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A B S T R A C T   

High-entropy carbonitrides exhibit excellent properties in friction and corrosion. Here, the tribo-corrosion 
response of (CrNbTiAlV)CxNy coating were studied in 3.5 wt.% NaCl solution at room temperature. The 
doping of carbon makes the coating structure dense. When the carbon content of the coating is 40%, the coating 
exhibits maximum hardness (20.21 GPa). As the carbon content increases, the synergistic effect of tribo-corrosion 
on the coating gradually weakens, and friction coefficient decreases. The coating with 40% carbon content has 
the smallest change in static and dynamic current density (0.14 ×10− 8 A/cm2), the smallest friction coefficient 
(0.28), and the smallest wear volume loss. These results show that the coating can effectively protect the sub
strate in case of tribo-corrosion.   

1. Introduction 

Generally, in marine environment, oxygen and chlorine salts can 
cause corrosion of the mechanical metal parts posing a threat to the safe 
operation of the equipment. Therefore, choosing the right anti-corrosion 
material is essential to prolong the service life of the machine [1]. So far, 
many corrosion-resistant alloys have been developed, such as stainless 
steel [2–4], Ni alloys [5,6], Ti alloys [7,8], and Al alloys [9–11]. Among 
them, 316 L has a dense passivation film formed on the surface due to its 
high Cr content, showing excellent corrosion resistance. So 316 L 
stainless steel is widely used in marine moving parts. However, the 
working condition of marine moving parts is to operate under load in 
seawater, which is affected by both friction and corrosion at the same 
time. The applied load will destroy the passivation film formed on the 
surface of the alloy and accelerate the corrosion damage of the alloy. 
Based on our previous research, 316 L did not perform well under fric
tion and corrosion [12]. In order to improve the tribo-corrosion per
formance of 316 L, one of the most effective solutions is to apply a 
protective coating on the surface of 316 L. 

One of the coating materials is the high-entropy alloys (HEAs) 

proposed by Ye et al. [13]. HEAs are uniformly distributed replacement 
solid solution alloys formed by five or more elements, and the per
centage of each element is between 5% and 35%. In recent years, there 
have been more and more studies on various aspects of high-entropy 
alloys [14–17]. Compared with traditional alloys, high-entropy alloys 
exhibit high hardness [18,19], good wear resistance [20,21], good 
corrosion properties [22–24], and good thermal stability [25,26]. 
However, the development and application of HEAs bulk is limited due 
to the limitation of size and the complexity of fabrication process [27]. 
The substrate is coated with a high-entropy alloy coating (HEAC) as one 
solution to the problem. Thus, High-entropy alloy coatings are further 
developed [28,29]. Compared with the bulks, the HEACs exhibit supe
rior mechanical properties and corrosion resistance due to reduced 
material dimensionality. Fang et al. [30]. found that the CoCrFeMnNiVx 
coating has ultra-fine grains and a large number of twins, showing 
higher hardness compared to the bulk. Recently, Zheng et al. [31]. 
prepared a VAlTiCrSi coating on the surface of 304 by DC magnetron 
sputtering. The coating exhibits an amorphous structure with a smooth 
and dense surface. Compared with 304, the coating has a lower current 
density (4.68 ×10–9 A/cm2) and exhibits excellent corrosion resistance. 
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It was found that the doping of Ag reduced the corrosion rate of 
Ti1.5ZrTa0.5Nb0.5W0.5 HEAC by 2.3–2.8 orders of magnitude and greatly 
enhanced the polarization resistance of the coatings by Alamdari et al. 
[32]. Khan et al. [33]. found that AlCoCrCu0.5FeNi prepared at a 
working pressure of 10 mTorr had a mixed structure of FCC and BCC. 
The protective oxide film Al2O3 and Cr2O3 formed on the surface makes 
the coating have high resistivity. 

Recently, carbon and nitrogen doping of HEACs has become a hot 
topic. Due to the relatively small size of nitrogen atom, the coatings will 
have solid solution strengthening and the mechanical properties will be 
improved [34–37]. Xia et al. [35] prepared a series of (MoN
bTaVW)xN1− x coatings with different nitrogen contents by cathodic arc 
deposition and DC magnetron sputtering, respectively. It was found that 
with the increase of nitrogen flow, the crystal structure of the coating 
changed from BCC to FCC, and the maximum hardness reached 30 GPa. 
Li et al. [38] found that the (NbTaMoW)Nx coating exhibited a minimum 
wear rate of 5 × 10− 7 mm3/N⋅m when x = 0.48. Carbon doping can 
enhance the friction performance of the coating and reduce the coeffi
cient of friction. The carbon doping also enhances the corrosion resis
tance of the coating. Kao et al. [39] prepared carbon-doped CrNbSiTaZr 
coatings by passing acetylene gas. When the acetylene flow rate is 19 
sccm, the friction coefficient of the coating is 0.05, and the wear rate 
reaches 0.16 × 10− 6 mm3/N⋅m. Medina et al. [40] fabricated 
(CoCrFeMnNi)xC1− x coatings by a non-equilibrium magnetron sputter
ing system. They found that the carbon close to the coating surface 
enhanced the coating’s corrosion resistance. Most recent articles have 
focused on the single effect of friction or corrosion on materials. But 
there are many marine moving parts that work under a combination of 
corrosion and applied loads. The synergistic effect of friction and 
corrosion on materials can also have an impact on material failure. 

Few articles have investigated the response of materials under the 
combined influence of friction and corrosion. Therefore, according to 
the previous study [23,24,41], the magnetron sputtering method was 
adopted to prepare the (CrNbTiAlV)CxNy coating in this paper, using a 
five-element splicing target and a piece of graphite target. The carbon 
content of the (CrNbTiAlV)CxNy coatings was controlled by adjusting the 
current of the graphite target. The microstructure, tribological proper
ties and tribo-corrosion performance of the coatings were investigated 
studied. 

2. Experimental details 

2.1. (CrNbTiAlV)CxNy coatings preparation 

(CrNbTiAlV)CxNy coatings were sputtered on the prepared 316 L 
substrate and on Si wafers using an unbalanced magnetron sputtering 
system (UPD-650, Teer). In the substrate preparation process, the 316 L 
substrate was polished to a bright surface without obvious defects. The 
roughness of the substrate is less than 10 nm. Si wafer were laser-cut into 
rectangles of equal-size rectangles for cleaning and clamping. The 316 L 
and Si wafers were washed four times alternately with alcohol and pe
troleum ether. Each wash took 15 min to insure the surfaces clean. Two 
C targets (99.9 at.%), one Cr target (99.9 at.%) and one five metal (Ti, 
Al, Cr, Nb, V) splicing target (99.9 at.%) were selected to deposit the 
coatings. The figure of splicing target is shown in Fig. 1. The substrates 
were fixed in the middle of the rack to ensure the same coating was 
produced. The rotating speed of the rack was 5 rpm during the experi
ment. Before the process starts, the air pressure in the chamber is 
pumped to less than 3 × 10− 5 Torr. The process is divided into three 
steps. First, the surfaces of the substrate and the target were cleaned 
with Ar+ for 30 min. The set voltage of the targets was − 450 V. In the 
second step, the time for depositing a Cr transition layer on the surface of 
the substrate by using the Cr target was 8 min. In the last step, nitrogen 
gas was introduced while the currents of the C target and the spliced 
target were increased to the set values, respectively. Table 1 shows the 
process parameters of the deposited coating. In order to ensure the same 
thickness of coatings, the process time of the last step is different. To 
better distinguish each coating, the (CrNbTiAlV)CxNy coatings are 
named S1, S2, S3 and S4, from small to large according to the C content 
in the coatings. 

2.2. Characterization of (CrNbTiAlV)CxNy coating 

Coatings deposited on Si wafers were observed by scanning electron 
microscopy (FESEM, JSM, 7610 F) for cross-sectional microstructure 
and thickness of the coatings. Energy Dispersive Spectroscopy (EDS, 
Thermo Scientific) is used to observe the distribution of elements in the 
sample. Electron probe microscope analyzer (EPMA, JXA-8530 F PLUS) 

Fig. 1. The schematic diagram of splicing target.  

Table 1 
Deposition parameters of (CrNbTiAlV)CxNy coating by magnetron sputtering 
system.  

Deposition parameters Values 

Splicing target current (A) 4.5 
C target current (A) 1, 2, 3 and 4 for S1, S2, S3, S4 respectively 
Working pressure (Torr) 3.8 × 10− 3 

Bias voltage (V) -126 
Ar flow (sccm) 18 
N2 flow (sccm) 38 
Deposition time (min) 210, 180, 150 and 120  

Fig. 2. Tribo-corrosion machine model.  
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was used to analyze the elements and content of the coating. The crystal 
structure of the coatings was determined by X-ray diffraction (XRD, 
Bruker D 8 Advance). And the scanning angle of XRD was from 20◦ to 
60◦. The hardness (H) and elastic modulus (E) of the coatings were 
characterized with a nano indenter (UNHT3, Anton Paar). The test mode 
used the fixed loading force mode, and the loading force was set to 20 
mN. Six points were tested for each coating to ensure to get correct data. 
The carbon bonds of the coatings were measured by Raman spectrum 
(DXR2, Thermo) with 532 nm laser. 

2.3. Corrosion performance testing of (CrNbTiAlV)CxNy coating 

The electrochemical properties and tribo-corrosion properties per
formance of the samples were tested by a linear reciprocating friction 
machine with a three-electrode system (MFT-4000, Lanzhou Huahui). 
The structure of the instrument is shown in Fig. 2. The prepared coating 
was the working electrode (WE), Ag/AgCl was used as the reference 
electrode (RE), and carbon was the counter electrode (CE). Al2O3 ball (Φ 
6 mm) was chosen as the friction pair. The experiments were charac
terized in 3.5 wt.%NaCl solution at room temperature. The exposed area 
of the coating was 2.25 cm2. When testing the electrochemical proper
ties of all coatings, the samples were soaked for at least 1 h to stabilize 
the surface state of the coatings. Tribo-corrosion tests were conducted to 
test coatings at open circuit potential (OCP). In order to reach a steady 
state, the coating was first soaked for 10 min. Then slid for 40 min under 
load and soaked for 10 min after removing the load. The load in tribo- 
corrosion was 1 N and the sliding frequency was 0.1 Hz. The stroke 
value was 6 mm. In static polarization test and potentiodynamic polar
ization (PDP) test, the sweep range was from − 0.6 V to + 0.6 V relative 
to the reference electrode. The scanning speed was 0.5 mV/s to ensure 
that experiment time was 40 min. SEM and EDS were used to charac
terize the morphology and elemental composition of the wear track after 
the tribo-corrosion test. The volume loss cause by friction were tested 
with a 3D profilometer (MicroXAM 800, America). 

3. Result and discussion 

3.1. Structure and mechanical characterization of (CrNbTiAlV)CxNy 
coating 

Fig. 3 shows the results of the elemental composition of the 
(CrNbTiAlV)CxNy coatings. Obviously, the carbon content in the coating 
gradually increases from 22 at.% to 40 at.% with increasing carbon 
target current. This is because as the current increases, the carbon atoms 
gain more kinetic energy and thus the carbon deposition rate gradually 
increases. The N element content fluctuates between 51 at.% and 60 at. 

%, which basically accounts for half of the entire element of the coating. 
With the increase of carbon target current, the proportion of other ele
ments in the coating gradually decreased. 

The SEM cross-sectional morphology of the coating is shown in  
Fig. 4. As can be seen from the figure, all the coatings exhibit a dense 
microstructure, which means that the change of carbon content has no 
obvious effect on the structure of the coating. The columnar structure 
typical of PVD is not exhibited. By adjusting the process time, the 
thickness of the Cr transition layer is all 0.165 µm, and the thickness of 
the coating is basically about 2 µm. S2 was selected to test EDS mapping 
to observe the element distribution in the sample. The test results are 
shown in Fig. 5. It can be seen that the elements in the sample are evenly 
distributed. Cr is concentrated at the bottom of the sample, which is the 
Cr transition layer. 

Fig. 6 presents the XRD results of the prepared samples. The crys
tallographic orientations of all coatings are (111) and (200) corre
sponding to the angles of 33.08◦ and 44.16◦, and the coatings contain 
carbonitrides. The crystallographic orientation the coating don not 
change significantly with increasing carbon content. This indicates that 
the carbonitride content in the coating is unchanged. 

Fig. 7(a) shows the hardness and elastic modulus test results of the 
(CrNbTiAlV)CxNy coating. It can be clearly seen that the hardness of the 
coating increases gradually with the increase of carbon content. The 
elastic modulus first decreased with the increase of carbon content and 
then maintained at a certain level. The maximum hardness and elastic 
modulus of the coating reached 20.21 GPa. And the elastic modulus of 
the coating reached 174.09 GPa. The carbon increases the degree of 
lattice distortion of the coating, and the hardness of the coating in
creases. Generally speaking, H/E indicates the strength of the material to 
resist fracture [42] and H3/E2 indicates the strength of the material’s 
ability to resist plastic deformation [43]. Fig. 6(b) shows the calculated 
H/E and H3/E2 values for (CrNbTiAlV)CxNy coatings. It is obvious that 
the H/E and H3/E2 values of the coatings increase with increasing car
bon content. The H/E and H3/E2 values of S4 were the largest, reaching 
0.12 and 0.32. This indicates that the (CrNbTiAlV)CxNy coatings have 
strong fracture resistance and plastic deformation resistance. Among 
them, the S4 coating has the most excellent mechanical properties. 

Raman spectra is commonly used to test the microstructure of 
carbon-containing coatings. Fig. 8(a) shows the Raman spectra of 
(CrNbTiAlV)CxNy coatings. Two Gaussian peaks make up the Raman 
spectrum: the D peak and the G peak are at 1380 and 1568 cm− 1 

respectively [44]. Fitting the Raman spectral results of the coating by 
Gaussian fitting are shown in Fig. 8(b). It can be seen that the intensity 
ratio of D peak to G peak (ID/IG) gradually decreases with the increase of 

Fig. 3. Chemical compositions (at.%) of the samples.  
Fig. 4. Cross-sectional SEM images of (CrNbTiAlV)CxNy coating (a) S1; (b) S2; 
(c) S3; (b) S4. 
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carbon current. The ID/IG value of the coating gradually decrease from 
3.07 to 1.24. The position of the G peak is the smallest when the carbon 
content is the largest, which is 1521.60 cm− 1. The more sp3 clusters in 
the coating, the higher the hardness of the coating [45]. The ratio of 
ID/IG corresponds to the ratio of sp2/sp3 [46,47]. Therefore, the hard
ness of the coating increases with increasing carbon content. 

3.2. Tribo-corrosion ability of (CrNbTiAlV)CxNy coatings in 3.5 wt.% 
NaCl solution 

3.2.1. Effect of sliding wear under OCP 
In the case of OCP, the friction coefficient and potential change of the 

(CrNbTiAlV)CxNy coatings tribo-corrosion performance are shown in  
Fig. 9. It is clearly that the coating is already in a stable state at the OCP 
before tribo-corrosion. When the load is applied, the potential of the 
sample decreases to different degrees, and gradually becomes stable 
with the friction. When the load is removed, the potential of the samples 
all increase to different degrees. This is because the passivation film is 
formed on the samples surface before loading and reaches a stable state, 
and the passivation film is destroyed after loading. Destruction of the 
passivation film leads to a drop in potential [48,49]. During 
tribo-corrosion, the generation rate of the passivation film on the sample 
surface and the removal rate forms a dynamic equilibrium, so the po
tential of the sample is gradually stabilized [50]. When the load is 
removed, a new passivation film is formed on the surface of the sample, 
which increases the potential of the sample [51]. Among them, the 
potential change of 316 L is the largest, and the change range is 
− 0.21 V. With the increase of carbon content, the potential change 
degree of the sample becomes smaller. The potential changes of S1 and 
S2 are similar. The potential change of the S4 coating is minimal and 
almost unchanged. This is because the carbon doping enhances the 
inertness of (CrNbTiAlV)CxNy coatings and thus reduces the sensitivity 
of the coating potential to friction. 

Fig. 9(b) presents the friction coefficient of 316 L substrate and 
coating samples in tribo-corrosion test under OCP condition. When the 
carbon content of the coating increases from 22 at.% to 40 at.%, the 

Fig. 5. EDS mapping of (CrNbTiAlV)CxNy coating.  

Fig. 6. XRD patterns of (CrNbTiAlV)CxNy coating.  

Fig. 7. (a) Hardness and elastic modulus and (b) H/E and H3 /E2.  
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coefficient of the coating decreases from 0.5 to 0.28. It can be seen that 
the friction coefficient of 316 L in the stable stage is lower than S1 and 
S2, but higher than S3 and S4, which means that different carbon con
tent has a significant effect on the friction coefficient of the coating. Due 
to the low carbon content of S1 and S2, the effect on reducing the friction 
coefficient is limited. Therefore, the friction coefficients of S1 and S2 are 
higher. For S3 and S4 coatings with higher carbon content, they not only 

have higher hardness, but also have lower friction coefficient during the 
friction process due to the lubricating effect of free carbon element. 
Therefore, in the case of open circuit potential, S3 and S4 can effectively 
protect the 316 L substrate. 

To further explain the tribo-corrosion mechanism of the samples at 
OCP, Fig. 10 shows the images of the wear tracks of each sample. The 
316 L has the widest wear scar and the most severe wear. It can be seen 

Fig. 8. (a) Raman spectra and (b) ID/IG, fitted G peak position of (CrNbTiAlV)CxNy coatings.  

Fig. 9. (a) potential change under OCP and (b) friction coefficient curves of (CrNbTiAlV)CxNy coatings sliding against Al2O3 balls in 3.5 wt.% NaCl solution.  

Fig. 10. SEM images of wear tracks for 316 L alloy and (CrNbTiAlV)CxNy coatings under OCP condition. (a) 316 L; (b) S1; (c) S2; (d) S3; and (e) S4.  
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from Fig. 10(a) that the wear track shape of 316 L is furrow-like, which 
is abrasion. With the increase of carbon content, the width of wear scar 
gradually narrowed. As the hardness of the coating increases, the wear 
debris on the surface of the wear debris increases gradually. Carbon 
doping reduces the friction coefficient of the coating, and at the same 
time reduces the sensitivity of the coating to potential changes in the 
process of frictional corrosion [52]. So, the coatings have good 
tribo-corrosion performance. 

Table 2 shows the wear track composition of the coatings after tribo- 
corrosion under OCP. It is obvious that the oxygen content on the wear 
scar decreases with the increase of carbon content. This shows that the 
friction corrosion property of the coating is gradually enhanced. The 
wear track oxygen content of S4 is very low. According to the above 
results, S4 has the best friction performance under OCP. 

3.2.2. Tribo-corrosion ability under PDP 
Fig. 11(a) and (b) are the polarization curves of 316 L and the 

(CrNbTiAlV)CxNy coatings under static polarization and PDP. It can be 
seen from Fig. 11(a) and (b) that 316 L is broken down under static 
polarization and dynamic polarization, and the breakdown potential is 
0.2 V and 0.3 V, respectively. Simultaneously, there is no obvious 
breakdown phenomenon of the (CrNbTiAlV)CxNy coatings in the po
larization test, indicating that the corrosion resistance of the coatings 

are better than that of the 316 L substrate. 
The self-corrosion potential (Ecorr) and self-corrosion current density 

(Icorr)of each sample can be calculated by Tafel extrapolation, which are 
listed in Table 3. Generally speaking, The better the corrosion resistance 
of the material, the higher the Ecorr and the lower the Icorr. [31]. Under 
static polarization conditions, the Ecorr of all prepared coatings are 
higher than that of the 316 L substrate and the Icorr of all coatings are 
lower than that of the 316 L substrate. Among them, the Ecorr (− 0.10 V) 
of S1 is the highest, and the Icorr (1.68 ×10− 8 A/cm2) of S2 is the 
smallest. The Icorr of each sample increased to varying degrees compared 
to the static current density. Compared with the current density under 
static polarization, the current density of each sample under PDP has 
different degrees of increase. The level of current density can indicate 
the corrosion rate. Compared with the current density under static po
larization, the current density of each sample under dynamic polariza
tion has different degrees of increase. The increase in current density 
indicates that friction increases the corrosion rate of the material. Under 
the PDP condition, the Icorr of the 316 L substrate changes by two orders 

Table 2 
Element type and content of wear tracks after the tribo-corrosion test under OCP.  

coating Chemical composition (at.%) 

Ti Al Cr Nb V C N O 

S1  2.1  3  13.3  2.3  2.8  19.5  52.8  4.2 
S2  2  3.2  11.3  3.4  3.2  30.4  46.3  0.3 
S3  1.5  2.6  9.7  2.7  3  35.2  44.9  0.3 
S4  1.5  2.5  7.7  2.2  2.9  39.6  43.6  0  

Fig. 11. Polarization curves under the condition of (a) pure corrosion and (b) tribo-corrosion; (c) wear volume of the samples under pure friction and PDP conditions.  

Table 3 
Dynamic polarization results of (CrNbTiAlV)CxNy coatings in 3.5 wt.% NaCl 
solution.  

Condition Sample Icorr (A/cm2) Ecorr (V) 

Static Corrosion 316 L 3.55 × 10− 8 -0.20 V 
S1 2.69 × 10− 8 -0.10 V 
S2 1.68 × 10− 8 -0.14 V 
S3 2.28 × 10− 8 -0.12 V 
S4 3.24 × 10− 8 -0.13 V 

Sliding Corrosion 316 L 1.72 × 10− 6 -0.27 V 
S1 1.10 × 10− 7 -0.21 V 
S2 7.35 × 10− 8 -0.19 V 
S3 2.73 × 10− 8 -0.14 V 
S4 3.38 × 10− 8 -0.13 V  
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of magnitude, and the variation of the Icorr of the (CrNbTiAlV)CxNy 
coatings is smaller than that of the 316 L substrate. With the increase of 
carbon content, the potential variation of the sample decreases. The 
current density change of S4 is only 0.04 × 10− 8A/cm2. 

Fig. 11(c) shows the material loss volume of substrate and coating 
samples under tribo-corrosion and pure wear condition, respectively. As 
shown in the picture, the wear volume loss of coating decreases with the 
increase of carbon content. Compared with other samples, S1 has the 
highest wear volume, which is due to the combined effect of its lower 
carbon content and lower hardness. Furthermore, the surface chemical 
stability of S1 is greatly affected by friction. Friction results in a large 
decrease in the corrosion current density of S1, which further intensifies 
the wear, leading to serious wear. Therefore, the wear volume of S1 is 
the largest compared with other samples. 

The wear track morphologies of each sample after PDP are presented 
in Fig. 12. The most serious wear track on the 316 L substrate is abra
sion, and pitting pits appear on surface. The type of wear for all coatings 
is abrasion. As the carbon content increases, the wear volume of the 
prepared coating decreases gradually. After the Al2O3 ball contacts the 
coating surface, the coating is subjected to normal stress and shear 
stress. The exfoliation of carbonitride plays a role of lubrication and 
reduces the wear volume of the coating. To further investigate the 
products of the coatings after tribo-corrosion under PDP, the element 
type and content of wear scars are detected by EDS. The test results are 
shown in Table 4. It can be seen that the oxygen content on the surface of 
the coating is very small. Due to the very low oxygen content, the wear 
scar surface of S2 and S3 shows 0 at.%. The oxygen content of the S4 
wear scar surface is also only 0.9%. The graphite on the surface of the 
coating prevents oxidation of the metal in the coating and enhances the 
corrosion resistance of the coating. This also explains the good tribo- 
corrosion properties of the coatings. 

3.3. Tribo-corrosion mechanism of (CrNbTiAlV)CxNy coatings 

During the experiments, we assumed that corrosion only occurred on 
the wear track to better study the synergistic mechanism of friction and 
corrosion. [53,54]. Waston et al. [55] found that in the process of 
tribo-corrosion, the loss of material is not simply a superposition of the 
volume loss caused by corrosion and friction. Friction and corrosion 
interact with each other in the process of tribo-corrosion. Friction de
stroys the surface state of the material and accelerates the corrosion rate 
of the material. In the same way, the corrosion of the material will also 
change the state of the surface of the material, resulting in the change of 
the friction properties. Therefore, Waston et al. proposed that the vol
ume lost during the tribo-corrosion process of the material is composed 
of the volume loss caused by pure wear, pure corrosion and the synergy 
of friction and corrosion. The volume loss caused by the tribo-corrosion 
process can be expressed by the following formula:  

T= ΔW+ΔC                                                                                   (1)  

ΔW= W+ WC                                                                                 (2)  

ΔC =C0 +CW                                                                                 (3)  

T=W+ WC +C0 +CW                                                                      (4) 

Where T is the total volume of material lost during test. ΔW is the loss of 
material due to friction during test. ΔC is the volume loss due to 
corrosion. W is the volume loss of the material due to pure friction in the 
absence of corrosion. WC is the volume of change between the volume of 
material lost by pure wear and the volume produced by friction in the 
process of test. CW is the change between the volume loss caused by pure 
corrosion and the volume loss due to corrosion of the material during 
tribo-corrosion. The ΔW is measured by the three-dimensional topog
raphy instrument, and the results are shown in Fig. 11(c). The ΔC of the 
material can be calculated by the following formula: 

C0 =
itM
nFρ (5) 

Among them, i (A) is the corrosion current of the material in the 
tribo-corrosion experiment, which can be calculated from the data in 
Table 3. And t (s) is the experimental time from the applied potential, M 
(g/mol) is the average molar mass of the material, ρ (g/cm3) is the 
density of the material, n is the number of electrons lost by the sample 
during the experiment. F (C/mol) is Faraday’s constant. 

Fig. 12. SEM images of wear track of prepared coatings after tribo-corrosion tests in 3.5 wt.% NaCl solution. (a) 316 L; (b) S1; (c) S2; (d) S3; and (e) S4.  

Table 4 
Element type and content of wear tracks after the tribo-corrosion test under PDP.  

coating Chemical composition (at.%) 

Ti Al Cr Nb V C N O 

S1  2.1  2.6  5.6  3  3.9  28.2  49  5.6 
S2  2.2  2.8  11.4  2.8  3.7  30.7  45.9  0.4 
S3  1.5  2.7  11.9  2.8  2.3  33.1  44.9  0.7 
S4  1.6  2  9.3  2.3  1.9  38.3  44.6  0  
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The calculation results of 316 L and (CrNbTiAlV)CxNy coatings are 
shown in Fig. 13. It can be seen that the T of 316 L after the tribo- 
corrosion is much larger than that of the coating, which is two orders 
of magnitude larger than the loss of S4 with the minimum volume loss. 
The large volume loss of 316 L is due to the large increase in corrosion 
(CW, 90.55%). This phenomenon shows that in the process of tribo- 
corrosion of 316 L, the damage to the surface of 316 L caused by fric
tion is serious, resulting in a huge change in the ΔC. The tribo-corrosion 
performance of 316 L is poor relative to the (CrNbTiAlV)CxNy coatings. 
With the increase of carbon content, the T of the coating during tribo- 
corrosion decreases. S4 has the smallest total loss volume 
(6.0361 ×10− 8 cm3). The volume loss of all coatings is mainly caused by 
pure wear. In the coatings, the pure wear loss volume of S2 and S3 
accounted for 96.70% and 94.13% of the total loss volume. This is due to 
the small change in dynamic current density compared to static current 
density, and the smaller effect of corrosion on S2 and S3. Therefore, the 
proportion of W in S2 and S3 to T is larger. The volume loss of 316 L is 
mainly affected by friction on corrosion, and the loss of (CrNbTiAlV) 
CxNy coatings volume is mainly affected by wear. 

Stack et al. [56–58]. established a wear-corrosion mechanism dia
gram in the form of a function to explain the dominant role of friction 
and corrosion in tribo-corrosion experiments. In the process of 
tribo-corrosion, the factors affecting the material loss can be explained 
by Fig. 14(a). The dominant factor of material loss during 
tribo-corrosion can be analyzed by the ratio of the ΔW and the ΔC. 
Fig. 14(a) shows that the material loss of 316 L during tribo-corrosion is 
mainly affected by the corrosion increment. This is because during the 
experiment, the damage to the surface of 316 L by friction plating is 
relatively serious, and the current density of 316 L changes greatly, 

resulting in a huge change in corrosion increment. The surface of the 
(CrNbTiAlV)CxNy coating is protected by carbonitride, the surface state 
changes little and the current density changes little. So the T of the 
coatings is less affected by corrosion. The T of the coating is dominated 
by pure wear. 

WC is the synergistic effect of corrosion on wear. Generally, the de
gree of synergistic effect in the tribo-corrosion process can be evaluated 
by the ratio of WC to W. When the ratio is less than 1, it is defined as a 
low synergistic effect. When the ratio is greater than 10, it is defined as 
high synergistic effect. The ratio between 1 and 10 is medium synergistic 
effect. As shown in Fig. 14(b), all the samples are in the region of low 
synergistic effect, indicating that corrosion has little effect on wear, 
which is attributed to their good corrosion resistance. However, the 
corrosion current density of 316 L greatly decreases (two orders of 
magnitude, shown in Table 3) under the action of friction, which will 
further accelerate the progress of wear to a certain extent. On the con
trary, due to the excellent chemical stability of nitrogen-carbide coat
ings, their corrosion current density decreases less under friction. 
Therefore, the synergistic effect of (CrNbTiAlV)CxNy coatings is weaker 
than that of 316 L substrate and falls higher in the diagram. 

4. Conclusions 

A series of (CrNbTiAlV)CxNy coatings were prepared on 316 L. The 
microstructure, crystal structure composition, and tribo-corrosion per
formance of the samples were studied. The following conclusions can be 
drawn from this study: 

Fig. 13. (a) The volume and (b) proportion of each contribution of tribo-corrosion components for 316 L alloy and (CrNbTiAlV)CxNy coatings sliding against Al2O3 
balls under polarization condition in 3.5 wt.% NaCl solution. 

Fig. 14. (a) Wear-corrosion dominant graph and (b) degree of synergism with Wc proportion versus W proportion for tribo-corrosion of 316 L and S1, S2, S3 and S4 
in 3.5 wt.% NaCl solution. 
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(1) The doping of carbon makes the coating structure dense and does 
not show columnar structure, and the sp3 clusters in the coating 
gradually increases.  

(2) The increase in carbon content enhances the hardness and elastic 
modulus of the coatings. The fracture resistance and plastic 
deformation resistance of the coating are gradually enhanced. 

(3) During the tribo-corrosion experiment, the electrochemical per
formance of all coatings is better than that of 316 L. The increase 
of carbon content in the coating reduces the friction coefficient of 
the coating to 0.28. In the static polarization test, S2 has the 
smallest current density (1.68 ×10− 8 A/cm2). S4 exhibits the 
smallest current density in the PDP test (1.68 ×10− 8 A/cm2). The 
dynamic current density of S4 changes the least (0.14 ×10− 8 A/ 
cm2) compared to the static current density due to the increase of 
the surface amorphous graphitic phase.  

(4) The carbonitride phase makes the corrosion resistance of the 
coating better than that of 316 L, and the sensitivity of friction to 
corrosion effects is lower than that of 316 L. Therefore, during the 
tribo-corrosion test, the volume loss of the coating is mainly pure 
wear. The coating is less affected by the synergistic effect of 
friction and corrosion than 316 L 
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