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Exploiting carbon‐based (Cr,Ce)/a‐C:H nanocomposite film on cemented WC 
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Cemented tungsten carbide (WC) has widely served in modern industry because of its outstanding 

characteristics, while it could suffer from severely wear both under ambient air and water environments. To 

exploit a novel carbon‐based film should be a feasible way to modify the surface of cemented WC and 

overcome these shortcomings. In the present study, the Cr/Ce co‐incorporated (Cr,Ce)/a‐C:H carbon‐based 

film was successfully deposited on cemented WC. The microstructure and mechanical properties of films were 

systematically characterized, and their tribological behaviors were tested in ambient air and deionized water 

environment. The results showed that (Cr,Ce)/a‐C:H film dominated by the typical amorphous structure and 

the doping Cr existed with the metallic Cr nanocrystallites as well as Ce formed CeO2. The (Cr,Ce)/a‐C:H film 

could possess good mechanical performances, which could own higher hardness, elastic module, low internal 

stress, and better adhesive strength. Especially, the as‐prepared (Cr,Ce)/a‐C:H film could present relatively 

lower friction coefficient and wear rate compared to uncoated cemented WC both under ambient air and 

deionized water environment, indicating that the Cr/Ce co‐doped (Cr,Ce)/a‐C:H film could be an effective 

method to modify the surface of cemented WC so as to improve the friction and wear performances of 

cemented WC materials. 
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1 INTRODUCTION 

 

Because of outstanding chemical and superior mechanical characteristics, cemented tungsten carbide (WC) has been used 

for metal cutting ever since its very first invention.
1
 Moreover, the researchers could prepare a novel cemented WC that 

achieved a dramatically increased combination of hardness, wear resistance, fracture toughness, and strength as a result 

of precipitation of extremely fine nanoparticles in the cobalt binder of cemented carbides, and then this kind of novel 

cemented carbide could have better antiwear performances.
2,3

 However, cutting inserts have to endure high mechanical 

and thermal loads during application. To cope with this problem, cutting water‐based fluid is applied to reduce the 

cutting temperature and also to provide lubrication, which can improve tool life to some extent. Consequently, the 

lifetime of cemented WC could be improved within cutting water based fluid while its wear is still severe.
1,4

 To cope 

with the challenge, modified the surface of cemented WC with a low‐friction and wear resisting film, such as TiN, TiCN, 

and diamond‐like carbon (DLC), should be a valid method. Compared to TiN and TiCN, DLC could have better 

tribological performances.
5,6

  

 

The investigation for DLC, a new function material, has attracted much attention for their important applications in the 

fields of solid state devices and self‐lubrication, because of their exceptional properties, such as low‐friction 

characteristics, low wear, high hardness, and high elastic modulus, as well as chemical inertness, in recent years.
7-10

 

Numerous research reports that DLC films have a tendency to show poor adhesion to various substrates and even causes 

the peeling of films from the substrates owing to the high internal stress, which up to 10 GPa in DLC films, and will limit 

the deposition thickness and field of applications.
7,11,12 

The incorporation of other metallic elements (like Cr, Ti, or W) 

into the DLC (Me‐DLC) films and metallic transition layer provides an effective way to improve their internal stress and 

adhesion strength to the substrate, respectively.
7,8,13,14

 The Me‐DLC films form the nanocrystallines that are dispersed in 



the DLC amorphous structure. The change of microstructure of the DLC films generally accompanies the distortion of 

bond angles of tetrahedral bonds and sp3 bonds, leading to degrade hardness and elastic modulus and improve internal 

stress and adhesion strength.
12,13

 Moreover, the effect on microstructure and performance of trace rare earth elements 

doping in DLC films has been reported, and DLC films could exhibit good tribological properties.
15

 It is reported that 

rare earth element is doped into DLC films where it would be dissolved within the DLC amorphous matrix but not 

formed nanocrystallines.
15-17

 Therefore, co‐doping rare earth element Ce into Me‐DLC films may also have a positive 

effect on the friction‐reduction and antiwear properties on the surface of cemented WC. Although some reports have 

discussed the structure and mechanical properties of Cr‐DLC films or rare earth element modified DLC films, the rare 

earth element Ce accompanied by metallic Cr to prepare duplex doped nanocomposite carbon‐based film is seldom 

reported. In addition, this rare earth Ce‐modified carbon‐based film as a strategy to improve tribological performances of 

cemented WC is seldom reported. 

 

In present study, the selected rare earth Ce and metal Cr were codoped in DLC to prepare novel (Cr,Ce)/a‐C:H carbon‐

based film so as to improve cemented WC. The morphologies, microstructure, and mechanical properties of as‐deposited 

(Cr,Ce)/a‐C:H carbon‐based film were investigated systematically, and the friction and wear behaviors were evaluated 

both in ambient air and in deionized water conditions. It would expect that the as‐prepared (Cr,Ce)/a‐C:H carbon‐based 

film can be used to improve tribological performances of cemented WC both in ambient air and the water environments. 

 

2  EXPERIMENTAL 

2.1  Deposition method 

The hydrogenated (Cr,Ce)/a‐C:H carbon‐based film was deposited on Si p(100) wafers and cemented WC (Co% = 8 at%) 

substrates by using a DC reactive magnetron sputtering system. CementedWC substrates were prepared with mirror 

polished, and the sizes of specimens were 30 mm × 30 mm × 2 mm. Herein, solitary Cr‐doped Cr/a‐C:H was prepared 

simultaneously so as to compare with (Cr,Ce)/a‐C:H film. Because Co phase can induce interfacial graphitization and 

cause the adhesion deteriorated,
18

 so a pretreatment process was implemented to remove the Co phase from cemented 

WC substrate surface: Cemented WC substrates were ultrasonically cleaned in the acetone (20 min), ethanol (20 min), 

deionized water (10 min), potassium hydroxide solution (10 g KOH + 100 mL H2O) (30 min), Caro's acid (30 mL 

H2SO4:70 mL H2O2) (1 min), and deionized water (10 min) in succession and dried in nitrogen blow as follows. Prior to 

deposition, the base pressure of vacuum chamber must be evacuated 2.0 × 10−3 Pa. When the base pressure of the 

vacuum chamber was reached, the metallic Cr interlayer was deposited so as to improve adhesion strength of the 

substrates and carbon‐based film by using 2 Cr targets (purity > 99.99 wt%). The deposition parameters of Cr interlayer 

were described as follows: deposition pressure of 3.0 Pa, Ar flow rate of 60 sccm, a Cr target sputtering power of 200 W, 

deposition temperature of 200°C, and deposition time of 15 minutes. Carbon‐based films were deposited by using 2 

targets in CH4 and Ar mixing gas atmosphere on top of the Cr interlayer. Two Cr targets were used for Cr/ a‐C:H films, 

while one Cr target and one Cr/Ce composite target (Cr concentration of 90 at%) were used for (Cr,Ce)/a‐C:H film. The 

deposition parameters of top films were shown as follows: pressure of 2.0 Pa, Ar flow rate of 50 sccm, sputtering power 

of 160 W, temperature of 100°C, deposition time of 90 minutes, and the CH4 flow rate for Cr/a‐C:H film was 10 sccm, 

for (Cr,Ce)/a‐C:H film was 14 sccm. 

 

2.2  Measuring methods 



The microstructure of the Cr/a‐C:H and (Cr,Ce)/a‐C:H films was characterized by X‐ray photoelectron spectroscopy 

(XPS), X‐ray diffraction (XRD), and transmission electron microscope. The final thickness and root mean square (RMS) 

roughness were evaluated by field emission scanning electron microscope (FESEM) and atomic force microscopy (AFM). 

The hardness and adhesion strength were evaluated using MTS Nano‐indenter system and Revetest CSM scratch tester. 

The friction and wear behaviors of the Cr/a‐C:H and (Cr,Ce)/a‐C:H films were evaluated on the UMT‐3 reciprocating 

sliding tribometer both in ambient air condition and deionized water condition at room temperature. The cemented WC 

ball with a diameter of 6 mm was used as the counter body, and all frictional tests were performed under a load of 5 N 

with the amplitude of 5 mm and reciprocating frequency of 5 Hz. As follow, the morphologies of the wear tracks and 

wear scars were characterized using a scanning electron microscope (SEM). Meanwhile, the wear rates calculated after 

the sliding tests were completed basing on the wear track depth profiles detected by a NanoMap 500LS profilometer. 

 

3  RESULTS AND DISCUSSION 

3.1  Characteristics of as‐prepared carbon‐based films 

X‐ray photoelectron spectroscopy was used to characterize the Cr/a‐ C:H and (Cr,Ce)/a‐C:H carbon‐based films, and 

Figure 1 shows the high‐resolution C1s and Ce3d spectra and the chemical composition. Thus, the composition of as‐

prepared films could be detected that it was about 97.5 at% C and 0.8 at% Cr for solitary Cr/a‐C:H film and it was about 

94.0 at% C, 0.9 at% Cr, and 0.3 at% Ce for duplex doped (Cr,Ce)/a‐C:H film. In addition, the chemical state of atoms 

could be analyzed by XPS fine spectrum. The Ce3d XPS spectra, as shown in Figure 1A, showed the 3d5/2 and 3d3/2 

transitions at the binding energy of 881.7 and 900 eV that the distance was about 18.3 eV and the spectrum exhibited 2 

associated satellite peaks at the binding energy of 904.3 and 885.8 eV. Therefore, it could confirm that the Ce existed in 

the form of metal oxide.
15,16

 Furthermore, the XPS C1s spectrum of the Cr/a‐C:H and (Cr,Ce)/a‐C:H carbon‐based films, 

as shown in Figure 1B, was deconvoluted into 3 Gaussian lines centered at 284.5, 285.4, and 286.9 eV corresponding to 

the sp2, sp3, and C–O bonds, respectively, whereas there were no Cr–C bonds according to characteristic the XPS C1s 

spectrum. Besides, the value of sp3/ (sp2 + sp3) could be calculated through the deconvoluted peak intensity; so the 

relative content of sp3 bond was about 0.23 for the Cr/a‐ C:H film while it was about 0.25 for the (Cr,Ce)/a‐C:H film. It 

was reported that sp3 content could increase with the increase of CeO2 content when the CeO2 content was ≤4 at%.
15

  

 

X‐ray diffraction was used to analyze the phase in as‐prepared Cr/a‐C:H and (Cr,Ce)/a‐C:H films, and the corresponding 

spectrum was depicted in Figure 2. It could be observed that both the XRD spectra of as‐prepared films showed a similar 

diffraction peak except for the intensity. The diffraction peak in the XRD spectrum corresponded to the (110) and (211) 

planes of Cr. Thus, there was only Cr crystal peak excluding that of silicon substrate while there was no any information 

about Ce or CeO2. The intensity of (211) diffraction peak was decreased obviously as the co‐doping with rare earth Ce. 

As we known, the value of full width at half maximum of diffraction peak was affinitive to the crystallinity of the Cr 

phase, so it could investigate the growth of Cr grains in the films by the full width at half maximum of the peaks of Cr 

phase. According to Debye‐Scherrer's formula,19 it could calculate that the average crystalline size of Cr was about 7 nm 

for Cr/a‐C:H film and 5 nm for (Cr,Ce)/a‐C:H film. As a result, Ce co‐doping could restrain the crystallinity of the Cr 

phase in the film. 

 

To further detect the microstructure of as‐prepared carbon‐based films, HRTEM was conducted to identify their 

nanocrystalline and amorphous characteristic. Figure 3 illustrates the High‐resolution transmission electron microscope 



(HRTEM) bright‐field images of as-prepared Cr/a‐C:H and (Cr,Ce)/a‐C:H carbon‐based films. As we seen, both of Cr/a‐

C:H and (Cr,Ce)/a‐C:H carbon‐based films had typical nanocrystallites/amorphous microstructure where the 

nanoparticles (black dots in the images) were uniformly embedded in the amorphous carbon matrix (bright area in the 

images). The corresponding size of grains was about 7 nm for the Cr/a‐C:H and about 5 nm for (Cr,Ce)/a‐C:H carbon‐

based films. Previous studies reported that the metallic Cr mainly existed in 2 forms in the DLC: One was Cr atoms could 

form nanocrystals (CrxCy) by bonding with C atoms in the carbon matrix, and the other was Cr atoms could melt in 

carbon matrix in terms of atoms or atomic clusters.
20

 And it was reported that as the Cr concentration is ≤1.8 at%, CrxCy 

was not generated by reaction between C and Cr.
21

 As analyzed by previous XPS and XRD, the nanoparticles could be 

recognized to metallic Cr phase. Besides, all the Ce dopant was dissolved within the DLC amorphous matrix existed with 

CeO2 when the CeO2 content was ≤8 at%.
22

 As a result, the co‐doped (Cr,Ce)/a‐C:H carbon‐based film could present the 

microstructure mainly consisted of Cr nanocrystallites and amorphous carbon as well as dissolved CeO2. 

 

Figure 4 shows the 3‐dimensional AFM surface morphologies of as‐prepared 2 kinds of Cr/a‐C:H and (Cr,Ce)/a‐C:H 

films. It can be seen that the surfaces were mainly consisted of nanoscale concave‐convex body, where the sizes were 

about 100 to 200 nm. The RMS roughness was calculated that it was about 2.28 nm for Cr/a‐C:H film and 1.03 nm for 

(Cr,Ce)/a‐C:H film. The result showed the surface morphologies were little difference between Cr/a‐C:H and (Cr,Ce)/a‐ 

C:H carbon‐based films. 

 

Besides, the cross section of Cr/a‐C:H and (Cr,Ce)/a‐C:H films characterized by FESEM was shown in Figure 5. As seen 

in the images of FESEM, there was a small difference in the thickness that was about 1.05 μm for Cr/a‐C:H film and 1.16 

μm for (Cr,Ce)/a‐C:H film. The small difference should be attributed that the rare earth Ce atoms were easier sputtered 

and ionized so that the sputtered Ce atoms had the more possibility to deposit on the substrate if the same sputtering 

power of targets causing the same electric field between the target and substrate.
23

 The cross‐sectional morphologies 

presented typical columnar structure for Cr/a‐C:H film while the columnar was weaken for (Cr,Ce)/a‐C:H film. In 

particular, the interfaces did not suffer from any visibly localized delamination indicating a good adhesion of as‐prepared 

films to the substrate. Bedsides, the rare earth Ce co‐doped (Cr,Ce)/a‐C:H film could have more dense and homogeneous 

structure compared to Cr‐doped Cr/a‐C:H film. 

 

3.2  Mechanical properties 

The hardness (H), elastic modulus (E), H/E ratio extracted from nanoindentation of as‐prepared carbon‐based films were 

presented in Figure 6. The hardness and elastic modulus of (Cr,Ce)/a‐C:H film showed an increased value compared to 

Cr/a‐C:H film. The hardness (H) was an essential constant and equal to 18.6 GPa for Cr/a‐C:H film and 22.0 GPa for 

(Cr,Ce)/a‐C:H film. The elastic modulus (E) also exhibited an increase from 144.1 GPa for Cr/a‐C:H film to 169.6 GPa 

for (Cr,Ce)/a‐C:H film. The value of the H/E ratio of both carbon‐based films was nearly 0.13, which indicated the wear 

rate of  these 2 carbon‐based films should be very close.
24

 As analyzed by above XPS, there was a relatively higher 

content of sp3 in (Cr,Ce)/a‐C:H film so that it should have higher hardness compared to the Cr/a‐C:H film. Besides, 

CeO2 was the main component of glass‐polishing materials that should own high hardness, indicating that the Ce 

modified (Cr,Ce)/a‐C:H carbon‐based film could possess higher hardness.
25

  

 



Also, the internal stress of the as‐prepared films was tested. The value of internal stress equaled to 2.01 GPa for Cr/a‐C:H 

film and 1.22 GPa for (Cr,Ce)/a‐C:H film and showed Ce resulted in a significant influence. During the CeO2 dissolved 

within the amorphous matrix process, the doped Ce atom could play the more roles as a pivotal site, where distortion of 

the atomic bond angles could occur without inducing a significant increase in the elastic energy, indicating that it could 

effectively reduce the internal stress within the carbon‐based films.
26 

Dissolved CeO2 played an important role in the 

improvement of internal stress. Besides, the adhesive strength of as‐prepared films was evaluated, and the optical 

microscope images and acoustic emission (AE) of scratch tracks were shown in Figure 7. It can be seen that Cr/Ce co‐

doped (Cr,Ce)/a‐C:H film had an increase of critical load to 37 N while the solitary Cr/a‐C:H film just had a critical load 

of 23 N from scratch images and AE. Obviously, the as‐prepared films both presented intense acoustic emission (AE) at 

critical load. In addition, it could found more cracks and abruptly localized delamination of severely brittle characteristic 

on the scratch track for Cr/a‐C:H film while it mainly presented plastically deformation and some microcracks for the 

(Cr,Ce)/a‐C:H film. The CeO2 dissolved within the DLC amorphous matrix and not formed nanoparticles decreased 

internal stress and improve adhesive strength. As a result, it could achieve a much more high adhesive strength compared 

to Cr/a‐C:H film. Therefore, Cr/Ce co‐doped in DLC should be a good way to enhance carbon‐based films so that 

(Cr,Ce)/a‐C:H film could have relatively good combined mechanical properties. 

 

3.3 Tribological performances 

The tribological performances of cemented WC substrate, Cr/a‐C:H, and (Cr,Ce)/a‐C:H films were tested in ambient air 

condition, as shown in Figure 8. The wear tracks were detected by profilometer, and their corresponding wear rates were 

calculated. The results showed that the friction coefficient could get a stable value of 0.17 for the Cr/a‐C:H film and 0.13 

for the (Cr,Ce)/a‐C:H film, while the friction coefficient for cemented WC substrate was always a high value and 

fluctuated obviously. And the wear rate was 6.8 × 10−7 mm3/(Nm) for cemented WC substrate, 2.74 × 10−7 mm3/(Nm) 

for the Cr/−C:H film, and 1.32 × 10−7 mm3/(Nm) for the (Cr,Ce)/a‐C:H film. Furthermore, the morphologies of wear 

tracks and their corresponding wear scars were characterized by SEM, as shown in Figure 9. It can be seen that cemented 

WC owned the most severe wear, while (Cr,Ce)/a‐C:H film presented slighter wear compare to Cr/a‐C:H film. Therefore, 

the as‐prepared films presented excellent protecting effect for the cemented WC. 

 

At the same time, the tribological performances of cemented WC substrate, Cr/a‐C:H, and (Cr,Ce)/a‐C:H films were 

tested under the deionized water condition, as shown in Figure 10. The (Cr,Ce)/a‐C:H film presented relatively lower 

friction coefficient and wear rate under the deionized water to Cr/a‐C:H film. It could be seen that the friction coefficient 

reached a stable value of 0.11 for the Cr/a‐C:H film and 0.07 for the (Cr,Ce)/a‐C:H film, while the friction coefficient of 

cemented WC substrate fluctuated from 0.23 to 0.28 in about every 7 seconds. And the wear rate was 3.8 × 10−7 

mm3/(Nm) for cemented WC, 1.82 × 10−7 mm3/(Nm) for Cr/−C:H film, and 8.2 × 10−8 mm3/(Nm) for the (Cr,Ce)/a‐

C:H film. Also, the morphologies of wear tracks and wear scars were characterized by SEM, as shown in Figure 11. The 

(Cr,Ce)/a‐C:H films showed slight wear merely. Obviously, the wear scar diameter of cemented WC was relatively large, 

and the (Cr,Ce)/a‐C:H film presented smaller wear scar diameter compared to Cr/a‐C:H film. There were some granular 

chips on the ball surfaces of the as‐prepared carbon‐based films. 

 

3.4  Discussion 



The as‐prepared carbon‐based films exhibited low‐friction coefficients and wear rate compared to uncoated cemented 

WC both in ambient air and in deionized water condition. Especially, (Cr,Ce)/a‐C:H film presented lower friction 

coefficient and wear rate than Cr/a‐C:H film in ambient air condition. High hardness would prevent from wear due to 

high carrying capacity under the action of high‐speed friction testing. As a result, lower RMS, the relatively high content 

of sp3 fraction, and hardness were important factors to the low‐friction coefficient and wear rate for the (Cr,Ce)/a‐C:H 

film compared to Cr/a‐C:H film in ambient air condition.
24,27-29

 As analyzed by above XPS, AFM, and mechanical 

properties, (Cr,Ce)/a‐C:H film owned relatively higher content of sp3 fraction, lower RMS, and higher hardness 

compared to Cr/a‐C:H film. Besides, numerous reports on tribological behaviors of DLC film confirmed that the low‐

friction should have a connection to graphitization at asperity contact area. Thus, low shear strength would form between 

the ball and the film and lead to a low friction coefficient, as shown in SEM images of wear scars. In addition, CeO2 

could act as a catalyst to accelerate physicochemical reactions, and then it would cause the enrichment of C and O 

elements to the friction surface.
30

 Therefore, it can be inferred that CeO2 in the (Cr,Ce)/a‐C:H film could facilitate the 

formation of the graphitic transferred layer and enhance the tribological ability of carbon‐based film in ambient air 

condition.  

 

Similarly, uncoated cemented WC was still severe wear, and the as‐prepared hydrogenated carbon‐based films exhibited 

slight wear merely as the frictional tests were under deionized water. And all the wear rate of uncoated cemented WC and 

as‐prepared hydrogenated carbon‐based films tested under deionized water decreased. The deionized water could provide 

lubrication and carry off quantity of heat as the uncoated cemented WC was tested. However, the result was contrary to 

the previous reports. The research result of Ali Erdemir showed that a‐C:H film was sensitive to water molecules and the 

a‐C:H film could be severe wear in water environment. 
31

 Ronkainen et al investigated the tribological properties of a 

range of hydrogenated DLC films in ambient air and deionized water condition, and results showed hydrogenated DLC 

films presented higher wear rate in deionized water.
32

 However, the roughness of hydrogenated DLC films that had been 

reported was about 0.01 to 0.03 μm or did not illustrate.
31-33

 When hydrogenated carbon‐based films friction tested in 

deionized water, the higher roughness might contribute to the formation of micro‐cracks, and water molecules would 

penetrate into films along the micro‐cracks, indicating that the wear rate would be serious. Therefore, the lower 

roughness might be an important factor for lower wear rate as the hydrogenated carbon‐based film was tested in water 

condition. The as‐prepared hydrogenated carbon‐based films owned relatively lower roughness to result in low‐friction 

coefficient and wear rate in deionized water. Besides, high hardness and elastic modulus would be effective to restrain 

wear. Therefore, the (Cr,Ce)/a‐C:H film presented lower friction coefficient and wear rate than that of Cr/a‐C:H film. As 

a result, the selected rare earth Ce and metal Cr co‐doped (Cr,Ce)/a‐C:H film could be feasible to improve tribological 

performances of cemented WC both in ambient air and the water environments. 

 

4  CONCLUSIONS 

The as‐prepared carbon‐based films exhibited lower friction coefficient and wear rate compared to uncoated cemented 

WC both in ambient air and in deionized water condition, which could improve the tribological properties of cemented 

WC significantly. The results could be summarized as follows: 

1. The relatively content of doping Cr was about 0.9 at% existed with Cr nanocrystallites and uniformly dispersed in the 

amorphous carbon matrix, while the doping Ce relatively content was about 0.3 at% and could form CeO2 existed with 

amorphous phase for the co‐doped (Cr,Ce)/a‐C:H carbon‐based film. 



2. The wear test in ambient air showed that the (Cr,Ce)/a‐C:H carbon‐based film exhibited lower wear rate 1.32 × 10−7 

mm3/(Nm) that was less than 51.8% of the Cr/a‐C:H film and 80.6% of the cemented WC. 

3. As it was in the deionized water, the wear rate of (Cr,Ce)/a‐C:H film was 8.2 × 10−8 m3/(Nm) that was less than 54.9% 

of the Cr/a‐C:H film and 78.4% of the cemented WC, indicating that this kind of novel (Cr,Ce)/a‐C:H film could be 

feasible to improve tribological performances of cemented WC. 
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FIGURE 1 (A) X‐ray photoelectron spectroscopy Ce3d spectra of (Cr, Ce)/a‐C:H film and (B) X‐ray photoelectron 

spectroscopy C1s spectra of Cr/a‐C:H and (Cr,Ce)/a‐C:H films 
 

 
 

 
 

 
FIGURE 2 X‐ray photoelectron spectroscopy spectra of as‐prepared Cr/a‐C:H and (Cr,Ce)/a‐C:H films 

 

 

  

FIGURE 3 HRTEM bright‐field images: (A) Cr/a‐C:H film and (B) (Cr,Ce)/a‐C:H film 

  

 
 

 
 

 
  

 



 

 FIGURE 4 The 3‐dimensional atomic force microscopy surface morphologies: (A) Cr/a‐C:H film and (B) (Cr,Ce)/a‐C:H film 

 

 

 

FIGURE 5 Cross‐sectional images of as‐fabricated films: (A) Cr/a‐C:H film and (B) (Cr,Ce)/a‐C:H film 

 

 

 

FIGURE 6 The hardness and elastic modulus of the Cr/a‐C:H and (Cr, Ce)/a‐C:H films 



 

FIGURE 7 The optical microscope images and acoustic emission of scratch tests for the Cr/a‐C:H and (Cr,Ce)/a‐C:H films 

 
 
 
 

 
 

FIGURE 8 Friction coefficient versus sliding time for cemented tungsten carbide (WC) substrate, Cr/a‐C:H film, and (Cr,Ce)/a‐C:H film in 

ambient air 
 
 
 
 
 

 
FIGURE 9 Scanning electron microscope images of wear tracks and wear scars on the counterfaces in ambient air: (A) and (D) for 

cemented tungsten carbide substrate; (B) and (E) for Cr/a‐C:H film; (C) and (F) for (Cr,Ce)/a‐C:H film 

 
 



 
 

FIGURE 10 Friction coefficient versus sliding time for Cr/a‐C:H film and (Cr,Ce)/a‐C:H film in deionized water. WC, tungsten carbide 

 
 
 
 
 

 
FIGURE 11 Scanning electron microscope images of wear tracks and wear scars on the counterfaces in deionized water: (A) and (D) for 

cemented tungsten carbide (WC) substrate; (B) and (E) for Cr/a‐C:H film; (C) and (F) for (Cr,Ce)/a‐C:H film 


