obvi
ously with the increase in the intensity of C–Ta and decrease in sp2 C–C 
bonds of the composite coatings [27]. The contents of C-M bonds were 
obtained semi-quantitatively by the area ratios of the C-M bonds to total 
C 1s peaks. Moreover, the C–Ta bonds contents (the area ratios of the 
C–Ta bonds and the total C 1s) decreased as a function of the rotational 
speed, which indicated the tantalum carbides contents declined. Thus 
the rotational speed played a crucial role in the formation of tantalum 
carbides in the a-C:Ta composite coatings. The sputtering ions obtained 
higher VIA and energies at a low rotational speed, and thus the carbon 
ions could react with tantalum ions to form the tantalum carbides. On 
the contrary, with the lower VIA and energies of the sputtering ions, the 
tantalum carbides content decreased at high rotational speed. Moreover, 
the sp2 C–C bonds contents tended to decrease first and then increase 
with the rotational speed rising, which was in good agreement with the 
Raman result. XPS results showed that the composite coatings were 

Fig. 4. Raman shift, ID/IG and GFWHM of the a-C:Ta composite coatings.  

Fig. 5. Deconvolution of C 1s spectra of the a-C:Ta composite coatings.  
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mainly composed of amorphous carbon, but the structure was intensely 
affected by the rotational speed during deposition. 

The growth state and the microstructure of a-C:Ta composite coat
ings could be controlled by changing the substrate rotational speed 
during deposition. However, the energy and density of the sputtering 
ions were almost similar under the stationary characteristic parameters. 
Therefore, the main factor affecting the coatings micro-structure was the 
VIA of the sputtering ions owing to the change of the substrate rotational 
speed [13,20]. Fig. 6 illustrates the VIA of the sputtering ions in the a-C: 
Ta composite coatings during deposition. When the VIA of the sputtering 
ions approached 90◦, their abilities to transverse migrate were weak. 
The surface behaviors of sputtering ions were mainly surface rebound 
and surface injection. Some ions injected into the subsurface and release 
the strain energies at the contact sites after the surface action, causing 
local thermal peak effect and structural relaxation, which resulted in the 
reduction of compactness and sp3C bonds contents. Some ions directly 
entered into the subsurface, while the released deformation energies 
were transformed into the kinetic energy and potential energy of the 
local ions, increasing the density and sp3C bonds contents [28]. 

When the sputtering ions were grazing incidence (low VIA), the 
surface behaviors of sputtering ions were mainly surface migration and 
surface injection. This could cause the decrease of the ion sub-plantation 
depth and the increase of transversal migration abilities. According to 
the sub-implantation model theory [29,30], the higher transversal 
migration abilities were instrumental for overcoming the energy bar
riers and reaching to the equilibrium position, which decreased the 
potential energies of the system. This result promoted the structure 
relaxation and the transformation from sp3C bonds to sp2C bonds, 
reducing the compactness of the coatings consequently. The normal 
component energies of the sputtering ions were also decreased under 
grazing incidence condition, which degenerated the “thermal peak” ef
fect of the coatings. Resultantly, the generated coatings exhibited the 
high content of high sp2C bonds and low internal stress. 

3.2. Mechanical properties 

Hardness and elastic modulus are the major indices to evaluate the 
mechanical properties of the coatings. The hardness and elastic modulus 
of the a-C:Ta composite coatings as a function of substrate rotational 
speed were shown in Fig. 7a. Although the hardness of the composite 
coatings exhibited some fluctuations with the increasing of the substrate 
rotational speed, the fluctuation was insignificant and it stayed within 
the experimental error, which meant that the hardness scarcely 
increased as a function of substrate rotational speed. This can be 
attributed to the changes in the densities and sp3C contents of the 
composite coatings [18,31]. Higher sp3C content means higher hardness 
[32]. As the substrate rotational speed increasing, the ID/IG values of the 

coatings decreased, resulting in the gradually increase in hardness. 
While the reduced density of the composite coatings generated to the 
decrease in hardness. The hard carbide particles (like TaC) in the coat
ings also involved in regulating the hardness. Those particles played a 
role in solid-solution strengthening and dispersion strengthening [33], 
and thus raised the hardness. The 0.5 rpm sample possessed higher 
carbide content from the XPS results, which increased the hardness. 
Moreover, some earlier theoretical and experimental studies [10,34] 
once reported that the carbon coating with higher sp2C bond disorder 
possessed higher hardness. The coating deposited at 3 rpm exhibited the 
highest sp2C bond disorder in this study, which favored the enhance
ment of hardness. The synergistic effect of the reasons above caused the 
slightly fluctuation in the hardness of the composite coating with the 
increase of the substrate rotational speed. The elastic modulus stayed 
nearly constant as a function of the substrate rotational speed due to the 
amorphous nature of as-deposited coatings [35]. 

The adhesion force between the substrate and the coating was 
another important parameter to measure the mechanical properties of 
the coatings. Fig. 7b shows the friction force and acoustic signal curves 
during the scratch test of the a-C:Ta composite coatings. Either the 
friction force or the acoustic signal curves existed a smooth region in the 
initial stage of the scratch test, followed by some fluctuations. The 
splitting point between the smooth region and fluctuation region was 
considered as the critical load (Lc). The critical loads of the coatings 
monotonically increased as a function of the rotational speed, which was 
attributed to the change of the Ta–C bond content in the composite 
coatings. Generally, the bond length is defined as the average nuclear 
distance between two bonded atoms. Since Ta atom possesses larger 
atom radium than C atom, the Ta–C bond possesses longer bond length 
than C–C bond as a consequence. The relationship between the bond 
length and the adhesion can be explained by the strain. The longer Ta–C 
bond caused increasing strain as indicated by the shift of the D-peak 
position in Raman, which made the coatings liable to failure during 
scratch and consequently premature failure by rupture due to stress 
concentrations. Such mechanism was also found in the previous study 
[36–38]. At high rotational speed, the grazing incidence of the sput
tering ions and the doped structure of the composite coating could 
diminish the internal stress and improve the adhesion force. 

3.3. Friction and wear properties 

Fig. 8a shows the friction curves of the a-C:Ta composite coatings as a 
function of rotational speed. All the curves could be divided into three 
stages. In the first stage, the coatings owned higher friction values due to 
the oxide layer generated on the surfaces of composite coatings and the 
friction balls. A transfer layer consisting of the graphitized transfer film 
and physical-chemical reaction film was gradually formed at the friction 

Fig. 6. Schematic diagram of the sputtering ions VIA of the a-C:Ta composite coatings during deposition (a) 0.5 rpm; (b) 5 rpm.  
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interface with the friction going on, which effectively reduced the fric
tion contact area. And thus the friction coefficient values declined [39, 
40]. However, the hard particles from the wear debris of the friction 
balls and coatings could enter into the friction interfaces, imposing the 
“cutting effect” and damaging the transfer layer, which consequently 
resulted in the increasing roughness of the friction areas. And the 
increasing roughness raised the friction coefficient in turn. The friction 
coefficient then got into the second stage when the formation rate and 
failure rate of the transfer film reached a dynamic equilibrium. The 
friction coefficient entered into the third stage when the contact state 
and roughness of friction surface drastically changed, in which the 
cutting effect of the hard particles was dominant. 

As shown in Fig. 8b, the values of the average friction coefficient of 
all the composite coatings were stabled at about 0.12, which was con
nected with the amorphous carbon matrix and the transfer films formed 
during friction. However, the initial friction coefficient existed obvi
ously difference according to the surface morphologies (shown in 
Fig. 8c). The VIAs of the sputtering ions were almost 90◦ at low rota
tional speed. The surface injection and surface rebound of the ions were 
the main action states [18,41], improving the compactness and surface 
quality of composite coatings, which therefore lowered the friction 
coefficient. 

Fig. 8d displays the wear rates of the a-C:Ta composite coatings. At 
the rotational speed of 0.5 rpm, the composite coating held the lowest 
wear rate with a value of 2.14 × 10− 8 mm3/Nm. The composite coating 
possessed the largest wear rate of 6.57 × 10− 8 mm3/Nm at the rotational 
speed of 5 rpm. Overall, the wear rates of the a-C:Ta composite coatings 
monotonously increased with the rotational speed increasing. Since the 
compactness of the microstructure always facilitate the improvement of 
wear resistance, the monotonous increment of wear rates with 
increasing the rotational speed was ascribed to the decline of the 
compactness of the composite coatings. On the other hand, the high 
carbide content formed at low rotational speed also hindered the crack 
propagation and improved the wear resistance [42]. 

The 3D wear topographies and cross-section curves of the a-C:Ta 
composite coatings deposited at different rotational speeds were shown 
in Fig. 9. Obvious furrows could be observed in all the wear tracks of the 
a-C:Ta composite coatings, which indicated the abrasive wear was the 
main wear mechanism. The furrows of the contact areas gradually 
aggravated with the increase of the rotational speed, which could in
crease the roughness and friction coefficient of the composite coatings 
during friction. Moreover, the depth and width of the wear tracks also 
increased with the increase of the rotational speed. This was because the 
multi-layer interfaces of the composite coating formed at low rotational 

Fig. 7. Mechanical properties of the a-C:Ta composite coatings (a) Hardness and Elastic modulus; (b) Friction force and acoustic signal curves during scratch test.  

Fig. 8. Tribological properties of the a-C:Ta composite coatings deposited at different rotational speeds (a) Friction curves (b) Average friction coefficient (c) Initial 
friction curves (d) Wear rates. 
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speed could resist the cutting effect of hard particles, which effectively 
diminished the depth and width of the wear tracks. The cutting effect 
was dominant at high rotational speed for the coarser structure and 
lower hardness, which aggravated the wear. 

The SEM morphologies of the wear tracks and wear scars of the a-C: 
Ta composite coatings deposited at different rotational speeds were 
shown in Fig. 10. The wear track of sample at 0.5 rpm was light and 
shallow, while the wear debris were hardly observed. However, the wear 
track of sample at 5 rpm was deep and wide, with containing more wear 
debris contained. This can be explained by the low compactness of the 
sample at 5 rpm. The incompact microstructure was prone to cracking 
under the tangential force and weakening the shear resistance of the 
sample [33], resulting in the generation of massive wear debris and 
serious wear. The dense structure of the sample at 0.5 rpm can eliminate 
the initiation and propagation of cracks and thus the wear resistance was 
improved. Another reason for the improvement of the wear resistance 
was the formation of tantalum carbide in the composite coatings. These 

carbides can be dispersed in the amorphous carbon coatings, acting as 
“dispersion strengthening” and “solid-solution strengthening” agent 
[43,44], to enhance the wear resistance. The sample at 0.5 rpm 
possessed higher content of C–Ta bonds than the sample at 5 rpm from 
the XPS results, which implied the sample at 0.5 rpm had higher 
anti-wear property. 

By comparison of the wear scars in Fig. 10c and d, the smaller wear 
scar at 0.5 rpm implied smaller friction contact area, which was 
conducive to reduce the friction coefficient (Fig. 8b). The existence of 
transfer films can be observed in both wear scars, indicating the 
graphitization of the composite coatings during friction [45,46]. And 
this was also instrumental in reducing the friction coefficient. 

Table 2 shows the EDX results of the points in Fig. 10. The presence 
of O element indicated that the oxidation reaction occurred during the 
friction, which originated from the reaction between the oxygen in the 
air and the steel ball due to the higher friction flash temperatures, 
generating the oxides (such as Cr2O3) with higher hardness. Those hard 

Fig. 9. 3D wear topographies and cross-section curves of the a-C:Ta composite coatings deposited at different rotational speeds.  

Fig. 10. SEM morphologies of the wear tracks and wear scars of the a-C:Ta composite coatings deposited with different rotational speeds.  
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particles consisting of Cr2O3 and TaC scratched the coatings surface and 
formed the furrows, contributing to the changes in the friction coeffi
cient and the wear rate. 

It is worth noting that there was some variation in the composition of 
each point, whether it was in the wear tracks or the wear scars. The 
variation in the composition of each point was related to the degree of 
oxidation reaction, graphitization transfer film and the component 
changes of the wear abrasive. For the wear tracks, all of the points 
possessed higher carbon atoms content, which was attributed to the 
amorphous carbon matrix. The points of B and D were provided with 
higher oxygen content due to the variation in the degree of oxidation 
reaction. The distinct contents of wear debris from steel ball led to the 
different contents of Fe, and Cr in the points. As to the wear scars, the 
graphitization transfer films formed during friction were generated and 
assembled along the friction direction by the cutting force, which led to 
higher C contents (point E and H). The embedded wear debris from the 
steel ball contributed to the lower contents of Fe and Cr. The lower 
carbon content and higher Fe and Cr contents in the friction contact area 
(point F) resulted from the thin graphitization transfer film (which can 
be penetrated by X ray). The variation in elemental content at point G 
was related to the amount of the mixture of graphitization transfer film 
and the wear abrasive from the steel ball. 

4. Conclusion 

The a-C:Ta composite coatings were papered by tailoring the sub
strate rotational speed during deposition in this study. The structure of 
the coatings gradually changed from dense structure to columnar 
structure with the increase of the rotational speed. Moreover, the growth 
direction of the composite coatings changed from vertical to inclined 
direction due to the change of the VIA of the sputtering ions. It was also 
found that increasing the rotational speed inhibited the formation of 
C–Ta bonds and contributed to the improvement of adhesion force be
tween the substrate and composite coatings. The hardness and elastic 
modulus stayed nearly constant as a function of the substrate rotational 
speed, which was connected with the carbide content and disorder of 
sp2C bonds. The tribological investigations demonstrated that the 
volatility of friction coefficient was closely related to the surface 
roughness and the formation rate of the transfer layer, while the wear 
rate was greatly affected by the compactness and the content of metal 
carbides. The dominant wear mechanism in the composite coatings was 
abrasive wear. The lowest wear rate appeared at 0.5 rpm, benefiting 
from the dense microstructure and the high carbide contents of the 
composite coating. 
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[40] H. Kovacı, A. Yetim, Ö. Baran, A. Çelika, Tribological behavior of DLC films and 
duplex ceramic coatings under different sliding conditions, Ceram. Int. 44 (2018) 
7151–7158. 

[41] Y. Yamada, M. Murashima, N. Umehara, T. Tokoroyama, W. Lee, H. Takamatsu, 
Y. Tanaka, Y. Utsumi, Effect of fracture properties and surface morphology on wear 
of DLC coatings at severe contact condition, Tribol. Int. 169 (2022), 107486. 

[42] C. Liang, W. Wang, C. Huang, H. Tsai, C. Yang, The influence of microstructural 
variations on mechanical and tribological properties of low-friction TiC/diamond- 
like carbon nanocomposite films, Ceram. Int. 40 (2014) 13329–13337. 

[43] J. Solis, H. Zhao, C. Wang, J. Verduzco, A. Bueno, A. Neville, Tribological 
performance of an H-DLC coating prepared by PECVD, Appl. Surf. Sci. 383 (2016) 
222–232. 

[44] D. Xiang, X. Tan, X. Sui, J. He, C. Chen, J. Hao, Z. Liao, W. Liu, Comparative study 
on microstructure, bio-tribological behavior and cytocompatibility of Cr-doped 
amorphous carbon films for Co-Cr-Mo artificial lumbar disc, Tribol. Int. 155 
(2021), 106760. 

[45] X. Liu, N. Umehara, T. Tokoroyama, M. Murashima, Tribological properties of ta- 
CNx coating sliding against steel and sapphire in unlubricated condition, Tribol. 
Int. 131 (2019) 102–111. 

[46] W. Koszela, P. Pawlus, R. Reizer, T. Liskiewicz, The combined effect of surface 
texturing and DLC coating on the functional properties of internal combustion 
engines, Tribol. Int. 127 (2018) 470–477. 

M. Yan et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0272-8842(22)04299-7/sref26
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref26
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref26
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref27
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref27
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref28
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref28
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref29
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref29
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref30
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref30
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref30
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref31
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref31
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref31
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref32
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref32
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref32
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref33
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref33
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref33
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref34
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref34
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref34
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref35
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref35
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref35
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref35
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref36
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref36
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref36
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref37
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref37
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref37
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref38
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref38
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref39
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref39
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref39
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref39
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref40
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref40
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref40
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref41
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref41
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref41
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref42
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref42
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref42
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref43
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref43
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref43
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref44
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref44
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref44
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref44
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref45
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref45
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref45
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref46
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref46
http://refhub.elsevier.com/S0272-8842(22)04299-7/sref46

	Effect of substrate rotational speed during deposition on the microstructure, mechanical and tribological properties of a-C ...
	1 Introduction
	2 Experimental details
	2.1 Coatings deposition
	2.2 Sample characterization
	2.3 Friction and wear test

	3 Results and discussion
	3.1 Structure and morphology
	3.2 Mechanical properties
	3.3 Friction and wear properties

	4 Conclusion
	Declaration of competing interest
	Acknowledgments
	References


