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Abstract 9 

The increasing expectations and requirements for engineering materials are steadily compelling 10 

researchers to evolve and innovate further. Adding transition metals to coating architectures is 11 

becoming increasingly attractive as it improves structural and mechanical properties. In this 12 

work, CrYN thin films incorporating transition metals Nb, Ta, and V were deposited on a 316L 13 

stainless steel substrate using Closed Field Unbalanced Magnetron Sputtering (CFUBMS) with 14 

a DC and Pulsed-DC power supply. The microstructural properties of the thin films were 15 

analyzed using scanning electron microscopy (SEM), while X-ray diffraction (XRD) and X-ray 16 

photoelectron spectroscopy (XPS) provided a comprehensive understanding of the coating 17 

structure by providing information on crystallographic and surface chemical properties. 18 

Mechanical properties were evaluated using nanoindentation testing, which provided accurate 19 

measurements of hardness and elasticity, while scratch testing assessed critical load values. In 20 

addition, four-point bending tests were performed at room temperature to characterize the 21 

CrYN:Nb/Ta/V transition metal nitrides (TMNs), providing a more comprehensive analysis of 22 

the mechanical behavior (bending strength and elastic modulus) and adhesion properties of the 23 

coating. The mechanisms of coating damage (crack formation and density, spalling, flaking, 24 

and separated coating particles) were analyzed as a result of four-point bending tests. The 25 

Taguchi approach was employed to investigate how deposition parameters—such as target 26 

current, duty cycle, and pulse frequency affect elastic modulus and bending strength. Superior 27 

structural (homogeneous and dense film) and mechanical properties (CrYN:Nb/Ta/V high 28 

hardness values of 21.4, 18.2, 16.1 GPa, and bending strengths of 707, 711, and 709 MPa, 29 

respectively) were obtained. The positive correlation between hardness and bending strength 30 

points to an enhancement in the overall durability of the thin film. 31 
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1. Introduction 35 

Developing and changing technological factors and industry's ever-increasing demand for 36 

engineering materials are encouraging researchers to synthesize more and more innovative and 37 

functional thin films. Material surfaces operating under aggressive/harsh conditions will 38 

inevitably be damaged by degradation under conditions such as high temperature, high 39 

pressure, oxidation, corrosion, etc. Coatings applied to the material surface extend the life of 40 

the components, reduce costs and support the system to operate in safer conditions. When 41 

synthesizing functional thin films, transition metals (Cr, Nb, Ta, Ti, V, Mo, Zr, Y, Al, etc.) are 42 

widely preferred due to their superior mechanical, tribological and electrochemical 43 

contributions to the structure. Chrome nitride coatings show high hardness, fine-grained 44 

internal structure, oxidation and corrosion resistance [1-5]. The effects of Nb (Niobium) doping 45 

in nitride-based films have been examined and it has been observed that it leads to the 46 

formation of a dense, homogeneous and finer grained microstructure, resulting in an increase 47 

in mechanical properties and corrosion resistance [6,7-9]. In a study by Hovsepian et al., 48 

elements such as Cr and Nb were doped into the structure and high hardness, good wear, and 49 

corrosion resistance were attributed to the Me-nitrides formed in the structure [10]. Other 50 

studies have synthesized Nb-doped chromium nitride thin films and observed positive changes 51 

in hardness, elastic modulus and plastic deformation resistance [11,12]. Similarly, the 52 

beneficial effects of tantalum (Ta) additives on corrosion/oxidation resistance, mechanical 53 

properties and thermal stability are known from the literature [13-16]. Rapoport et al. found 54 

that the addition of V (Vanadium) to nitride-based films will reduce the friction coefficient of 55 

the film and increase its wear performance, i.e. improve its tribological properties [17]. In our 56 

previous studies, mechanical, tribological and electrochemical properties of Nb, Ta and V 57 

doped films were investigated in detail using Taguchi design of experiments method. In this 58 

study, structural and mechanical properties were examined by focusing on three samples (MC-59 

1, MC-2, and MC-3) selected in the light of the findings obtained in our previous studies for 60 

Nb, Ta, and V-doped films. The selected samples are those that exhibited the highest hardness 61 

values in our previous studies. Moreover, these selected coatings also exhibited the highest 62 

bending strength. As expected, these two mechanical tests corroborated each other. Based on 63 

the data obtained, our study was designed around these three samples [18,19]. 64 

2. Materials and methods 65 

The preferred substrate for the synthesized CrYN:Nb/Ta/V films was 316L stainless steel (SS). 66 

Using 400, 600, 800, 1000, and 1200 mesh SiC abrasives, respectively, the substrates were 67 



polished from coarse to fine grain, decreasing the surface roughness to a value Ra ≈0.02 μm. 68 

To improve adhesion to the coating and passivate the surface, they were cleaned with acetone 69 

and ethyl alcohol in an ultrasonic bath for 30 minutes prior to the procedure. After that, the 70 

substrates were etched in a V2A Etchant solution, which contained 10 ml of nitric acid, 100 ml 71 

of distilled water, and 100 ml of HCl. In order to produce CrYN:Nb/Ta/V films, the process 72 

employed two (99.95%) CrY targets (atomic percent Cr 97%, Y 3%), one (99.95%) 73 

niobium/tantalum target, or one (99.95%) vanadium target. The CFUBMS (Closed Field 74 

Unbalanced Magnetron Sputtering) technique, which can operate in DC or Pulsed DC mode, 75 

was used to carry out the coating procedure. Ar gas (99.99%) was utilized for target sputtering 76 

and plasma production, whereas N2 gas (99.99%) was utilized as the reactive gas. Before the 77 

deposition process, the substrate was cleaned with Ar + ions for 30 minutes at 800 V bias 78 

voltage to improve adhesion between the substrate and the coating and to get away of 79 

impurities. The deposition process was optimized employing a Taguchi L9 orthogonal array to 80 

systematically evaluate the effects of key sputtering parameters-namely, CrY target current, 81 

deposition pressure, and the duty cycle of the pulsed-DC power supplied to the CrY targets. 82 

These parameters were deliberately chosen as control factors due to their pronounced impact 83 

on the coating growth dynamics: (a) the CrY target current governs the sputtering rate of Cr 84 

and Y atoms, thereby influencing the resulting film thickness, chemical composition, and 85 

microstructural characteristics; (b) the deposition pressure affects the mean free path and 86 

kinetic energy of the sputtered species, consequently altering adatom mobility, nucleation 87 

mechanisms, and coating density; and (c) the duty cycle, defined as the fraction of each pulse 88 

period during which power is delivered to the CrY targets in pulsed-DC mode, dictates 89 

ionization behavior, thermal input to the target, and plasma–substrate interactions, which 90 

collectively influence residual stress, grain refinement, and defect concentration within the 91 

coating [18,19]. The experimental parameters of the coating process are given in Table 1. 92 

Target current (1, 1.5, and 2 A), deposition pressure (0.15, 0.25, and 0.35 Pa), pulse frequency 93 

(100 kHz), and duty cycle (50–70–85%) were the deposition parameters examined in the array. 94 

The synthesis procedure made use of DC power (Nb, Ta, and V target) and Pulsed-DC (CrY 95 

target) supplies. A Pulsed-DC power supply was employed for the CrY target in order to 96 

stabilize the reactive sputtering process and enhance coating quality. In reactive atmospheres 97 

containing nitrogen, continuous DC sputtering often leads to target poisoning, charge 98 

accumulation, and arcing, which can cause plasma instability and surface defects. The pulsed-99 

DC configuration mitigates these problems by periodically reversing the target potential, 100 

thereby allowing charge neutralization and preventing arc formation. This approach provides 101 



more stable plasma conditions, improved control of the reactive gas phase, and enhanced ion 102 

energy uniformity. Consequently, pulsed-DC sputtering promotes denser film growth, reduced 103 

residual stress, and improved adhesion between the coating and substrate compared to 104 

conventional DC sputtering. Figure 1 graphically depicts the architecture of the stored 105 

microstructure as well as a model of the Teer Coating Ltd.-patented (UDP550) CFUBMS 106 

system. Using a Rigaku 2000 D max diffractometer, X-ray diffraction (XRD) was carried out 107 

with a Cu-Kα radiation source spanning the range between 20◦ and 100◦ 2 theta and 2◦/min 108 

scan rate. The coatings' microstructure and surface morphology were examined using a Zeiss 109 

Sigma 300 scanning electron microscope (SEM), and elemental analysis was conducted using 110 

an XPS (X-ray Photoelectron Spectroscopy) and energy dispersive spectroscopy (EDS) 111 

equipment. A nanoindentation tester made by Anton Paar was used to analyze the thin films' 112 

nanohardness. By applying a Berkovich indenter, a maximum load of 3.00 mN and a loading 113 

rate of 6.00 mN/min were applied for 10 s. The critical load values of the thin film samples 114 

were determined at three different points on each sample using a CSM Instruments scratch 115 

tester with an increasing loading rate of 100 N/min and a Rockwell-C type diamond indenter 116 

with a tip radius of 200 µm. 4-point bending tests were performed on a Zwick/Roell Z250 117 

bending machine (Fig. 2). Preload 5 N, test speed: It was set as 5 mm/min. The support span 118 

was designed to be twice the loading span. The damage mechanisms of Nb/Ta/V-doped CrYN 119 

thin films were investigated by visualizing their optical images from the outer bending surfaces 120 

(Fig. 13). 121 

Table 1. Deposition Parameters and Taguchi Experimental Design [18,19] 122 

The variable Parameters Level 1 Level 2 Level 3 

CrY Target Current (A) 1 1.5 2 

Deposition Pressure (Pa) 0.15 0.25 0.35 

    

Duty Cycle (%) 50 70 85 

    

The Constant Parameters    

CrY Interlayer   CrY: 2A (10 min)  

CrY (Nb, Ta, V)N  Nb/Ta/V: 2A, (90 min)  

N2 Flow Rate (sccm)  6  

Pulse Frequency (kHz)  100  

 Duty Cycle 

(%) 

Deposition Pressure 

(Pa) 

CrY Target 

Current (A) 

MC-1 50 0.15 1 

MC-2 70 0.25 1.5 

MC-3 85 0.35 2 

 123 



 124 

Fig. 1 a, b) The target magnetron and the power supplies configuration of the CFUBMS 125 
deposition system c) sputtering detail and d) structural design of Nb-, Ta, and V-doped CrYN 126 

coatings detail 127 



 128 

Fig. 2.  4 Schematic Representation of the Point Bending Equipment and experimental design 129 

3. Results and discussions 130 

 131 

Using the various array variables, XRD analysis of the Nb/Ta/V doped thin films deposited 132 

onto 316L stainless steel is shown in Fig. 3. Examining the thin films reveals strongly cubic 133 

CrN and Cr2N peaks in addition to the primary peaks from the substrate. NbN and Ta-134 

doped TaN peaks are seen in the niobium/tantalum-doped thin film, respectively (Fig. 3a 135 

and b). The literature has established that the (111) orientation found in nitride films 136 

containing transition metals has an impact on the structure's hardness [20]. Furthermore, it 137 

has been suggested in the literature that yttrium is present in the crystal structure as a 138 

chromium substitution atom; in this regard, XRD peak analysis suggests that yttrium is 139 

present in the structure as a chromium substituent atom [21-24]. Both chromium and 140 

yttrium have 3 valence electrons. The peak with Cr2N phase showed a shift in angles to the 141 

right (Fig. 3a, b and c). This change is explained by the expansion of the chromium cages 142 

by yttrium, which has a large atomic radius [24]. 143 



 144 

Fig. 3. XRD graph of CrYN thin films; a) Nb-doped and b) Ta-doped c) V-doped [18, 19] 145 

A method for determining a material's mechanical characteristics at the nanoscale, particularly 146 

its hardness and elastic modulus, is called nano-hardness, or nanoindentation. It entails using a 147 

sharp indenter (Berkovich indenter) to apply a controlled force to a material's surface and 148 

measuring the depth of indentation. The mechanical characteristics of thin films can be 149 

examined using this sensitive method. For Nb, Ta and V-doped thin films, the maximum 150 

indentation depth was required to be less than 100 nm. The indentation depth was maintained 151 

below 10% of the coating thickness to minimize substrate influence, while acknowledging that 152 

surface roughness may still affect the measured hardness, particularly at lower indentation 153 

loads. When the nanohardness values of niobium, tantalum and vanadium doped CrYN films 154 

were investigated, it was observed that the highest hardness values were 21.4 GPa, 18.2 GPa 155 

and 16.1 GPa, respectively.  This trend can be attributed to the differing effects of each dopant 156 

on film microstructure. Nb addition promotes grain refinement and solid-solution 157 

strengthening, leading to a denser microstructure and higher resistance to localized 158 

deformation. Ta incorporation provides intermediate hardening, while V doping, although 159 

slightly reducing hardness, enhances film adhesion and toughness, as supported by the scratch 160 

and bending test results. Typical nanoindentation load-depth curves and nanohardness results 161 

for CrYN:Nb/Ta/V thin films are given in Fig. 4.  162 

https://www.sciencedirect.com/topics/engineering/hardness-value


 163 

Fig. 4. a) Nanoindentation curves of Nb-doped CrYN thin films, b) Nanoindentation curves of 164 

Ta-doped CrYN thin films, c) Nanoindentation curves of V-doped CrYN thin films, and d) 165 

Hardness values of Nb, Ta and V-doped thin films [18, 19] 166 

The chemical composition of the CrYN:Nb/Ta/V thin films was ascertained by XPS. The 167 

resultant spectra show the binding energies of photoelectrons, and XPS gives information about 168 

the chemical states and binding energies of the elements in the final structure. Changes in 169 

binding energies signify modifications to the structure's chemical and physical characteristics. 170 

Figure 5 shows the Gaussian plot of the cumulative curves of the XPS spectra of chromium 171 

(Cr2p), yttrium (Y3d), nitrogen (N1s), and niobium (Nb3d) for the CrYN:Nb thin films. The 172 

graphs show the peaks for Cr2p3/2, Y3d5/2, Nb3d5/2, and N1s (Fig. 5a). The peaks' respective 173 

binding energies were found to be 570 ± 2, 150 ± 6, 200 ± 3, and 393 ± 3 eV. In Fig. 5c, the 174 

binding energies of Cr2p3/2, Y3d5/2, V2p3/2, and N1s were identified as 570.5 ± 4, 150 ± 8, 175 

509 ± 4, and 393 ± 4 eV, respectively.  176 



 177 

Fig. 5. CrYN:Nb/Ta/V thin films, a) Chromium (Cr2p), b) Yttrium (Y3d), c) Niobium (Nb3d), 178 

Tantalum (Ta4d), Vanadium (V2p) d) Nitrogen (Nb1s) XPS spectra [18, 19] 179 

The thickness and surface morphological characteristics of the nitride-based coatings were 180 

examined using cross-sectional micrographs of films produced on Si (111) substrates (Fig. 6). 181 

As can be seen, dense and uniform structures were seen in both situations. The CrY interlayer 182 

is discovered to be around 100 nm. Figure 6 shows that the thickness values of niobium-183 

tantalum and vanadium doped films are MC-1, 1.32-1.51-1.23 μm, MC-2, 1.21-1.83-1.19 μm 184 

and MC-3, 2.80-2.26-1.86 μm, respectively. 185 



 186 

Fig. 6. SEM images and film thicknesses of CrYN:Nb/Ta/V doped films MC-1, MC-2, and 187 

MC-3 [18, 19]. 188 



 189 

Fig. 7. EDS Results of Nb/Ta/V-doped CrYN films 190 

 191 

EDS results of Nb/Ta/V doped coatings are given in Figure 7. CrYN: The chemical content of 192 

the Nb doped film varied from 73.33% to 44.08% of Cr, 1.56% to 0.99% of Y (yttrium), 40.64% 193 

to 20.39% of N and 16.54% to 4.73% of Nb. Analyzing the chemical content of CrYN:Ta doped 194 

films, it was observed that Cr amounts ranged from 61.04% to 29.2%, Y (yttrium) amounts 195 

ranged from 1.56% to 1.36%, N amounts ranged from 42.68% to 24.5% and Ta amounts ranged 196 

from 26.65% to 12.9%. When the CrYN:V doped films were evaluated, it was found that the 197 

amounts of Cr ranged from 60.16% to 43.04%, the amounts of Y (yttrium) ranged from 1.28% 198 

to 0.86%, the amounts of N ranged from 39.09% to 25.88% and the amounts of V ranged from 199 

18.78% to 12.68%. 200 

The scratch test images of Nb/Ta/V-Doped CrYN all films are examined in detail at 30 N, 60 201 

N, 120 N and 150 N shown in Figures 8-10. 202 



 203 

Fig. 8. Scratch Results of Nb-doped CrYN films 204 

Scratch test results of Nb-doped CrYN films showed micro cracks, edge cracks and chipping 205 

damage in MC-1. Chevron and conformal cracks were observed in the edge details. MC-2 have 206 

micro cracks, edge cracks and chipping damage similar to MC-1. In MC-3, cracks, peelings, 207 

chippings and edge cracks were found in the film. For Nb doped films, the most damage 208 

occurred in MC-3 film (Fig. 8). This indicates similar results with the results of the four bending 209 

tests.  210 



 211 

Fig. 9. Scratch Results of Ta-doped CrYN films 212 

The scratch test results for CrYN films containing additives show severe edge damage at 30 N, 213 

edge cracks at 60 N, and edge cracks, chipping, and adhesive failure at 120 to 150 N in MC-1. 214 

In MC-2, edge cracks at 30 and 60 N, micro cracks and chipping at 120 N, edge cracks and 215 

chipping damage were observed at 150 N in addition to the damage at 120 N. In MC-3, cracks 216 

and buckling at 30 N, similar damages to 30 N at 60 N and chipping, chipping, buckling and 217 

edge cracks at 120 and 150 N were observed. For Ta doped films, the most damage occurred in 218 

MC-3 film (Fig. 9). This shows similar results to the results of the four-point bending tests and 219 

the two mechanical tests are consistent with each other. 220 



 221 

Fig. 10. Scratch Results of V-doped CrYN films 222 

Scratch test results of V-doped CrYN films showed no severe edge damage at 30 N at MC-1, 223 

but chevron cracks and conformal cracks were observed in the center details. At 60-120-150 N, 224 

micro cracks and chipping damage are present. While no severe edge damage was observed at 225 

30 N in MC-2, edge cracks were observed at 60 N, peeling, chipping and edge cracks were 226 

observed at 120 N and 150 N. In MC-3, there was no edge damage at 30 N and 60 N, while 227 

micro cracks, conformal cracks, chevron cracks and chipping were observed at 120 and 150 N. 228 

For V-doped films, the most damage occurred in MC-3 film (Fig. 10). This shows similar results 229 

to the results of the four-point bending test. Again, the results are in agreement with the four-230 

point bending test and the least damage among the three dopants was observed in the vanadium 231 

doped films in both tests.  232 



A bending device was used to investigate the mechanical properties of Nb, Ta and V doped 233 

chromium yttrium nitride films and the adhesion of the coatings under bending stress. Force 234 

(N)-Deformation (mm) graphs were plotted for all experiments (Figure 11a, b and c). Force-235 

Deformation graphs of Nb-doped CrYN films are given in Figure 11a. Fmax (maximum) values 236 

of 316L substrate and coatings between MC-1-MC-3 were measured as 257.5 N, 273.5 N, 284.8 237 

N, 303.3 N respectively Fig. 11a. It was found that the deformation amount of Nb-doped films 238 

was approximately 10±1 mm. The bending strength results of Nb doped films are given in 239 

Figure 12. The Fmax values between MC-1-MC-3 of Ta/V coated films were measured as 282.1 240 

N, 291.7 N, 297 N, (V) 290.6 N 291.9 and 304.3, respectively (Figure 11b, c and Table 2). The 241 

graphs of CrYN:Ta thin films are given in Figures 12. All coatings showed higher bending 242 

strength compared to the uncoated substrate (Figure 12 and Table 2). Detailed images of the 243 

external bending surfaces of CrYN:Nb/Ta/V thin films were taken under optical microscope 244 

(Figure 13). Using these images, cracks and their densities, flaking, peeling and separated 245 

coating particles in the coating were examined (Figures 14-16).  246 

 247 

Fig. 11. a) Force-deformation amount graphs of the substrate and CrYN:Nb thin films in the 4-248 

point bending test, b) Force-deformation amount graphs of the substrate and CrYN:Ta thin films 249 

in the 4-point bending test, c) Force-deformation amount graphs of the substrate and CrYN:V 250 

thin films in the 4-point bending test. 251 



Table 2. Results of CrYN:Nb/Ta/V Thin Films Bending Test Numerical Data 252 

CrYN 

doped 

(Nb/Ta/V) 

Fmax 

(N) 

L1 

(mm) 

L 

(mm) 

Thickness 

(d), (mm) 

Width 

(b), 

(mm) 

Bending 

moment 

(Me), 

(Nmm) 

Bending 

strength 

(σe), 

(MPa) 

Modulus 

of 

Elasticity 

(E), 

(GPa) 

316L 257.545 17.5 70 1.23 14.84 2253.5 602.2 173.9 

MC-1 273.542 17.5 70 1.20 14.56 2393.4 684.9 183.7 

MC-2 284.852 17.5 70 1.23 14.87 2492.4 664.7 180.4 

MC-3 303.993 17.5 70 1.23 14.92 2659.9 707.0 190.9 

MC-1 282.145 17.5 70 1,22 14,72 2468.7 676.0 181.0 

MC-2 291,722 17.5 70 1.23 14.87 2552.5 675.2 181.4 

MC-3 297.026 17.5 70 1.23 14.49 2598.9 711.3 185.8 

MC-1 290.631 17.5 70 1.22 14.97 2543.0 680.3 178.6 

MC-2 291.920 17.5 70 1.23 14.77 2554.3 684.7 180.7 

MC-3 304.357 17.5 70 1.23 14.88 2663.1 709.7 180.9 

 253 

 254 

Fig. 12. Bending strength graph of CrYN films doped with Nb, Ta and V. 255 

The bending moment (Me, Nmm) values of the substrate and CrYN:Nb doped films were found 256 

as 316L:2253.5, MC-1:2393.4, MC-2:2492.4, MC-3:2659.9, respectively (Figure 11a and 257 

Table 2). All coated samples showed a higher bending moment compared to the substrate. 258 

While the bending stress/strength (σe, MPa) was 602.2 for the substrate, it was found as 684.9 259 



for MC-1, 664.7 for MC-2, 707 for MC-3. An increase in bending strength is observed in all 260 

coated samples (Figure 12). The values of the modulus of elasticity (E) were obtained as 173.9 261 

for the substrate, 183.7 for MC-1, 180.4 for MC-2, 190.9 for MC-3 (Table 2). Similar to all 262 

other data, an increase in the modulus of elasticity was observed in the coated samples 263 

compared to the substrate. It is thought that the increases in the bending moment, bending 264 

strength and elasticity modulus compared to the uncoated substrate indicate an increase in 265 

strength. In the Nb-doped films, the highest bending strength was shown in the experiments by 266 

MC-3 (707 MPa) (Fig. 12). The highest hardness was also found in the MC-3 experiment in 267 

terms of hardness values (Fig. 4d). This indicates that the hardest coating has the highest 268 

bending strength and an increase in strength. Similarly, the highest values in bending moment 269 

and elasticity modulus were observed in the MC-3 experiment. When the coating thicknesses 270 

were evaluated, it was found that the MC-3 coating was the thickest film (2.8 µm) and had a 271 

dense/smooth microstructure. Sample MC-3 is the thickest (2.8 µm), the hardest (21.4 GPa), 272 

the second highest corrosion resistance (12.3 nA) and the highest bending strength (707 MPa) 273 

[19]. Analysis of the experimental parameters determined in this study shows that the film (MC-274 

3) has the most optimum conditions among the Nb-doped films (Fig. 12). 275 

 276 

Fig. 13. The representative shape of the outer bending surfaces of specimens subjected to 4-277 

point bending test 278 

It is thought that increases in bending moment, bending strength and elasticity modulus indicate 279 

an increase in strength. In Ta-doped films, the highest bending strength among the samples was 280 

shown by the MC-3 (711.3 MPa) sample (Figure 12). The highest hardness values were also 281 

observed in MC-2 and MC-3 samples. This indicates that the hardest coatings have the highest 282 

bending strength and an increase in strength. Similarly, the highest values in bending moment 283 

and elasticity modulus values were observed in the MC-3 sample. Similar to the Nb-doped 284 

films, the MC-3 sample has the highest thickness (2.26 µm) in Ta-doped films and has a very 285 

dense/smooth microstructure. This shows us that there is a positive correlation between 286 



thickness, hardness and bending strength. There are also studies in the literature that both 287 

doping elements improve the mechanical properties of thin films [7-11]. In our study, an 288 

increase in the bending strength was observed in all experiments from MC-1 to MC-3 with both 289 

doping elements, and the literature data is consistent with our study. The variable parameters 290 

determined in the experimental design are CrY target current (1, 1.5, 2A), working pressure 291 

(0.15, 0.25, 0.35 Pa), pulse frequency (100 kHz) and duty cycle (50%, 70%, 85%). As the target 292 

current increases, the amount of sputtered target atoms increases. This results in an increase in 293 

the amount of deposition [25-26]. In accordance with the literature, in our study, the thickest, 294 

hardest and highest bending strength films were synthesized in the experiment with the lowest 295 

pulse frequency (100 kHz) and the highest target current (2A) for both Nb, Ta and V [18-19]. 296 



 297 

Fig. 14. 4-point bending optical microscope images of Nb-doped CrYN coatings (MC-1, MC-298 

2 and MC-3) 299 



For all coating samples, optical microscope images were taken from the sections indicated in 300 

the image in Figure 13 and evaluations were made about the damage mechanisms. Micro crack 301 

formation, crack initiation, crack propagation and edge cracks are observed in MC-1 and MC-302 

2 coatings. In MC-1 and MC-2, crack densities in the 3rd region and the center are quite close 303 

to each other. When the detailed images are examined, there is more intense crack formation in 304 

the center, edge and edge regions. This can be attributed to the stress concentrations occurring 305 

at the edges. In MC-3 coating, it was observed that crack formation was quite intense in the 1st 306 

region and the presence of areas where the coating was separated. In the 2nd region, there are 307 

areas where the coating was separated and broken coating pieces. In the 3rd region, that is, the 308 

section where the crack density is the highest, deep crack formations, coating separation in a 309 

larger area and broken coating pieces were observed that were not present in other coatings. 310 

There are more intense crack formation and edge cracks in the center and center edge of MC-3 311 

coating compared to other coatings. In the edge region, frequent crack formation and areas 312 

where the coating was separated were observed. MC-3 coating was found to be both the hardest 313 

(21.4 GPa) and the coating with the highest bending strength (707 MPa) in the 4-point bending 314 

and hardness test. Sample MC-3 is also the film with the highest thickness (2.8 µm). The inverse 315 

relationship between thickness and adhesion can also explain the current situation (as the 316 

thickness increases, the amount of internal stress in the coating increases). In the 4-point 317 

bending tests, it can be said that the coating is lifted off the surface in the final state, which 318 

occurs when crack formation and growing cracks reach or do not reach the edge. These damages 319 

can be attributed to the hardness, hence the film being more brittle and the lower adhesion. 320 

Among the CrYN:Nb coatings, the highest crack density and coating separation regions were 321 

observed in MC-3, which is the hardest and has the highest bending strength. In the detailed 322 

images of all films, crack formation, crack density, film separation and rupture (due to the effect 323 

of low adhesion) are given in the relevant images (MC-1-MC-3 Details). 324 



 325 

Fig. 15. 4-point bending optical microscope images of Ta-doped CrYN coatings (MC-1, MC-2 326 

and MC-3) 327 



 328 

Fig. 16. 4-point bending optical microscope images of Ta-doped CrYN coatings (MC-1, MC-329 

2 and MC-3) 330 



In the MC-1 coating, there are crack initiations in the first region, more increasing crack 331 

propagation in the second region, and dense and frequent cracks in the third region. While there 332 

is no crack formation in the central region, there are edge damages at the central edge. In the 333 

edge part of the third region, there are quite dense edge cracks and coating flaking (indicating 334 

low adhesion). It is thought that this is caused by stress concentrations in the edge regions. In 335 

addition to these, the coating MC-1 coating has a hardness of 15.1 GPa and a bending stress of 336 

676 MPa. The MC-2 coating has the highest hardness (18.2 GPa) and quite high bending 337 

strength (675 MPa) among Ta-doped films. In this coating, there are deep crack formations and 338 

flaking in the first region, particles from which the coating has separated in the second region, 339 

and broken coating pieces in the third region, deep and frequent crack formations. While there 340 

are no cracks in the center and central edge, there is microcrack formation at the edge since the 341 

stress amount is more intense at the edge of the 3rd region. In MC-3, crack formation, flaking 342 

and peeling are observed in the first region, coating peeling and peeling in the form of large 343 

particles in the second region, and an increase is observed in the area where the coating peels 344 

off in the third region. Although damage formation is quite low in the center and center edge, 345 

there are peeling, flaking and edge cracks (due to stress concentrations) at the edge. MC-3 346 

coating is the coating with the highest bending strength (CrYN:Nb/Ta/V-707/711/709 MPa) in 347 

both Nb,Ta and V doped films. In addition, since the hardness value (15 GPa) is quite high 348 

compared to other Ta coated samples (among the three hardest coatings), damages in the 349 

coating were greater. At the same time, MC-3 film has the highest thickness among Ta doped 350 

films. The inverse relationship between thickness and adhesion can also explain the current 351 

situation. In the 4-point bending tests, it can be said that the coating is removed from the surface 352 

in the final situation, which occurs when crack formation and growing cracks reach or do not 353 

reach the edge. These damages can be attributed to the hardness, hence the film being more 354 

brittle and the lower adhesion. It is observed that crack initiations in the second region, and 355 

crack propagation in the third region and edge are increased compared to the second region 356 

(Figure 14-16). As the hardness decreases, the bending strength also decreases. The results 357 

show that films with lower hardness are more ductile and have less damage to the coating. In 358 

the 4-point bending tests, it can be said that the coating is lifted off the surface in the final state, 359 

when crack formation and growing cracks reach or do not reach the edge. These damages can 360 

be attributed to the hardness, therefore the film being more brittle and the adhesion being lower. 361 

At the same time, the most coating damage is present in the thickest films. This can be explained 362 

by the inverse relationship between adhesion and thickness (internal stresses in the structure 363 

increase as the thickness increases). The damage that occurs more at the edge and center edges 364 



indicates the stress concentrations accumulated in these regions. In both coating types, the 365 

maximum crack formation occurred approximately between the second and third regions 366 

(closer to approximately three). This can be attributed to the shear force diagram of the 4-point 367 

bending test. Similar results have been observed in similar studies [27-32]. Both coatings 368 

exhibited higher bending strength (substrate: 602 MPa, Nb-CrYN MC-3: 707 MPa, Ta-CrYN 369 

MC-3: 711 MPa and V-CrYN:709.7 MPa) and bending moment (substrate: 2253 Nmm MPa, 370 

Nb-CrYN MC-3: 2659 Nmm, Ta-CrYN MC-3: 2598 Nmm, V-CrYN:2663.1 Nmm) values 371 

compared to the substrate. Less coating damage was observed in Nb-doped films compared to 372 

Ta-doped films in optical microscope examinations. Considering that the only difference 373 

between the two coating types is the additive elements, the positive effect of niobium on 374 

mechanical properties is greater than that of tantalum. This is consistent with the existing 375 

literature [6-10]. Specifically, the hardness and adhesion behaviors obtained from the 376 

nanoindentation and scratch tests have been linked to the coating performance in tribological 377 

and protective applications. The observed hardness values of 21.4 GPa, 18.2 GPa, and 16.1 GPa 378 

for Nb-, Ta-, and V-doped CrYN films, respectively, indicate that Nb addition significantly 379 

enhances film densification and cohesive strength through solid-solution and grain refinement 380 

mechanisms. This improved hardness is technologically relevant for wear-resistant coatings, 381 

particularly in cutting or forming tools operating under high load conditions. Similarly, the 382 

scratch test results demonstrate that Nb-, Ta-, and V-doped CrYN coatings maintain good 383 

adhesion to the substrate, with the most pronounced damage occurring in MC-3 samples, 384 

consistent with four-point bending test results. The strong correlation between adhesion 385 

strength and bending resistance implies that dopant type and process conditions directly affect 386 

the coating–substrate interface integrity. Among the dopants, V provided the best adhesion 387 

performance, indicating its suitability for applications requiring high toughness and reduced 388 

delamination risk, such as high-speed machining and thermal barrier layers. These correlations 389 

confirm that the microstructural and mechanical responses observed experimentally have direct 390 

technological implications for optimizing coating design toward enhanced durability, adhesion, 391 

and performance under mechanical stress. 392 

4. Conclusions 393 

In this study, the mechanical, structural and chemical properties of Nb, Ta and V doped CrYN 394 

thin films grown on 316L SS substrate were investigated. 395 



✓ XPS spectra were performed for CrYN:Nb/Ta/V thin films. For Nb, Ta and V doped 396 

thin films, scans were performed at Cr 2p, Y 3d and N 1s. In addition, the corresponding 397 

peaks were obtained at Nb 3d for niobium, Ta 4d for tantalum and V 2p for vanadium. 398 

✓ Maximum nanohardness results for CrYN:Nb/Ta/V were determined as 21.4 GPa, 18.2 399 

GPa, 16.1 GPa respectively. The most effective parameter affecting hardness in both 400 

films is the pulse frequency. 401 

✓ When the XRD peaks of CrYN:Nb/Ta/V thin films and the substrate are analyzed, there 402 

are intense cubic CrN and Cr2N peaks except for the main peaks coming from the 403 

substrate. NbN, TaN and VN peaks were obtained in niobium/tantalum and vanadium 404 

doped thin films, respectively. Yttrium is thought to be present in the structure as a 405 

substitutional atom of chromium. 406 

✓ When coating thicknesses and microstructure were examined, a dense and 407 

homogeneous structure was obtained in all three (CrYN:Nb/Ta/V) composite thin films. 408 

The highest film thickness for niobium was observed in MC-3 at 2.80 μm. Similar to 409 

the niobium doped film, the highest film thickness in the tantalum doped coating was 410 

found to be 2.26 μm at MC-3 (Duty cycle 85 %, deposition pressure 0.35 Pa, CrY target 411 

current 2 A). The influence of the magnetron sputtered-Pulsed DC power supply on the 412 

dense and uniform film structure cannot be ignored. 413 

✓ The scratch test results of Nb/Ta/V doped CrYN films showed micro cracks, edge 414 

cracks, buckling, peeling and chipping damage. For all doped films, the most damage 415 

occurred in MC-3 film. When the three doping elements were evaluated, the least 416 

damage was observed in V-doped CrYN films. This shows similar results to the results 417 

of the four bending tests. 418 

✓ In the four-point bending test results, an increase in the maximum force (Fmax), bending 419 

moments, bending strengths and elasticity modules applied to all CrYN:Nb/Ta/V films 420 

compared to the substrate is observed. In Nb-doped films, the highest bending strength 421 

among the samples was shown by the MC-3 (707 MPa) test. In Ta-V doped films, the 422 

highest bending strength among the samples was shown by the MC-3 (711.3 MPa, 709.7 423 

MPa) test. In our study, it was observed that both additive elements provided an increase 424 

in bending strength in all the tests conducted from MC-1 to MC-3, and the literature 425 

information is consistent with our study. It was found that the bending strengths of the 426 

films with high hardness were also high. This may indicate a correlation between 427 

bending strength and hardness. Increases in bending moment, bending strength and 428 

elasticity module indicate an increase in strength. 429 



✓ When the optical microscope images taken from several different regions of the bending 430 

points (external bending surfaces) of all coated samples subjected to the four-point 431 

bending test were examined, the highest crack formation, flaking, parts breaking off 432 

from the coating and damage formation were observed in the MC-3 test in both 433 

CrYN:Nb/Ta/V thin films. The MC-3 coating has the highest bending strength in both 434 

film types. In addition to these, it is seen that there is more crack formation and coating 435 

damage in films with high hardness. It is clear that the adhesion strength of the MC-3 436 

film is lower than the other films. In addition, the MC-3 film has a high thickness. This 437 

can be explained by the relatively inverse relationship between adhesion and thickness. 438 

Damage/delamination was observed more in films that are thought to be more brittle 439 

than the others. 440 

In summary, among the additives examined, the addition of Nb provided the highest 441 

hardness and mechanical strength for CrYN coatings, while the addition of V provided 442 

superior adhesion and resistance to cracking and delamination. Ta, on the other hand, 443 

showed moderate performance. Therefore, Nb can be considered the most suitable 444 

additive for applications requiring maximum hardness and wear resistance, while V is 445 

considered more suitable for applications requiring advanced adhesion and toughness. 446 
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