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Abstract 10 

This study focused on developing a high-temperature tribological coating for AISI 316L 11 
stainless steel. CrYN coatings doped with transition metals such as niobium, tantalum, and 12 
vanadium (Me-CrYN) were deposited using a closed-field unbalanced magnetron sputtering 13 
(CFUBMS) system. In a previous study, the Taguchi L9 orthogonal array design was employed 14 
to optimize the deposition parameters based on tribological performance under dry sliding 15 
conditions at room temperature. Among the nine experimental runs, the three coatings 16 
exhibiting the lowest friction coefficients and highest wear resistance were selected for high-17 
temperature tribological testing. In the present work, these three optimized Me-CrYN coatings 18 
were systematically evaluated for their tribological and adhesion properties at elevated 19 
temperatures. High-temperature tribological performance was assessed using a pin-on-disc 20 
tribometer in ambient air at 450 °C, 550 °C, and 650 °C, with particular attention given to their 21 
frictional behavior. Additionally, adhesion strength was evaluated at room temperature via 22 
scratch testing, both on the as-deposited coatings and those subjected to high-temperature 23 
tribological testing at 450 °C, 550 °C, and 650 °C. The results demonstrate that the Me-CrYN 24 
coatings maintain tribomechanical stability at elevated temperatures, with hardness values 25 
ranging from 8.8 to 15.3 GPa. Nb-doped coatings exhibited a reduction in friction from ~0.55 26 
at room temperature to ~0.30 at 650 °C (≈45% decrease), while Ta-doped coatings maintained 27 
stable values around 0.40 across all temperatures (<5% variation). In contrast, V-doped coatings 28 
showed an initial rise from ~0.13 at room temperature to ~0.30 at 450 °C (≈115% increase), but 29 
then decreased to ~0.10 at 550 °C (≈25% below RT) and ~0.12 at 650 °C (≈10% below RT). 30 
Adhesion strength was preserved after thermal exposure, supporting their potential for high-31 
temperature applications. 32 

Keywords: Magnetron sputtering, AISI 316L, Me-doped CrYN, high-temperature tribological 33 
testing, high-temperature adhesion 34 

1. Introduction 35 

Austenitic stainless steels, particularly AISI 316L, are extensively used across diverse industrial 36 

sectors, including petrochemical processing, power generation, and biomedical engineering, 37 

due to their excellent corrosion resistance, mechanical strength at room temperature, and good 38 

formability [1–3]. Despite these advantages, their relatively low hardness and susceptibility to 39 
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friction and wear-related failures significantly limit their performance, especially under 40 

elevated temperature conditions [4].  41 

In applications such as heat exchangers, orthopedic implants, and marine systems, prolonged 42 

exposure to friction and reactive environments often leads to the formation of abrasive debris 43 

and surface oxides, which accelerate material degradation. These challenges highlight the 44 

necessity of enhancing the surface properties of stainless steels to extend their functional 45 

lifespan.  Among various surface engineering strategies, thermal and tribological coatings are 46 

considered effective in minimizing friction, wear, and oxidation, particularly in aggressive 47 

service environments [5–8]. In this respect, transition metal nitrides such as TiN, CrN, NbN, 48 

ZrN, and TaN have received considerable attention due to their outstanding hardness, wear 49 

resistance, and stability at elevated temperatures, making them ideal for applications requiring 50 

enhanced tribological performance under severe mechanical and chemical stresses [9–13]. 51 

However, despite their excellent properties, monolayer nitride coatings often suffer from certain 52 

limitations such as intrinsic brittleness, poor oxidation resistance at very high temperatures, and 53 

limited adhesion when applied to substrates like austenitic stainless steels. For instance, while 54 

TiN provides high hardness, its thermal stability and wear resistance tend to deteriorate beyond 55 

500 °C due to phase transformations or oxide scale formation. Furthermore, the lack of 56 

compositional complexity in single-transition-metal nitrides restricts their ability to 57 

accommodate thermal stresses and maintain mechanical integrity under cyclic or extreme 58 

loading conditions. To overcome these limitations, researchers have increasingly focused on 59 

binary, ternary, quaternary, and even quinary nitride systems, where alloying with multiple 60 

transition metals enhances high-temperature behavior by improving solid solution hardening, 61 

defect tolerance, and oxidation resistance. In this context, the co-addition of yttrium (Y) and 62 

selected transition metals (Me = Nb, Ta, or V) offers a promising route for performance 63 

enhancement. Y, due to its large ionic radius and strong affinity for oxygen, preferentially 64 

segregates to grain boundaries, refining the microstructure, increasing compressive residual 65 

stresses, and significantly retarding oxygen diffusion—thereby improving oxidation resistance 66 

and thermal stability at elevated temperatures. The additional transition metals were selected 67 

for their complementary effects: Nb and Ta, as refractory elements, enhance hardness retention, 68 

solid-solution strengthening, and high-temperature mechanical stability, whereas V is well-69 

known for its self-lubricating behavior at elevated temperatures via the formation of low-shear-70 

strength vanadium oxides (e.g., V₂O₅), which reduce the coefficient of friction and improve 71 

wear resistance. While each of these elements has been individually investigated in various 72 



nitride systems, there is a distinct lack of high-temperature tribological studies on CrYN 73 

coatings specifically co-doped with Y and Nb, Ta, or V. The combination of Y for grain 74 

boundary engineering and thermal stability, with dopant-specific mechanical reinforcement or 75 

friction reduction effects, is expected to produce a quaternary nitride matrix (Cr–Y–Me–N) with 76 

synergistic benefits [14–18].  77 

In the present study, three Me (Nb, Ta, and V)-doped CrYN coatings that were previously 78 

developed and optimized in earlier work [19,20] using the Taguchi L9 orthogonal design based 79 

on their room temperature tribological performance were subjected to high-temperature 80 

tribological testing at 450 °C, 550 °C, and 650 °C to evaluate their adhesion and friction 81 

behavior under thermal loading. 82 

2. Materials and Methods 83 

Me-doped CrYN coatings were deposited on AISI 316L, glass, and Si (111) substrates using 84 

reactive closed-field unbalanced magnetron sputtering (CFUBMS) in a Teer Coating Ltd. 85 

UDP550 coating system. AISI 316L steel was used as the primary substrate for adhesion and 86 

tribological testing, since this is the technologically relevant material for high-temperature 87 

applications. Si(100) wafers were used for cross-sectional SEM analysis and thickness 88 

evaluation. Due to their brittle nature, Si substrates readily develop radial cracks upon 89 

fracturing, which allows for clearer imaging of the coating architecture. This approach is widely 90 

adopted in the thin film literature to obtain high-quality cross-sectional SEM images of PVD 91 

coatings. Glass substrates were employed only for supplementary observations, primarily to 92 

check coating uniformity and surface appearance. The deposition process was optimized using 93 

a Taguchi L9 orthogonal array to investigate the influence of different sputtering parameters, 94 

including CrY target current, deposition pressure, and the duty cycle of the pulsed-DC power 95 

applied to the CrY targets. These three parameters were intentionally selected as variables due 96 

to their significant influence on coating growth dynamics: (i) CrY target current directly 97 

controls the sputtering rate of Cr and Y atoms, thereby affecting film thickness, composition, 98 

and microstructure; (ii) deposition pressure influences the mean free path and kinetic energy of 99 

sputtered species, which in turn modifies adatom mobility, nucleation behavior, and coating 100 

density; and (iii) duty cycle, defined as the percentage of each pulse period during which power 101 

is applied to the CrY targets in pulsed-DC mode, determines ionization dynamics, heat input to 102 

the target, and plasma–substrate interaction, thus affecting residual stress, grain refinement, and 103 

defect density. Optimization was based on mechanical and tribological test results obtained at 104 

room temperature[19,20]. Microstructural analyses were performed on coatings deposited on 105 



Si (111) substrates to evaluate surface morphology and layer architecture. The deposition 106 

parameters listed in Table 1 were validated through coatings deposited under the optimal 107 

conditions determined by the Taguchi analysis. Fig. 1 illustrates the magnetron configuration 108 

for Nb, Ta, and V doping, as well as the schematic representation of the resulting coating 109 

architecture. Prior to deposition, AISI 316L substrates were ultrasonically cleaned and 110 

mechanically ground using 400, 600, 800, and 1200 grit SiC abrasive papers to achieve a fine 111 

surface finish with an average roughness of approximately 0.02 µm (Ra), ensuring proper 112 

adhesion and coating uniformity. 113 

 114 

Fig. 1 a, b) The target magnetron and the power supplies configuration of the CFUBMS 115 
deposition system c) sputtering detail and d) structural design of Nb-, Ta-, and V-doped CrYN 116 
coatings detail [19, 20] 117 
 118 



Table 1. Deposition parameters levels and variables of Nb-, Ta-, and V-doped CrYN coatings 119 
[19-21] 120 

The variable Parameters Level 1 Level 2 Level 3 
CrY Target Current (A) 1.5 2 1 
Deposition Pressure (Pa) 0.35 0.25 0.15 
Duty Cycle (%) 50 30 15 

The Constant Parameters    
CrY Interlayer   CrY: 2A (10 min)  
Me-doped CrYN Layer  Nb: 2A, Ta: 2A V:2A (90 min)  
N2 Flow Rate (sccm) 
Ion Cleaning Process 

 6 
CrY: 0.05A, Me (Nb, Ta or V): 

0.05A 30 min.  

 

Substrate Bias (-V)  50  

Table 2. Experimental runs for Nb-, Ta-, and V-doped CrYN coatings [19-21] 121 
 Duty Cycle 

(%) 
Deposition 

Pressure (Pa) 
CrY Target 
Current (A) 

HT-1 50 0.35 1.5 
HT-2 30 0.25 2 
HT-3 15 0.15 1 

During the coating process, Me-doped CrYN films were deposited using a combination of two 122 

CrY targets (99.95% pure) and one additional transition metal target (99.95% pure) (Nb, Ta, or 123 

V), depending on the specific film composition. The CrY targets consisted of 97 atomic percent 124 

chromium and 3 atomic percent yttrium, with all targets having a purity of 99.95%. Power was 125 

supplied to the CrY targets through a pulsed-DC unit (Advanced Energy Pinnacle Plus), while 126 

a separate DC source (Advanced Energy Pinnacle) powered the Nb, Ta, and V targets. Gas flow 127 

during deposition was carefully regulated using mass flow controllers to maintain stable 128 

chamber pressure. Nitrogen flow was fixed at 6 sccm across all coating runs, whereas argon 129 

flow varied between 10 and 20 sccm depending on the desired deposition pressure (see Table 130 

2). Substrates were placed on a rotating holder that enabled one-degree oscillation in front of 131 

the targets, ensuring uniform film formation. The distance between the target and substrate was 132 

fixed at 70 mm. Before coating, the substrates were subjected to ion cleaning for 30 minutes in 133 

an argon plasma atmosphere using a −800 V DC bias to remove surface impurities and improve 134 

interfacial bonding, while a low target current of 0.05 A was applied to both the CrY and Me 135 

(Nb, Ta, or V) targets to prevent sputtering during this cleaning stage. A CrY interlayer was 136 

subsequently applied for 10 minutes to further support adhesion by forming a graded interface 137 

between the metallic substrate and ceramic layer. The current supplied to the CrY targets during 138 

this stage was fixed at 2 A for all samples. Following this, the main CrYN coatings doped with 139 

Nb, Ta, or V were deposited over a duration of 90 minutes. 140 



The deposited Me-doped CrYN coatings were analyzed using various characterization 141 

techniques to evaluate their structural, mechanical, and tribological properties. Microstructural 142 

analysis was performed using a Zeiss Sigma 300 Scanning Electron Microscope (SEM). The 143 

crystal structures of the deposited coatings were examined via X-ray diffraction (XRD) using a 144 

Rigaku DMax-2200 system with a Cu-Kα radiation source (λ = 1.5405 Å) and scanned over the 145 

range of 30–100°. The nanohardness of the coatings was measured using an Anton Paar Step 146 

500 nanohardness tester equipped with a Berkovich indenter, applying a 3 mN load at 25 147 

randomly selected different points to ensure reliable data collection. The critical load values 148 

were assessed using a CSM Instruments scratch tester, applying a progressive loading rate of 149 

100 N/min with a Rockwell-C diamond indenter (200 μm tip radius). To assess the tribological 150 

properties of the coatings, tests were initially performed at room temperature using a CSM 151 

tribometer operated under ambient air. The tests were conducted under a constant normal load 152 

of 1 N, at a sliding speed of 10 cm/s, using an Al₂O₃ ball with a diameter of 6.25 mm as the 153 

counterface material. Subsequent measurements at elevated temperatures of 450 °C, 550 °C, 154 

and 650 °C were performed using a CSM high-temperature tribometer designed for in situ 155 

testing under thermal conditions. These evaluations provided detailed insights into the frictional 156 

behavior and wear resistance of the CrYN coatings doped with Nb, Ta, and V under both 157 

standard and elevated-temperature operating conditions. To further investigate the effect of 158 

thermal exposure on interfacial bonding, adhesion tests were performed at room temperature 159 

on samples that had previously undergone tribological testing at the aforementioned elevated 160 

temperatures.  161 

3. Results and discussions 162 

The cross-sectional SEM images of Me-doped CrYN coatings (Me = Nb, Ta, V), deposited 163 

under comparable sputtering conditions for each experimental group (HT-1, HT-2, HT-3) as 164 

listed in Table 2, reveal notable differences in film thickness despite consistent deposition time, 165 

pressure, duty cycle, and CrY target current within each set, as shown in Fig. 2  [19,20]. Among 166 

the three dopants, Ta-doped CrYN coatings (HT-1, HT-2, HT-3) exhibit the highest thicknesses, 167 

followed by Nb-doped coatings, while V-doped films consistently show the lowest values. 168 

These variations can be attributed to the intrinsic sputtering characteristics of the dopant 169 

elements and their influence on plasma dynamics during deposition. Ta, being a high-mass 170 

refractory metal (atomic mass: 180.95 g/mol), may exhibit a relatively higher sputtering yield 171 

under ion bombardment, potentially leading to a denser plasma and increased deposition rates. 172 

In addition, its low volatility and high momentum transfer efficiency could reduce re-sputtering 173 



effects, thereby facilitating more efficient film growth [22–24]. This is consistent with 174 

observations in Ta-doped transition metal nitride systems, where Ta incorporation has been 175 

associated with increased deposition rates and enhanced coating thickness. In contrast, Nb-176 

doped CrYN coatings display intermediate thicknesses, which may be due to the moderate 177 

sputtering yield of Nb and its lower atomic mass (92.91 g/mol) compared to Ta [20,25,26].  178 

While Nb likely supports reasonable deposition efficiency, its lower momentum transfer 179 

capability and reduced scattering cross-section could limit plasma densification, resulting in 180 

relatively thinner coatings. On the other hand, V-doped CrYN coatings exhibit the thinnest 181 

films among the three. This may be attributed to the lower atomic mass of vanadium (50.94 182 

g/mol), its higher surface reactivity, and greater susceptibility to re-sputtering, which can 183 

diminish net film growth [19,27,28] . Furthermore, the higher volatility of V atoms may 184 

contribute to increased scattering and reduced sticking probability at the substrate surface, as 185 

observed in related systems. Overall, these findings suggest that even under fixed process 186 

parameters, the choice of dopant element can significantly influence the growth kinetics and 187 

resulting film thickness in CrYN-based coatings. 188 



 189 

Fig 2. Cross-sectional SEM images of Nb-, Ta-, and V-doped CrYN coatings synthesized under 190 

three different optimized conditions: HT-1, HT-2, and HT-3 [19,20] 191 

 192 
Fig 3. Film thickness of Nb-, Ta-, and V-doped CrYN coatings [19,20] 193 



Table 3. Elemental composition of Nb-doped CrYN thin films 194 
  HT-1   HT-2   HT-3  

at. % 
Cr  39.90   55.29   31.25  
Y  0.76   0.76   0.61  
N  16.06   15.04   17.82  

Nb  43.28   28.91   50.32  

Table 4. Elemental composition of Ta-doped CrYN thin films 195 
  HT-1   HT-2   HT-3  

at. % 
Cr  41.59   49.03   29.50  
Y  1.15   1.42   1.55  
N  26.59   20.74   30.68  
Ta  30.67   28.81   38.27  

Table 5. Elemental composition of V-doped CrYN thin films 196 
  HT-1   HT-2   HT-3  

at. % 
Cr  33.71   49.67   32.18  
Y  0.60   0.63   0.56  
N  17.29   19.98   18.01  
V  48.40   29.72   49.24  

A closer examination of film thicknesses, as presented in Fig. 3a, reveals that the highest values 197 

were consistently obtained under HT-2 deposition conditions for all three Me-doped CrYN 198 

coatings. These conditions correspond to the highest CrY target current applied among the 199 

experimental runs, as summarized in Table 2. This observation is consistent with our previous 200 

work, in which the influence of process parameters, particularly target current, on film growth 201 

dynamics was examined in detail [19,20]. Elemental analysis results given in Table 3-5 further 202 

support this finding, indicating that the atomic percentages of both Cr and Y increase with 203 

increasing CrY target current. This enrichment of the CrY-derived elements directly correlates 204 

with the enhanced film thicknesses observed in HT-2 coatings. The increase in Cr content, in 205 

particular, contributes significantly to the growth rate of the Me-doped CrYN films. Chromium 206 

is known to exhibit a relatively high sputtering yield under argon ion bombardment, with values 207 

reported around 0.7 atoms/ion at typical magnetron sputtering energies [23]. As the flux of Cr 208 

atoms to the substrate increases with higher target current, the probability of nucleation and 209 

subsequent film growth rises accordingly, leading to thicker coatings [29–31]. This finding 210 

aligns with previous studies showing that film deposition rates are strongly dependent on the 211 

availability of metal species with high sputtering yields, especially when their content 212 

dominates the coating matrix. In this context, the observed increase in Cr and Y concentrations 213 

at higher target currents could enhance the total material flux toward the substrate, thereby 214 

promoting the formation of denser and thicker films. The combined effect of increased Cr 215 



sputter flux and Y-induced refinement may account for the significant thickness enhancement 216 

under HT-2 conditions across all Me-doped compositions. 217 

 218 

Fig. 4. XRD graphs of; a) Nb-doped CrYN coatings, b) Ta-doped CrYN coatings and c) V-219 

doped CrYN coatings [19,20] 220 

The XRD patterns of Me-doped CrYN coatings deposited on 316L substrates under different 221 

process parameters are presented in Fig. 4. All coatings exhibited a face-centered cubic (FCC) 222 

structure, with diffraction peaks corresponding to CrN and γ-Fe phases. A slight shift and 223 

broadening of the CrN peaks toward lower angles were observed, which can be attributed to 224 

compressive residual stresses induced during sputtering and lattice distortion resulting from the 225 

substitution of Cr³⁺ ions with larger Y³⁺ atoms. This behavior is consistent with Bragg’s law 226 

and has been discussed in detail in our previous work [19,20,32]. Notably, the coatings 227 

produced under HT-2 conditions exhibited stronger and sharper diffraction peaks, suggesting 228 

enhanced crystallinity. This is likely due to the higher CrY target current (2 A) and optimal 229 

duty cycle (70%), which increases energy input and promote grain growth and preferred 230 

orientation. For Ta-doped CrYN coatings, similar peak shifting trends were noted, further 231 

confirming the influence of dopant atomic radius on lattice expansion and crystal structure. 232 

Although the nitrogen flow rate was fixed at 6 sccm for all depositions, elemental analysis (Fig. 233 

3b) revealed that coatings deposited under HT2 consistently contained the lowest nitrogen 234 

content across all dopant types. This reduction can be linked to the increased metallic flux at 235 

higher target current, which suppresses nitrogen incorporation through competitive site 236 

occupation and surface re-sputtering mechanisms, as reported in high power PVD studies 237 

[33,34].  In contrast, the nitrogen content was higher in HT1 and HT3, likely due to lower Cr 238 



flux, longer nitrogen residence time, and favorable pressure conditions that enhance nitrogen 239 

retention. 240 

The mechanical performance of the Me-doped CrYN coatings was evaluated using 241 

nanoindentation. To minimize substrate influence, indentation depth was limited to below 100 242 

nm, corresponding to approximately 10% of the film thickness. The hardness values obtained 243 

via nanoindentation are presented in Fig. 5a, while the nanoindentation load-displacement 244 

curves are shown in Fig. 5b, 5c, and 5d. The highest hardness value measured for Nb-doped 245 

CrYN coatings was 15.3 ± 0.5  GPa under HT-2. In comparison, Ta-doped CrYN coatings 246 

exhibited relatively uniform hardness values across different runs, with the highest reaching 247 

14.7 ± 0.5  GPa. For V-doped CrYN coatings, the maximum hardness obtained was 14.3 ± 0.5 248 

GPa. These differences in hardness may be attributed to variations in microstructure, residual 249 

stress, and chemical bonding. The incorporation of Nb and Ta, both refractory elements, could 250 

contribute to grain refinement and enhanced solid solution strengthening [35]. Ta, in particular, 251 

is reported to improve high-temperature mechanical stability, which may explain the promising 252 

hardness and wear resistance observed in Ta-doped coatings [36,37]. In contrast, the slightly 253 

lower hardness values in V-doped films could be linked to the tendency of vanadium to reduce 254 

friction and wear, particularly under high-temperature conditions. Overall, these results suggest 255 

that transition metal doping plays a key role in tailoring the mechanical behavior of CrYN 256 

coatings for specific performance requirements. 257 



 258 
Fig. 5. a) Hardness values of Nb-, Ta-, and V-doped CrYN coatings, b) Nanoindentation curves 259 
of Nb-doped CrYN coatings, c) Nanoindentation curves of Ta-doped CrYN coatings, d) 260 
Nanoindentation curves of V-doped CrYN coatings [19,20] 261 

Adhesion test results conducted at room temperature under a maximum load of 150N 262 

demonstrated that all Me-doped CrYN coatings retained their integrity without complete 263 

delamination, consistent with our previous findings [19]. Although progressive failure stages 264 

(Lc1, Lc2) could not be determined due to the lack of detailed imaging, typical failure modes 265 

such as conformal cracking, edge buckling, and localized delamination were observed across 266 

all samples. Among the three systems, V-doped coatings exhibited the least damage, suggesting 267 

higher interfacial toughness, followed by Ta- and Nb-doped films. These results reinforce 268 

earlier observations indicating strong adhesion performance of CrYN coatings, particularly 269 

those doped with vanadium, as illustrated in Fig. 6. 270 



 271 

Fig. 6. Scratch test results (Room temperature) for Nb-, Ta-, and V-doped CrYN coatings 272 
 273 



 274 
Fig. 7. Scratch test results (450°C, 550°C and 650°C) for Nb-doped CrYN coatings  275 



 276 
Fig. 8. Scratch test results (450°C, 550°C and 650°C) for Ta-doped CrYN coatings 277 



 278 
Fig. 9. Scratch test results (450°C, 550°C and 650°C) for V-doped CrYN coatings 279 
 280 
The adhesion performance of Nb-, Ta-, and V-doped CrYN thin films subjected to annealing at 281 

450 °C, 550 °C, and 650 °C is presented in Fig. 7, Fig. 8, and Fig. 9, respectively. Thermal 282 

treatments are known to affect coating adhesion through mechanisms such as interfacial 283 

diffusion, residual stress relaxation, or interface oxidation. While such effects can lead to either 284 

degradation or improvement in adhesion depending on the conditions, the scratch test results in 285 



this study showed neither a decrease nor an improvement in adhesion after annealing at elevated 286 

temperatures, indicating that the coating maintained stable adhesion performance [38–40]. All 287 

CrYN-based coatings retained their structural integrity under the maximum applied load of 150 288 

N, with no evidence of delamination or substrate exposure. These findings indicate strong 289 

thermal compatibility with the AISI 316L substrate and are consistent with previous reports 290 

emphasizing the excellent thermal and chemical stability of CrN-based systems, particularly 291 

when doped with refractory elements such as Nb, Ta, and V. 292 

After annealing, distinct surface color changes were observed in all doped coatings. Because 293 

conventional θ–2θ XRD analysis did not reveal crystalline oxide peaks, any oxidation—if 294 

present—is likely confined to nanometric and/or amorphous surface films below the detection 295 

limit of this technique. The bluish hue in Nb- and Ta-doped coatings and the brownish 296 

coloration in V-doped coatings are therefore interpreted as being consistent with thin-oxide 297 

interference/temper coloration rather than taken as definitive phase identification. While Nb 298 

and Ta oxides are typically transparent and capable of producing interference colors due to their 299 

high refractive index and low absorption, V oxides are generally more optically absorptive, 300 

leading to darker surface tones. Direct confirmation of oxide chemistry and thickness requires 301 

surface-sensitive methods such as X-ray photoelectron spectroscopy (XPS) or grazing-302 

incidence XRD which will be addressed in future work. Importantly, the scratch test results 303 

indicate that any surface films formed after annealing are thin and non-deleterious to adhesion. 304 

 305 
Fig 10.  CoF values and optical images of the pin and worn coating surfaces for Nb-doped 306 
CrYN coatings [19]. 307 



 308 

Fig 11.  CoF values and optical images of the pin and worn coating surfaces for Ta-doped CrYN 309 
coatings [19]. 310 

 311 

Fig 12.  CoF values and optical images of the pin and worn coating surfaces for V-doped CrYN 312 
coatings [19]. 313 

High-temperature tribological properties of Me-doped CrYN coatings were examined using a 314 

CSM Instruments tribometer equipped with a high-temperature module. Three coatings (HT-1, 315 

HT-2, and HT-3), optimized in previous studies and deposited on 316L stainless steel 316 

substrates, were tested at 450 °C, 550 °C, and 650 °C (see Fig. 13, 14, and 15). Tests were 317 

performed sequentially at increasing temperatures, and a new Al₂O₃ ball was used for each cycle 318 

to ensure consistency. 319 

The frictional behavior of Me-doped CrYN coatings was systematically evaluated at room 320 

temperature and after annealing at 450 °C, 550 °C, and 650 °C. Notably, Nb-doped coatings 321 

exhibited a consistent decrease in the coefficient of friction with increasing temperature. This 322 

may be attributed to surface smoothening, stress relaxation, or possible surface chemistry 323 

changes, although further analysis would be required to confirm the exact mechanisms. The 324 

trend was particularly evident for HT-1 and HT-2, where the coefficient of friction decreased 325 



from approximately 0.55 at room temperature to below 0.30 after annealing at 650 °C. Ta-doped 326 

coatings showed moderate and stable friction values across all temperatures, with minimal 327 

fluctuation. The frictional response remained largely unaffected by thermal treatment, which 328 

may suggest a thermally stable surface structure. In contrast, V-doped coatings demonstrated a 329 

different behavior. While the coefficient of friction increased slightly after 450 °C, it gradually 330 

decreased at higher temperatures. This behavior might be related to changes in surface 331 

morphology or reduction of wear debris at elevated temperatures. Among all samples, HT-2 332 

consistently exhibited the lowest and most stable friction values, indicating that its deposition 333 

parameters were effective in producing a dense and wear-resistant structure. These findings 334 

suggest that annealing at temperatures above 550 °C can improve the frictional performance of 335 

CrYN coatings, particularly in Nb-doped variants. 336 

 337 

 338 
Fig. 13. Coefficient of friction (CoF) values of Nb-, Ta-, and V-doped CrYN coatings annealed 339 

at 450 °C 340 



 341 

 342 
Fig. 14. Coefficient of friction (CoF) values of Nb-, Ta-, and V-doped CrYN coatings annealed 343 
at 550 °C 344 

 345 



 346 
Fig. 15. Coefficient of friction (CoF) values of Nb-, Ta-, and V-doped CrYN coatings annealed 347 
at 550 °C 348 

To provide a baseline for comparison, uncoated AISI 316L substrates were also subjected to 349 

high-temperature tribological testing at 450 °C, 550 °C, and 650 °C. As shown in Fig. 16, the 350 

wear scars on the substrates and corresponding wear tracks on the Al₂O₃ counterface exhibit 351 

severe delamination, furrow formation, and substantial debris generation across all 352 

temperatures, indicating pronounced adhesive and abrasive wear mechanisms in the absence of 353 

protective coatings. 354 

For Nb-doped coatings, post-annealing wear tracks appeared smoother with fewer furrows, 355 

especially in HT-1 and HT-2 (Fig. 17). The dominant wear mechanism was cohesive failure, 356 

with little or no delamination, and minimal debris was observed on the pin surface. This 357 

supports the observed decrease in friction and implies improved structural stability at elevated 358 

temperatures. In Ta-doped coatings, some furrow formation was still present, but signs of 359 

delamination or edge damage were less severe after annealing (Fig. 18). The coatings 360 

maintained cohesive wear behavior with stable friction performance. V-doped coatings showed 361 

the most distinct wear patterns. At 450 °C and 550 °C, significant delamination and debris 362 

accumulation was observed (Fig. 19), which coincided with increased friction. However, at 363 

650 °C, the wear tracks appeared smoother and debris was reduced, indicating improved wear 364 

resistance. This improvement may be due to microstructural changes or densification at higher 365 

temperatures. Overall, the wear scar and pin surface images (Figs. 17–19) indicate that thermal 366 

treatments enhance the tribological performance of CrYN coatings, especially in Nb- and Ta-367 

doped types, by contributing to more stable surface conditions. In V-doped coatings, notable 368 

improvements were only evident after the highest temperature treatment. 369 



 370 
Fig. 16. Wear scars on AISI 316L substrate and the corresponding wear tracks on Al₂O₃ pins 371 

after annealing at 450 °C, 550 °C, and 650 °C. 372 

 373 
Fig. 17. Wear scars on Nb-doped CrYN coatings and the corresponding wear tracks on Al₂O₃ 374 

pins after annealing at 450 °C, 550 °C, and 650 °C. 375 



 376 
Fig. 18. Wear scars on Ta-doped CrYN coatings and the corresponding wear tracks on Al₂O₃ 377 

pins after annealing at 450 °C, 550 °C, and 650 °C. 378 

 379 
Fig. 19. Wear scars on V-doped CrYN coatings and the corresponding wear tracks on Al₂O₃ 380 

pins after annealing at 450 °C, 550 °C, and 650 °C.381 



4. Conclusion 382 

This study systematically investigated the high-temperature tribological and adhesion behavior 383 

of Nb-, Ta-, and V-doped CrYN coatings deposited on AISI 316L stainless steel substrates 384 

using closed-field unbalanced magnetron sputtering. The coating parameters were selected 385 

from previous Taguchi L9 optimization studies and further assessed at elevated temperatures 386 

of 450 °C, 550 °C, and 650 °C. The main findings are summarized as follows: 387 

1. High-temperature tribological tests revealed that Nb-doped coatings exhibited a 388 

reduction in friction from ~0.55 at room temperature to ~0.30 at 650 °C (≈45% 389 

decrease), Ta-doped coatings maintained stable friction values (~0.40) across all 390 

temperatures (<5% variation), and V-doped coatings showed a distinct trend—rising 391 

from ~0.13 at room temperature to ~0.30 at 450 °C (≈115% increase), but then 392 

decreasing to ~0.10 at 550 °C and stabilizing around ~0.12 at 650 °C. 393 

2. All coatings retained adhesion stability after annealing, with V-doped variants 394 

exhibiting the least damage. 395 

3. Hardness values ranged from 8.8 to 15.3 GPa, consistent with literature-reported CrYN 396 

coatings. 397 

4. These results confirm that Me-doped CrYN coatings, particularly V-doped variants, are 398 

promising candidates for high-temperature applications requiring both low friction and 399 

reliable adhesion. 400 
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