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Abstract: 

    CrBC and CrBCN coatings with low and high B contents were deposited on 316L steel and Si 

wafers using an unbalanced magnetron sputtering system. Mechanical properties including hardness 

(H), elastic modulus (E) and fracture toughness (KIc) as well as residual stresses (σ) were quantified. A 

clear correlation between structural, mechanical and tribological properties of coatings was found. In 

particular, structural analyses indicated that N incorporation in CrBC coatings with high B content 

caused a significant structural evolution of the nanocomposite structure (crystalline grains embedded 

into an amorphous matrix) from nc-CrB2/(a-CrBx, a-BCx) to nc-CrN/(a-BCx, a-BN). As a result, the 

hardness of CrBC coating with high B content decreased from 23.4 to 16.3 GPa but the fracture 

toughness was enhanced. Consequently, less cracks initiated on CrBCN coatings during tribological 

tests, which combined with the shielding effect of a-BN on wear debris, led to a low friction coefficient 

and wear rate. 
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1. Introduction 

    Ceramic materials owing to their excellent heat, corrosion and wear resistances are increasingly 

being investigated and developed for bearing applications in severe and diverse working conditions [1]. 

Compared to full ceramic bearings (slider, inner and outer rings are made of ceramics), hybrid bearings 

(slider is made of ceramics whilst inner and outer rings are made of steel) dominate the market by 

keeping most of the advantages of full ceramic bearings but at a lower cost [2]. Nevertheless, use of 

hybrid bearings is still limited by the premature failure of steel rings under some aggressive conditions 

including corrosive [3, 4], abrasive [5, 6] or high-speed [7] environments. Moreover, cracking and 

spallation limited to the near-surface of raceways under rolling/sliding conditions (highly localized 

stress) is responsible for the failure of rolling bearings [8, 9]. It appears clear that surficial properties 

such as hardness and toughness of raceways are critical aspects to be further enhanced in order to 

prolong the service life of hybrid bearings. Use of optimized nanocomposite coatings on the inner 

surface of raceways is an effective approach to improve the performances of hybrid bearings [10, 11].  

To date, the tribological properties of various coatings including sulfides [12, 13], carbides [14], 

nitrides [15, 16] and borides [17-20] were investigated based on their potential application for bearings. 

Among these, borides such as CrB2 showed promising performances under high load, high speed and 

high temperature [21]. Even though these coatings presented an attractive hardness (H ≥ 21 GPa), their 

high friction coefficient (≥ 0.52 in humid environment) limited their use for industrial applications [22, 

23]. For this reason, self-lubricant elements such as carbon (up to 17 at.%) was introduced in CrB2 

coatings, which effectively reduced the friction coefficient from 0.60 to 0.35. Unfortunately, this CrBC 

coating was prone to cracking and delamination during tribological tests [24]. Thus, an improvement in 
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the fracture toughness of CrBC coatings is extremely necessary for their bearings applications. 

    It was reported that, after N incorporation, the fracture toughness of CrB2 coatings was improved 

from 1.1 to 1.9 MPa· m  [25] while the transverse cracking on CrB2 coatings disappeared [26]. 

Meantime, the wear rate of CrB2 coatings (3.0×10-6 mm3/Nm) decreased to 2.4×10-6 mm3/Nm [27] 

and 0.6×10-6 mm3/Nm [28], respectively. The above results indicate that N incorporation is an 

effective way of improving the fracture toughness as well as tribological properties of CrB2 coatings. 

Interestingly, an enhancement in the fracture toughness of CrSiC coatings via N incorporation was 

shown in our previous work [29]. Therefore, N incorporation is expected to be a potential approach to 

enhance the fracture toughness and consequently the tribological performance of CrBC coatings. To 

date, only one study reported the sliding properties of CrBCN coatings in tap water, and authors 

pointed out that the resultant (H3BO3) between CrBCN coatings and water contributed to superior 

tribological properties [30]. However, the mechanical properties especially the fracture toughness of 

CrBCN coatings were not mentioned in ref [30]. Thus, to understand the effect of N incorporation as 

well as its effects on mechanical properties and wear resistance, further investigations on CrBC(N) 

coatings are needed. 

    In this study, the fracture toughness and sliding properties of CrBC and CrBCN coatings against 

ceramics were investigated. The effect of N incorporation on the fracture toughness of CrBC coatings 

was elucidated by combining structural and mechanical properties. These were then correlated with the 

tribological properties of CrBC and CrBCN coatings. 

2. Experimental details 

2.1 Coatings deposition 
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    CrBC and CrBCN coatings were deposited by using a closed-field unbalanced magnetron 

sputtering system (UDP-650, Teer Coatings Limited, UK). 316L stainless steel (Ø30 mm × 4 mm, 

H=1.8 GPa) with a chemical composition reported in Table 1 and Si wafers (Hs=12.4 GPa, Es=198 GPa, 

ts=525±20 µm) were used as substrates for different purposes. Coatings deposited on Si wafers were 

used for microstructure analyses while those deposited on steel were used for mechanical and 

tribological characterizations. Prior to deposition, Ar+ bombardment at a bias voltage of -450 V was 

used to remove residual contaminants and activate substrates surface. Afterwards, a Cr interlayer 

(around 200 nm in thickness) was deposited to improve the adhesion between substrate and coating. 

CrB2 and C targets were sputtered in a pure Ar atmosphere to deposit CrBC coatings while two extra 

Cr targets were sputtered in a mixed Ar and N2 atmosphere to produce CrBCN coatings. The N2 flow 

was automatically controlled by an optical emission monitor (OEM) while the compositions of CrBC 

and CrBCN coatings were controlled by adjusting the corresponding target current. Further details 

about the deposition processes are listed in Table 2.  

2.2 Structural analyses  

    Structural characterisation of as-deposited coatings was performed by X-ray diffraction (XRD, 

D8-Advance, Bruker, Germany). A symmetric scan was conducted in the 2θ range of 20-80° at a 

constant scanning rate of 10°/min. To confirm chemical bonds as well as accurate chemical 

composition, CrBC and CrBCN coatings were analyzed by using X-ray photoelectron spectroscopy 

(XPS, ESCALAB 250, Thermo Scientific). Afterwards, B1s fractal spectrum was deconvoluted by XPS 

PEAK 4.1 software with the reference C1s peak at 284.8 eV. The thickness and cross-sectional 

morphology of as-deposited coatings were measured and observed by using a field-emission scanning 
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electron microscope (JEOL-JSM-7001F, Japan). As listed in Table.3, the thickness of CrBC coatings 

varies from 1.75 to 1.76 µm while that of CrBCN coatings changes from 1.67 to 1.89 µm. TEM 

samples for CrBC and CrBCN coatings were prepared by using focused ion beam (FIB, NVision 40, 

Zeiss), where the final polishing was performed with a current of 40 pA at 30 kV to minimize ion beam 

damage. Subsequently, the lamella was analyzed by a transmission electron microscope (JEM 3010, 

Japan) operated at 300 kV. 

2.3 Mechanical properties  

    Mechanical properties of as-deposited CrBC and CrBCN coatings were measured by using a 

Berkovich nanoindenter (ENT-1100a, Elionix Co. Ltd.). Hardness (H) and elastic modulus (E) were 

determined as an average of at least 36 indents according to the method outlined by Oliver and Pharr 

[31]. A penetration depth of about 100 nm was set to minimize substrate effects (less than 6 % of 

coatings thickness) [32, 33]. Afterwards, plastic work (Ep) was obtained by integrating 

load-displacement data. Residual stresses (σ) in the as-deposited coatings were quantified by using the 

sin2
ψ method [34]. Since only Cr (110) peak exhibited in XRD patterns of all coatings, the stress-free 

Cr (110) peak (E=379.1 GPa, ν=0.128) located at 44.37° was used to calculate residual stress. At each 

ψ, 2θ value of Cr (110) was recorded (Fig.1a) and used to perform the linear regression with sin2
ψ to 

obtain the slope (M) according to fitting equations (Fig.1b). Meantime, stress constant (K) of Cr (110) 

was calculated according to Eq. (1): 

                     0
2 1 180

π
cot

( )

E
K θ

ν
= − × ×= − × ×= − × ×= − × ×

++++
                     (1) 

Where E and ν are elastic modulus and Poisson ratio of Cr (110), θ0 is stress-free diffraction angle of 

Cr (110). Then residual stress (σ) could be obtained according to Eq. (2) 
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                                 K Mσ = ×= ×= ×= ×                                  (2) 

For each ψ angle, 2θ data were recorded in the 2θ range of 44° - 47° with a step size of 0.02° (Rigaku 

Smartlab). A parabolic fitting method, which was manifested to be more reliable in Ref. [35], was 

adopted to determine the position of broad peaks. However, due to the quite low intensity of Cr (110) 

peak at high ψ angles, the top part of Cr (110) peak higher than 0.3·Imax (maximum of intensity) was 

used in this study.  

2.4 Fracture toughness 

    Fracture toughness of the coatings was investigated by nanoindentation. Specifically, five indents 

at high load (600 mN) were performed on every coating so as to generate cracks. Cracks distribution 

and size of radial cracks were observed and measured by SEM. Fracture toughness can be obtained via 

Eq. (3) [36-38]: 

                      0 5

Ic 1 5

m

α .

.

E P
K ( ) ( )

H C
=                     (3)    

Where P is the load (600 mN), H the hardness and E the elastic modulus of the coating under the load 

P, α is a geometric coefficient related to the shape of tip (0.016 for Berkovich indenter) and Cm is the 

average length of 15 radial cracks (three radial cracks on each impression and five impressions on each 

coating). The contour of indents were measured through a laser profilometer (VK-9710, KEYENCE, 

Japan) by scanning from the indent corner to the midpoint of the opposite edge. 

2.5 Tribological test 

    Ball-on-disk sliding tests were conducted in this study to evaluate the tribological performance of 

CrBC and CrBCN coatings since this type of test can simulate the tribological conditions typically 

observed in ball bearings [2]. Based on the potential application of investigated coatings for hybrid 
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bearings, SiC balls (H=22 GPa, E=430 GPa) were used as counterpart. The load was set at 3 N, which 

produced an initial contact pressure (static condition) of 0.73 GPa for CrBC/SiC tribopairs and 0.66 

GPa for CrBCN/SiC tribopairs. These contact pressures are comparable to actual bearings contact 

pressures. The velocity was set to 0.1 m/s over a sliding distance of 500 m necessary to evaluate the 

friction coefficient in the steady-state regime. During test, the friction force of tribopair was measured 

by a LMA-A-20N load cell (Kyowa Co. LTD., Japan), which voltage was amplified by a DPM-700B 

strain amplifier (Kyowa Co. LTD., Japan) and recorded by a NR-110/150 data collection system 

(Keyence Co. LTD., Japan) connecting with a computer. For each sample, tribological tests were 

repeated twice, while an additional test was performed when the relative error on the friction 

coefficient was over 5 %.  

    The morphology of wear scars on SiC balls was observed by optical microscopy (XJZ-6, China), 

while SEM (Hitachi S-3400N II, Japan) was used to observe the wear tracks on coatings. The wear 

volume on coatings was measured by using a non-contact white light interferometer (Micro-XAMTM). 

On this basis, the wear rates were obtained according to the method reported in Ref. [39]. 

3. Results and discussions 

3.1 Microstructure of CrBC and CrBCN coatings  

    Table 3 summarizes the chemical compositions of sputtered coatings measured by XPS. It was 

seen that the B concentration in CrBC coatings increased from 31.6 at.% to 35.0 at.% as the current of 

the C target was decreased from 4.0 to 2.0 A. On the other hand, the B concentration in CrBCN 

coatings increased from 24.6 at.% to 27.2 at.% when the current of the CrB2 target was increased from 

1.0 to 4.0 A. Moreover, owing to additional sputtering from Cr targets during CrBCN depositions, the 
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Cr concentration in CrBCN coatings (32.1 - 34.4 at.%) was always higher than that in CrBC coatings 

(23.0 - 28.6 at.%). To distinguish CrBC and CrBCN coatings with different compositions, coatings 

containing low (L) and high (H) boron concentrations will be indicated as CrBC-L, CrBC-H, CrBCN-L 

and CrBCN-H.  

    XRD patterns for CrBC and CrBCN coatings are illustrated in Fig.2a. The Cr (110) peak presented 

at 44.3° in all diffractograms is attributed to the Cr interlayer (JCPDS 06-0694), while the peak located 

at 69.2° to the Si substrate (JCPDS 27-1402). Two weak peaks at 39.7° and 42.2° are found, which are 

associated with Cr7C3 compounds (JCPDS 36-1482) due to the diffusion between the interlayer and top 

layer. A major difference between CrBC-H and CrBCN coatings is the formation of crystalline CrB2 

and CrN phases, respectively. In particular, CrBC-H coating exhibited two diffraction peaks at 28.8° 

and 59.8° related to CrB2 (001) and CrB2 (002) (JCPDS 34-0369), respectively. On the other hand, 

CrBCN-L and CrBCN-H coatings presented two diffraction peaks at 37.0° and 64.5° attributed to CrN 

(111) and CrN (220) (JCPDS 11-0065) [30], respectively. The chemical activity of elements B and N 

contributes to this result. Namely, element N exhibits a superior ability of drawing electrons to element 

B, and therefore Cr could relatively easier bond to N than to B after N incorporation. In addition, no 

B4C and/or BN phases were detected by XRD, which may indicate that B could exist, in both CrBC 

and CrBCN coatings, in the form of amorphous BC (a-BCx) and BN (a-BN).  

    To confirm the hypotheses about B forms, B1s fractal spectra for CrBC and CrBCN coatings were 

analyzed (Fig.2b). The location of main peak for CrBC coatings is rather different from that observed 

for CrBCN coatings. Specifically, B1s fractal spectra for CrBC coatings was deconvoluted into three 

peaks located at 188.2 eV, 189.2 eV and 192.1 eV, which are related to B-Cr [40], B-C [41, 42] and 
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B-O bonds [41, 43], respectively. In contrast, B-N (190.4 eV), B-C and B-O bonds were detected in 

CrBCN coatings [30]. By combining XRD and XPS (B1s) analyses, it is concluded that in CrBC-L 

coating B exists in the form of a-CrBx and a-BCx. On the other hand, in CrBC-H coating due to the 

higher B content, B exists in the form of CrB2, a-CrBx and a-BCx. Regarding the CrBCN coatings, B is 

believed to exist in the form of a-BCx and a-BN in both CrBCN-L and CrBCN-H coatings due to the 

absence of B-Cr bonds. As seen in Fig.3a and Fig.3b, the through-thickness boundaries of columnar 

structure are clearly observed in CrBC coatings. In contrast, these boundaries in CrBCN coatings are 

weakened and even disappear as shown in Fig.3c and Fig.3d. It is indicated that the formation of a-BN 

in CrBCN coatings weakened the columnar structure observed for CrBC coatings, thus resulting in a 

much more compact and homogeneous structure.  

    The cross-sectional TEM images in Fig.4a and 4d confirmed the formation of a thin (about 50 nm 

thick) diffusion layer between the Cr bonding layer and CrBC and CrBCN top layers. This diffusion 

layer was associated with a Cr7C3 compound based on XRD analysis (Fig.2a). SAED analyses reported 

in the insets in Fig.4 confirm the formation of hexagonal CrB2 in CrBC-H coating and the formation of 

fcc CrN in CrBCN-L coating, which is well consistent with XRD analyses (Fig.2a). SAED pattern in 

Fig.4a shows that, beside the (110) texture related to the Cr bonding layer, a superimposed texture 

associated with the (101
_

1) CrB2 phase with two preferred orientations, i.e. (101
_

1) planes parallel to the 

substrate and (101
_

1) planes about 60˚ away from the substrate. According to the crystalline interplanar 

spacing (0.307, 0.257 and 0.197 nm) of CrB2 (0001), CrB2 (101
_

0) and CrB2 (101
_

1), TEM images of 

CrBC-H coating in Fig.4b and 4c show a nanocomposite structure consisting of CrB2 (0001), CrB2 (10

1
_

0) and CrB2 (101
_

1) crystals embedded in an amorphous matrix (non-feature zone). In contrast, the 
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SAED pattern in Fig.4d shows much more continuous diffraction rings, thus indicating a much finer 

polycrystalline structure for CrBCN coating. According to the crystalline interplanar spacing (0.237 

and 0.206 nm) of CrN (111) and CrN (200), TEM images of CrBCN-L coating in Fig.4e and 4f show a 

nanocomposite structure consisting of CrN (111) and CrN (200) crystals embedded in an amorphous 

matrix. 

3.2 Mechanical properties 

    Mechanical properties measured by nanoindentation are listed in Table 4. Owing to the formation 

of hard CrB2 phase, CrBC-H coating presented a relatively high hardness (23.4 GPa). In contrast, 

CrBCN-L and CrBCN-H coatings presented a relatively low hardness (17.9 and 16.3 GPa) due to the 

formation of a-BN. Moreover, the separation of CrN nano-grain in CrBCN-H coating was expanded by 

more a-BN (88.1 % a-BN in B1s spectrum) compared to CrBCN-L coating (72.5 % a-BN in B1s 

spectrum). The reinforcing effect of optimal nanocomposite structure on hardness was broken, and 

therefore CrBCN-H coating exhibited a lower hardness. A similar result was found for CrSiCN 

coatings for higher Si contents [44]. In principle, the wear resistance of materials is closely dependent 

on hardness (H). By comparing hardness values listed in Table 4, CrBC-H coating is expected to 

exhibit the highest wear resistance followed by CrBC-L and CrBCN-L coatings, while CrBCN-H 

coating should exhibit a poor wear resistance. The actual wear resistance of these four coatings in this 

study will be presented in Section 3.4 and correlated to their mechanical properties as well as fracture 

toughness. 

3.3 Fracture toughness 

    Fig.5 shows the indents produced on every coating along with details of the cracks formed around 
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indents. A long radial crack was observed at the corner of indents produced on CrBC-L and CrBC-H 

coatings. On the other hand, a short radial crack initiated from the corner of indents produced on 

CrBCN-L coating. No trace of radial cracks were found on CrBCN-H coating. Based on the Eq. (3), 

fracture toughness (KIc) of every coating was calculated and listed in Table 4. According to the 

calculated values, formation of a-BN in CrBCN coating due to N incorporation had positive effects on 

fracture toughness of CrBC coatings. In the discussion below, we try to identify and discuss potential 

mechanical and structural aspects that contributed at improving the fracture toughness of the 

investigated coatings. There are expected to be three major factors: (1) H/E ratio, (2) compactness and 

(3) residual stresses. Musil’s group [45-50] reported that in Al-Cu-O, Al-Zr-O and Cu-Zr-O coatings 

radial cracks were absent for H/E > 0.1. It was also pointed out that resistance to radial crack was 

proportional to H/E. Similar results were also reported in our previous works on CrSiCN (H/E > 0.06) 

and CrTiAlN coatings (H/E = 0.068) [29, 44, 51]. Consequently, CrBC-H is expected to be the toughest 

coating according to the H/E ratios reported in Table 4. However, a longer radial crack was observed on 

CrBC-H coating compared to CrBCN-L and CrBCN-H coatings (Fig.5). This finding is attributed to 

the later two factors mentioned above. In particular, formation of a-BN in CrBCN coatings weakened 

the columnar structure of CrBC coatings to form a much more compact structure (Fig.3). Under such a 

circumstance, radial crack could not propagate along columnar boundaries. In addition, the higher 

internal compressive stresses found for CrBCN-L and CrBCN-H coatings (-701 and -468 MPa) are 

believed to offer a strong closing effect against radial cracks [51, 52]. Thus, CrBC-H coatings with 

pronounced columnar structure and low compressive stresses (-375 MPa) facilitated initiation and 

propagation of radial cracks. Instead, dense CrBCN-H coating with a H/E of 0.71 and an internal 
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compressive stress of -468 MPa exhibited the best resistance against radial cracks.  

    It is worth mentioning that beside radial cracks, some circular cracks along the edge of indents 

(Fig.5) were observed in area B. Musil et al. [45] indicated that circular cracks can easily initiate when 

hard coatings are deposited on soft substrates. In this study, all of the coatings are much harder than the 

316L substrate (1.8 GPa), and therefore circular cracks easily formed. Moreover, CrBCN-L and 

CrBCN-H coatings exhibited 2 and 4 circular cracks respectively while only one circular crack was 

found on CrBC-H coating (Fig.5). Formation of circular cracks was found to be dependent on three 

aspects: (1) residual stresses; (2) elastic modulus and (3) plastic work Ep. During the loading process in 

a nanoindentation test, internal compressive stress in the coating tends to push material towards 

penetrating tip to form pile-up as shown in Fig.6. Once a sufficient pile-up is reached, circular cracks 

form. Pecnik et al. [53] found circular cracks on the pile-up around indents but no circular cracks in the 

sink-in area around indents. At the same time, materials with low E exhibit more pronounced bending 

under the same load. Thus, CrBCN coatings with relatively high compressive residual stresses (-701 

and -468 MPa) and low E (256 and 228 GPa) were prone to form circular cracks. Similar results were 

also reported for Zr-Cu-O coatings [45]. In addition, Wo et al. [54] pointed out that the resistance of 

coatings to circular crack is proportional to plastic work (Ep). According to Ep values listed in Table 4, 

CrBCN-L and CrBCN-H coatings should be prone to circular cracks formation, while CrBC-L coating 

with the highest Ep should exhibit the strongest resistance against circular cracks. This relationship is 

proven true according to the number of circular cracks observed in Fig.5. 

3.4 Tribological properties 

    The mean-steady friction coefficient and wear rate of CrBC/SiC and CrBCN/SiC tribopairs are 
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illustrated in Fig.7a and Fig.7b. Regardless of B concentration, CrBCN/SiC tribopairs always presented 

a lower friction coefficient (0.40 and 0.33) and wear rate (3.7×10-7 mm3/Nm and 2.4×10-7 mm3/Nm) 

than CrBC/SiC tribopairs (0.42 and 0.47; 11.3×10-6 mm3/Nm and 3.2×10-6 mm3/Nm). These results are 

attributed to the differences in both microstructure and crack resistance. On one hand, formation of the 

CrB2 hard phase in CrBC coatings acted as abrasive particles during tribological tests, thus leading to 

rough sliding surfaces and therefore increased friction coefficient and wear rate. Meantime, the low 

fracture toughness (KIc) found for CrBC coatings led to pronounced cracks formation during 

tribological tests, which also contributed at increasing the roughness of sliding surfaces. These aspects 

are demonstrated by the rough morphology found across the entire sliding surface of SiC balls shown 

in Fig.8a and Fig.8b. In contrast, a-BN matrix in CrBCN coatings could effectively shield wear debris 

[55]. In addition, due to the higher fracture toughness of CrBCN coatings less cracks were expected to 

initiate during tribological tests. As a consequence, low friction coefficient and wear rate were attained 

and attributed to smoother sliding surfaces of SiC balls as shown in Fig.8c and Fig.8d. 

    According to the hardness values listed in Table 4, CrBC-L coating should exhibit comparable 

wear rate than that exhibited by CrBCN coatings. However, as shown in Fig.7b, CrBCN-L and 

CrBCN-H coatings exhibited a much lower wear rate compared to CrBC-L and CrBC-H coatings. This 

suggests that beside hardness, fracture toughness (KIc) also plays a role on the wear resistance of CrBC 

and CrBCN coatings. As seen in Fig.9a, some obvious grooves parallel to the sliding direction were 

observed on the wear track of CrBC-L coating. In addition, some consecutive cracks were found in the 

central part of wear track (Fig.9b and 9c) due to the weak fracture toughness of CrBC-L coating. In 

contrast, no cracks but only plastic deformation was observed on the wear track of CrBCN-L coating 
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(Fig.9e and 9f). The morphology of wear track on CrBCN-H coating was exceedingly smooth to 

distinguish any topographic feature, and no corresponding image were illustrated here. To summarize 

the wear behaviour, cracking and peeling off during tribological tests caused an increase in wear rate 

for both CrBC-L and CrBC-H coatings. Instead, the CrBCN-H coating with the highest fracture 

toughness exhibited the strongest wear resistance. Interestingly, the tribological performance of CrBC 

and CrBCN coatings was found to be more closely related to their resistance to radial cracks rather than 

to that against circular cracks. However, further work is needed to clarify this latter aspect. 

4. Conclusions 

    This study investigated possible correlations between structural, mechanical and tribological 

properties of CrBC and CrBCN nanocomposite coatings. Relevant conclusions are drawn as follows: 

(1) N incorporation caused a structural evolution for CrBC-H coating (35.0 at% B) from 

nc-CrB2/(a-CrBx, a-BCx) to nc-CrN/(a-BCx, a-BN). 

(2) N incorporation significantly improved the fracture toughness of CrBC-L coatings (radial 

crack disappeared) without large changes in hardness (slight drop from 17.7 to 16.3 GPa) compared to 

CrBCN-H coatings. 

(3) CrBCN-H coatings (27.2 at.% B) exhibited low friction coefficient (0.33) and wear rate 

(2.4×10-7 mm3/Nm) owing to formation of a a-BN phase and enhanced fracture toughness. 

   (4) Although the hardness of CrBCN-H coating was the lowest, its best toughness contributed to 

superior tribological performances, which make this coating a promising candidate to be used for 

fabricating hybrid bearings.  
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Fig.1 (a) X-ray diffractograms of CrBC-L coatings at different angles of ψ (b) Liner regressions of CrBC-L, CrBC-H, 

CrBCN-L and CrBCN-H coatings 
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Fig.2 (a) X-ray diffractograms and (b) B1s XPS fractal spectra of CrBC and CrBCN coatings with different B 

concentrations 
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Fig.3 Cross-sectional morphology of (a) CrBC-L (b) CrBC-H (c) CrBCN-L and (d) CrBCN-H coatings 
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Fig.4 (a) Cross-sectional morphology with the corresponding SAED and (b) (c) TEM images of CrBC-H coating; (d) 

cross-sectional morphology with the corresponding SAED and (e) (f) TEM images of CrBCN-L coating 
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Fig.5 Overviews and enlarged areas of indent on CrBC and CrBCN coatings with different B concentrations 
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Fig.6 Contours of indents on CrBC and CrBCN coatings after 600 mN nanoindentation 
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Fig.7 (a) Mean-steady friction coefficient and (b) wear rates of CrBC/SiC and CrBCN/SiC tribopairs  
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Fig.8 Optical images of wear scars on SiC balls sliding against (a) CrBC-L (b) CrBC-H (c) CrBCN-L (d) CrBCN-H 

coatings 
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Fig.9 SEM images of wear tracks on (a)(b)(c) CrBC-L and (d)(e)(f) CrBCN-L coatings 
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Table 1 Chemical composition of 316L stainless steel 

Composition C Si Mn P S Ni Cr Mo Fe 

Mass fraction (wt%) 0.02 0.65 1.70 0.03 0.01 12.0 17.5 2.5 Balanced 
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Table 2 Deposition parameters of CrBC and CrBCN coatings 

Coatings 
CrB2 target 

(A) 

C target 

(A) 

Cr target 

(A) 

Ar 

(sccm) 

N2 

(OEM) 

Bias voltage 

(V) 

Rotating speed 

(rpm) 

CrBC-L 4.0 4.0 -- 50 -- -80 10 

CrBC-H 4.0 2.0 -- 50 -- -80 10 

CrBCN-L 1.0 4.0 4.0 50 50 %  -80 10 

CrBCN-H 4.0 4.0 4.0 50 50 %  -80 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 Thickness and compositions of CrBC and CrBCN coatings 

Coatings 
Thickness 

(µm) 
Cr (at.%) B (at.%) C (at.%) N (at.%) 
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CrBC-L 1.75 23.0±0.5 31.6±0.6 45.4±0.1 -- 

CrBC-H 1.76 28.6±0.4 35.0±0.5 36.4±0.1 -- 

CrBCN-L 1.67 34.4±0.3 24.6±0.5 20.4±0.2 20.6±0.4 

CrBCN-H 1.89 32.1±0.4 27.2±0.3 22.7±0.3 18.0±0.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 Mechanical properties of CrBC and CrBCN coatings  

Coatings 
H 

(GPa) 

E 

(GPa) 
H/E 

Ep 

(pJ) 

σ 

(MPa) 

Cm  

(µm) 

KIc  

(MPa· m ) 

CrBC-L 17.7±1.2 295±13 0.060 116.8±8.6 -312 7.96±0.43 2.26±0.25 

CrBC-H 23.4±1.5 316±17 0.074 114.0±7.8 -375 7.08±0.70 2.80±0.32 

CrBCN-L 17.9±2.3 256±22 0.070 99.5±12.8 -701 6.66±0.54 2.81±0.27 

CrBCN-H 16.3±0.8 228±7 0.071 91.9±5.2 -468 No crack No crack 
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