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Mechanical and tribological properties of V–C–N 
coatings as a function of applied bias voltage 

The aim of this work is to determine the mechanical and tribological 
behavior of V–C–N coatings deposited on industrial steel substrates (AISI 8620) by 
using carbon–nitride coatings as a protective materials. The coatings were deposited 
on silicon (100) and steel substrates via magnetron sputtering and by varying the 
applied bias voltage. The V–C–N coatings were characterized by X-ray diffraction 
(XRD), exhibiting the crystallography orientations (111) FCC for V–C–N conjugated 
by VC (111) and VN (111) phases and (200) FCC for V–C–N conjugated by VC (200) 
and VN (200) phases. X-ray photoelectron spectroscopy (XPS) was used to determine 
the chemical composition of metallic carbon–nitride materials. Atomic force microcopy 
(AFM) was used for determination of the change in grain size and roughness with 
deposition parameters. By using nanoindentation, pin-on-disk, and scratch test curves, 
it was possible to estimate the hardness, friction and critical load of V–C–N surface 
material. Scanning electron microscopy (SEM) was performed to analyze morpho-
logical surfaces changes. Mechanical and tribological behavior in VCN/steel[8620] sys-
tem, as a function of a bias voltage deposition, showed an increase of 58 % in the hard-
ness, and reduction of 39 % in the friction coefficient, indicating thus that the  
V–C–N coatings may be a promising material for industrial applications. 

Keywords: surfaces, crystal growth, physical vapor deposition, 
mechanical testing, tribology and wear. 

INTRODUCTION 

Mechanical and tribologoical properties of hard coatings have 
been extensively studied and contributed to the improvement of the surface proper-
ties of a myriad of industrial devices such as cutting tools and injection molds for 
polymeric materials [1]. In this regard, the literature reports on different systems 
and heterostructures based on nitride, carbide, and carbon nitride such as ZrCN [1], 
TiCN [2], NbCN [3], and CrN/AlN [4], which exhibits high corrosion resistance 
and acceptable tribological properties. Other transition metals such as vanadium 
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(V) have been used as binary coatings (e.g., VC and VN), thus showing relevant 
mechanical and electrochemical properties [5, 7]. Accordingly, in the current litera-
ture it is possible to observe novel reports on coatings based on conjugate com-
plexes for V–C–N from VC and VN materials [8]. Moreover, it has become 
established that the carbon nitride with transition metals has very promising 
physical characteristics due to high chemical and physical stabilities, which allow 
many applications under several mechanical conditions. Interestingly, G. Kamath 
et al. [9] reported the microstructure–property relationship of reactively magnetron 
sputtered VCxNy films. Nevertheless, the literature still presents a few research 
examples focused on analysis of mechanical and tribological properties for VCN 
system as a function of applied negative bias voltage, which is critical in the 
understanding of carbon–nitride system for industrial application under aggressive 
environments. Furthermore, changes of physical properties (hardness, elastic 
modulus, friction coefficient and critical load) on steel coated with VCN have not 
yet been thoroughly studied. Often, a decrease of functional performance of this 
material is observed in devices with industrial application (e.g., cutting tools, injec-
tion molds, and surgical devices). The aim of this work is to study the effect of 
negative bias voltage on the structural and mechanical properties of V–C–N 
coatings deposited on commercial AISI 8620 steel with different bias voltages 
from 0 to –100 V (with 2 µm of thickness) for possible metalworking applications.  

EXPERIMENTAL DETAILS 

V–C–N coatings were grown on silicon (100) and AISI 8620 steel substrates by 
using a multitarget magnetron reactive sputtering technique, with an r.f. source 
(13.56 MHz) and two stoichiometric vanadium (V) and graphite (C) targets of 
99.9 % purity for both targets. The deposition parameters for obtaining high-
quality coatings were sputtering power of 450 W for V and 400 W for the C target; 
substrate temperature of 300 °C; under circular rotation substrate with 60 RPM to 
facilitate the formation of the stoichiometric coating; the sputtering gas was a mix-
ture of Ar 92.5 % and N2 7.5 % with a total working pressure of 6⋅10–3 mbar, under 
argon and nitrogen gas flow of 50 and 3.75 sccm, respectively. An unbalanced r.f. 
bias voltage was applied, which generates a negative signal of 0, –40, –70 and –
100 V to systematically study its effect on coating electrochemical properties. The 
total thickness of all the coatings was kept constant around 2 µm. The crystallo-
graphic structure was analyzed via X-ray diffraction (XRD), with a Bruker D8 
Advance diffractometer with Cu cathode (CuKα radiation λ = 1.5405 Å) and scin-
tillation detector using a 0–20 setting and performing a sweep from 20° to 80° with 
a pitch of 0.01 degrees and a step time of 2 s.  

The surface analysis for all coatings was determined by using a scanning 
electron microscopy Philips XL 30 FEG. The chemical composition of the coatings 
was determined via X-ray spectroscopy Photoelectron (XPS). Thus, the XPS 
experiments were performed in a SPECS Sage HR 100 spectrometer with a non-
monochromatic X-ray source (aluminum Kα line of 1486.6 eV energy and a power 
applied of 300 W and calibrated using the 3d5/2 line of Ag with a full width at half 
maximum (FWHM) of 1.1 eV). The selected resolution for the spectra was 30 eV 
of Pass Energy and 0.5 eV/step for the general survey spectra and 10 eV of Pass 
Energy and 0.15 eV/step for the detailed spectra of the different elements. All 
measurements were made in an ultra-high vacuum (UHV) chamber at a pressure 
around 5⋅10–8 mbar. Samples were etched for 5 min with an Ar+ ion beam with 
energy of 3 keV. Moreover, C1s spectra were fitted with software CasaXPS 
V2.3.15 using Gaussian Lorentzian functions (after a Shirley background 
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correction), where the FWHM of all the peaks were constrained while the peak 
positions and areas were set free. The thickness for ternary coatings was around of 
2±0.1 μm, and determined by means of a (Dektak 3030) Profilometer. Grain size 
and roughness was determined via atomic force microscopy (AFM-Asylum 
Research MFP-3D®) and calculated by a Scanning Probe Image Processor 
(SPIP®). In this work, SPIP® was used in the grain size analysis for a quantitative 
study of the grains and particles, and in the roughness analysis for an advanced 
measurement of the surface roughness. Hardness and elastic modulus 
measurements were performed by using a nanoindenter (UBI1-Hysitron) under 
load and unload mode with a matrix measurements of 25 points and maximum load 
of 8 mN. Moreover, tribological characterization was performed by means of Mi-
crotest, MT 400-98 tribometer, using a 6-mm diameter 100Cr6 steel ball like pat-
tern slide. The applied load was 0.5 N with a total running length of 400 m. 
Adherence of the layers was studied by using a Scratch Test Microtest MTR2 
system. The parameters were a 6 mm scratch length and a raising load of 0–60 N. 

RESULTS AND DISCUSSION 

X-ray diffraction analysis 

Figure 1 shows the XRD patterns of the V–C–N coatings deposited on Si(100) 
for different r.f. negative bias voltages from 0 to –100 V. From that data, it is 
possible to infer that the coatings have a cubic structure based on complex 
conjugate with two substructures of vanadium carbide (VC) and vanadium nitride 
(VN). Therefore, the strongest peaks correspond to the V–C–N (111) and (200) 
planes, indicating a light textured growth along these orientations. The other weak 
peaks correspond to diffractions from V–C–N (220) planes of the fcc structure. 
With regard to the lattice parameter, it was obtained the value of a0 (±0.0001 nm) 
for V–C–N coatings, where the Nelson–Riley function was employed in the re-
finement procedure (table). The presence of the V–C–N (111) obtained is associ-
ated to a substitution mechanism, where C atoms replace N atoms, resulting in a V-
ordered C–N disordered fcc NaCl-type structure in which Ti placed the Wyckoff 
site 4a, while C and N atoms occupied randomly the Wyckoff site 4b [9]. This 
means that the nitrogen gas flow rate influences directly the structure of VC1-xNx 
coatings. When the nitrogen gas flow rate is around 16 sccm and r.f. negative bias 
voltages from 0 to –100 V are used, V access to the deposition surface is facili-
tated; hence, the fcc structure is determined by a partially ordered structure with V 
atoms, creating vacancies in nonmetallic sublattices [9, 10]. On the other 
 

a 
 

b 
Fig. 1. XRD patterns: V–C–N coatings grown with different r.f. negative bias voltages (0 (1), 
–40 (2), –70 (3), –100 (4) V) (a) and maximum peak with shift toward low angles in relationship 
to the increase of applied r.f. negative bias voltage (b); dash lines indicate the position of the 
peaks obtained from JCPDF files ((VN) JCPDF 00-035-0768 and (VC) JCDDF 01-073-0476). 
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hand, it was observed that the V–C–N (111) peak position suffers a great deviation 
from bulk value for (VC and VN) materials, indicating thus a possible stress evo-
lution of V–C–N single layers with the applied r.f. negative bias voltage (see Fig. 
1, b). The quasi-relaxed position observed for a lower bias voltage was 
progressively shifted to higher compressive stress values as the bias is increased 
until −100 V, therefore, this compressive effect is reached due to impact Ar+ 
mechanism actuating onto V–C–N coatings. For the higher negative bias voltage 
(−100 V), an abrupt change in V–C–N (111) peak position was observed, 
presenting a stress increasing due to the movement of this peak toward higher 
angles compared to other single layer. The stress changes in V–C–N (111) peak 
position come together with a low symmetric broadening and a decreasing in its 
intensity. 

Lattice parameter and stoichiometric relationship determined by XPS  
of V–C1-xNx coatings as a function of the negative bias voltage 

Negative bias voltage, V V–C1-xNx 
a0, nm  

fcc (111) 
V/(C + N) 

0 V55C27N18 0.4161 1.20 
–40 V59C25N16 0.4168 1.40 
–70 V54C28N18 0.4180 1.17 

–100 V55C28N17 0.4187 1.22 
 

XPS analysis of VCN coating 

The XPS survey spectra for all V–C–N single layers as function of a negative 
bias voltage from 0 to –100 V are shown in Fig. 2. According to the XPS literature 
regarding VC1–xNx coatings materials [9, 11], the concentration measurements and 
identification of the specific bonding configurations for the VC1–xNx layers are 
more reliable when XPS analysis is used. Hence, the composition of the VC1–xNx 
coating is slightly over stoichiometric (see table), which is attributed to the huge 
number of nitrogen vacancies that can be accommodated in the face centered cubic 
structure of VC1–xNx analyzed by XRD (see Fig. 1) [11]. So, the electronic spectra 
carry information of the chemical composition and bonding characteristics of the 
VC1–xNx coatings generating thus an increase in the reliability of the results. 
Finally, the carbon (C) signal presence can be associated to a few surface 
contaminations. In this sense, the binding energies’ identification was realized in 
agreement with NIST X-ray photoelectron spectroscopy Database 20, Version 3.5. 
So, the integral V2p, C1s, and N1s, spectra corrected by relevant sensitive factors 
can evaluate the concentrations of V and N elements of VC1–xNx coatings. The 
corresponding integral of the deconvoluted peaks can also be used to estimate the 
bond contents, which are described by the following equation (1) [12]: 
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where S is the sensitivity factor, A is the integral of deconvoluted peaks, and Ci is the 
atomic content. The numerator is the sum of the integral of one sort of bond; the 
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denominator is the sum of the integral of all types of bonds decomposed from the 
whole peak of V2p, C1s and N1s, spectra in the sample. In the chemical composition 
of the coating (see table), the prevalence of ternary carbon nitride  
(VC1–xNx), such as it is shown in the X-ray diffraction pattern, is evident (see Fig. 1). 
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Fig. 2. XPS survey spectrum for VC1-xNx coatings deposited on Si substrate with the r.f. negative 
bias voltage from 0 to –100 V: 0 (1), –40 (2), –70 (3), –100 (4) V. 

 
Regarding the VC1-xNx coating deposited with the applied negative bias voltage of –

40 V, Fig. 3 shows the peaks with highest intensity corresponding to V–N (514.4 eV) 
and V–C (513.3 eV) bounds at V2p signal, C–C (285.0 eV) bounds at C1s signal, and 
N–V (397.4 eV) bounds at N1s signal evidencing the formations of metal–nitride and 
metal–carbide bounds. [12–14]. In this sense, for V2p signal (see Fig. 3, a), it was 
found the energy bindings for V2p1/2 signal with V–O (523.6 eV), V–N (522.8 eV) 
bounds, moreover, for V2p3/2 signal was found O–V–O (516.4 eV) bound [15]. 

 

528 526 524 522 520 518 516 514 512
0 

1×10
4 

2×10
4 

3×10
4 

4×10
4 

5×10
4 

6×10
4 

7×10
4 

8×10
4 

9×10
4 

1×10
5 

1×10
5 

In
te

n
si

ty
, c

/s
 

Binding energy, eV 

V�O2 
516.4 eV 

V�N
514.4 eV

V�C
513.3 eV

V2p1/2 

V�O 
523.6 eV 

V�N 
522.8 eV 

V2p3/2

a 

291 290 289 288 287 286 285 284 283 282 281 
0

1×10
3

2×10
3

3×10
3

4×10
3

5×10
3

6×10
3

7×10
3

8×10
3

9×10
3

1×10
4

Binding energy, eV 

 I
n

te
n

si
ty

, c
/s

   

C=N 
286.7 eV

C�V 
282.8 eV 

C�C 
285 eV 

b 

403 402 401 400 399 398 397 396
0

4.0×10
3 

8.0×10
3

1.2×10
4

1.6×10
4

2.0×10
4

2.4×10
4

2.8×10
4

3.2×10
4

3.6×10
4

Binding energy, eV

N=C
398.8 eV

N�V
397.4 eV

In
te

n
si

ty
, c

/s
  

 
c 

Fig. 3. High-resolution spectrum for V–C–N coatings: V2p (a), C1s (b), N1s signals (c). 
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For C1s signal (see Fig. 3, b), it was found the energy bindings of 286.7 eV for 
C=N bounds, 285.0 eV for C–C bonds and 282.8 eV for bounds C–V associated to 
chemical interaction in VC1–xNx molecule [16]. Moreover, the Fig. 3, c exhibits the 
energy bindings for N=C with 398.8 eV, and N–V with 397.4 eV, showing thus, 
the organic and metallic principal bounds [17]. The change of binding energy com-
pared to VC1–xNx single layer materials verifies the formation of V–C–N layer; 
therefore, calculating the peak area yields an atomic ratio of V59C25N16, similar to 
others reports in the literature [18]. Accordingly, the last stoichiometric relation 
corresponds to chemical bounds, which are contained in fcc structure present in 
VC1–xNx material (XRD results (see Fig. 1)). 

Surface analysis by AFM 

Surface morphology of ternary materials in relation to the increasing negative 
bias voltage on V–C–N coatings deposited onto Si (100), was studied. Figure 4 
shows AFM images for single layer coatings with statistical distribution of grain 
size 5 µm×5 µm for the bias voltage – 0 (a), –40 (b), –70  (c), –100 (d) V. 

 

 
a 

 
b 

 
c 

 
d 

Fig. 4. AFM images for V–C–N coatings deposited at the negative bias voltage of 0 (a), –40 (b), 
–70 (c), –100 (d) V.  

 
Figure 5 shows AFM results where each data point in the graphs represents an 

average over 4 AFM images for each sample. It is also possible to compare the 
grain size (see Fig. 5, a) and roughness (see Fig. 5, b) values for V–C–N single 
layers; therefore, in this study it was found a decreasing trend for grain size and 
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roughness when the bias voltage is increased. Moreover, this study found that the 
lowest value for the grain size is associated with the layers deposited with –100 V 
(see Fig. 5, b), determining thus a reduction in the grain size of 39.5 % for the V–
C–N layer, in relation to grain sizes obtained for the deposited layers to 0 V, 
respectively. Furthermore, it is possible to observe a reduction in the grain size of 
43 % for the ternary coatings, in relation to grain sizes obtained for the deposited 
layers at 0 V, respectively. This is relevant, since the surface morphology plays an 
important role in the mechanical and tribological properties. 
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Fig. 5. Morphological analysis obtained from AFM results: roughness (a) and grain size (b) as a 
function of applied negative bias voltages from 0 to –100 V. Corresponding error bars were 
obtained by the standard deviation of the values using the statistical data processor for images 
(SPIP ®). 

 
Mechanical properties 

Load–displacement indentation curves of V–C–N layers using the standard 
Berkovich indenter and indentation matrix image via AFM are shown in Figs. 6, a 
and b. The values of elasticity modulus, E, and hardness, H, were obtained by 
using Oliver and Pharr’s method in multilayers deposited on AISI 4140 steel 
substrates [4, 19]. Hardness values of both, V–C–N coatings and the ternary 
coating measured by nanoindentation as a function of applied negative bias 
voltage, are presented in Fig. 7, a and Fig. 8, a, respectively. 
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Fig. 6. Nanoindentation measurements: load–displacement indentation curves of VCN system  
(–100 (1), –70 (2), –40 (3), 0 (4) V) (a) and AFM image of indentation matrix for ternary coat-
ings deposited with a negative bias voltage of –40 V (b). 
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Fig. 7. Mechanical properties for V–C–N coatings as a function of applied negative bias voltage: 
hardness as a function of n (a) and elastic modulus (b). 
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Fig. 8. Elasto-plastic properties with plastic deformation for V–C–N single layer coatings growth 
with the negative bias voltage form 0 to –100 V: plastic deformation resistance (a) and elastic 
recovery (b). 

 
Elastic modulus values of ternary layers are also presented in Fig. 7, b, which 

show relevant differences in their values in relation to the different applied nega-
tive bias. Moreover, the hardness and elastic modulus in these single layer coatings 
varied from 18 to 30 GPa and from 223 to 260 GPa, respectively. The highest 
hardness of the V–C–N coatings corresponding to 30 GPa, was obtained by the 
highest negative bias (–100 V), therefore, was increase a 40 % of hardness in rela-
tion to coating growth with 0 V voltage. This increase in mechanical properties is 
related to the remarked densifying effect that is present when the bias voltage is 
applied, inducing the impact of Ar+ ions on coating surface, thus creating greater 
momentum transfer and generating an increase of residual stress in the V–C–N 
coating showing within the (111) crystallography direction study by XRD results 
(see Fig. 1, b). The enactment in the mechanical properties can be associated with a 
hardness improvement by using coating with lower grain size, as observed from 
AFM images (see Fig. 4) [4, 20, 21]. 

The high interface density of ternary coatings contributes to impeding 
dislocation motion and the dislocation glide across the grain boundaries, which 
would require a critical yield stress being related to the difference in the elastic 
shear modulus of the single layer deposited without a bias voltage [22, 23]. The 
Hall-Petch effect is routinely used to explain material hardening. Therefore, when 
metal–ceramic materials such hard, V–C–N coatings with grain size higher than 
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5.2 nm are obtained, it is possible to apply the Hall-Petch effect to explain the 
hardening, because the current V–C–N coatings with lower grain size are within 
nanoscale regimen (AFM results, see Figs. 4, 5), and thus the dislocations should 
not occur in nanoscale structures below a certain value of grain sizes (5.2 nm) [19]. 
In this sense, Fig. 7, a shows that the hardness for single layer coatings is related to 
the bias voltage for the effect of the grain size reduction [21–23]. 

Additionally, it was possible to analyze the influence of the bias voltage on 
coating hardness, as hardness values increase with the increases of applied voltage. 
This result can be explained by correlating with the results obtained by AFM where 
the increase of the applied voltage decreases the grain size, which increases grain 
boundaries and results in an increase in coating hardness due to the Hall-Petch 
effect as shown by the following equation [24]: 

2/1
0

−+= kDHH ,    (2) 

where H is the hardness of the polycrystalline material with grain size D, H0 is the 
hardness of the same material with a larger grain size, and k is a constant measure 
of relative hardening with the contribution of grain boundaries. The increase of 
coatings hardness is attributed to the increase of the bias voltage associated with 
increase sputtering of Ar+ atoms causing a higher density and a reduction in grain 
size. The grain boundaries act as barriers to the movement of dislocations in the  
V–C–N material, thus a dislocation is difficult to move from one grain to another 
across borders due to a relative disorder, in which the atoms are in that area, caus-
ing the material with small grains to have higher hardness. These results indicate 
that the mechanical properties of hardness and elastic modulus (Young’s modulus 
(Er)) are highly dependent on a bias voltage [25]. 

On the other hand, plastic deformation resistance (H3/E2) [26] and elastic 
recovery (R) in the carbon nitride coatings are shown in Fig. 9. Elastic recovery for 
all V–C–N coatings was calculated by using the following equation: 

max

max

δ
δ−δ

= pR ,     (3) 

where δmax and δp are the maximum and residual or plastic displacement, 
respectively [27, 28]. Data for the equation were taken from the load–penetration 
depth curves of indentations for each coating, according to Fig. 6, a. From Fig. 8, 
the carbon nitride coatings increased the plastic deformation resistance and elastic 
recovery with respect to the applied negative bias voltage. The maximum value 
was reached for V–C–N system deposited with (–100 V), i.e. the plastic 
deformation (see Fig. 8, a) due to the applied load is more markedly reduced than 
that of other coatings deposited without the bias voltage. This effect is clearly 
correlated to the reduction of grain size, increasing the film density, hardness, and 
elastic recovery [4, 27]. 

Tribological properties 

Pin-on-disk analysis. The friction coefficient values for AISI 8620 steel 
substrates coated with V–C–N coatings deposited at different bias voltages, were 
tested against steel balls and presented in Fig. 9, a. The friction coefficients curves 
showed two distinct stages. In the first stage (zone I), the friction coefficient (l) 
began at a low level (0.18–0.45) in the first contact; this stage can be attributed to 
the running-in period associated with a kind of contact between the steel ball and 
the coating, where the formation of wear debris occurs by the cracking of rough-
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ness tips on both counterparts. This stage has a short-time period, then the friction 
coefficient increases to 0.20–0.50 followed by a decrease to the friction coefficient 
of the second stage (zone II). This stage (zone I) is defined as the steady-state 
friction period and begins after about 20–90 m of sliding distance (m) [4, 28, 29]. 
In the zone II, from (pin-on-disk analysis picture), it was possible to observe the 
distance settling range (steady-state friction period) between 100 and 400 m for 
each of the friction curves. In these results, there were not significant changes 
appreciated in the increase of the friction coefficient. This effect may be associated 
to overcome the distance of 100 m, the surfaces of the tribological pair between 
100Cr6 steel pin and the V–C–N system was normalized relative to the contact 
surface which had higher (V–C–N) Young’s modulus generating a constant Er and 
a coefficient of friction almost invariable. Figure 9, b shows the friction coefficient 
as a function of the applied negative bias voltage. 
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Fig. 9. Tribological results of 8620 steel substrates coated with V–C–N single layers coatings: 
friction coefficient as a function of a sliding distance (steel (1), 0 (2), –40 (3), –70 (4), –100 (5) 
V (a) and friction coefficient as a function of the applied negative bias voltage (b). 

 
Tribological properties of V–C–N carbon nitride coatings are provided in 

Fig. 10 for comparison in relation to single layer systems. These tribological results 
showed the reduction of the friction coefficient while the applied negative bias is 
increased. Thus, the friction coefficient of V–C–N coatings ranged from 
approximately 0.46–0.19, being the lowest value reported for the single layers 
growth at V = –100 V (friction coefficient 0.25) [19]. In this regard, the friction 
coefficient value represented a decrease at approximately 58 % of the friction 
coefficient with respect to the V–C–N coating deposited at 0 V. The last behavior 
can be related to the friction mechanical model proposed by Archard [30], which 
relates the contribution of the contact surface roughness and the elastic-plastic 
properties of the coating in the following equation: 
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where µ is the friction coefficient, Ck is a constant that depends on the parameter of 
the test, R(s,a) is the coating roughness, and σt is a variable that takes into account 
the elastic-plastic properties (hardness, H, or elastic modulus, Er), obtained by 
mechanical measures [29]. In agreement with the model presented by Archard, 
when the surface coating has low roughness and high hardness, the friction 
coefficient will tend to decrease and will be stable for long sliding distances, 
specifically if the counterpart of the test is softer than the coating. On the other 
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hand, although hardness has long been regarded as a primary material property that 
defines wear resistance, strong evidences suggest that the elastic modulus can also 
have an important influence on the wear behavior. In particular, the elastic strain to 
failure, related to the ratio of hardness H and elastic modulus Er, which has been 
shown by a number of authors to be a more suitable parameter to predict wear 
resistance than with hardness alone. 
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Fig. 10. SEM micrograph of wear track on V–C–N coatings deposited on AISI 8620 steel:  
V–C–N coating deposited with negative bias voltages of 0 V (a), and V–C–N coating deposited 
with negative bias voltages of –100 V (b). 

 
In this research, it is possible to discuss the concept of ternary carbon nitride 

(V–C–N) with relatively high hardness and high elastic modulus, which can exhibit 
improved toughness and are, therefore, better suited to optimize the wear resistance 
of ‘‘real’’ industrial substrate materials (i.e., mechanical devices with low moduli). 
Recent advances in the development of metal–ceramic coatings are summarized 
and discussed in terms of their relevance to practical applications. Therefore, it is 
possible to observe that the elastic strain to failure, which is related to H3/E2 (see 
Fig. 9), affects the tribological behavior of V–C–N single layer. That provides 
superior wear resistance when deposited on the substrate materials for mechanical 
applications [4, 31]. Consequently, this behavior suggests that improving plastic 
deformation resistance (H3/E2) when the negative bias voltage is increased, exerts 
more wear resistance due to enhanced mechanical properties (see Fig. 9) associated 
with the changes in the internal stress (previously observed in XRD results), thus, 
generating a reduction in the friction coefficient (see Fig. 9, b).  
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As can be seen in Fig. 10 (SEM micrographs), it is possible to find different 
wear mechanisms, such abrasive wear (scuffing), adhesive wear, oxidation, and 
diffusion. In this sense, the abrasion mechanism is a predominant phenomenon at 
V–C–N coatings with a low bias voltage (low mechanical and tribological 
properties, see Figs. 6–9). The value of a negative bias voltage, at which the 
maximum wear values occur will depend on different factors like the combination 
of high roughness, small grain size (see Figs. 4, 5 ), and low elastic modulus, 
among others. Therefore, in this research it was presented the wear surface for V–
C–N coatings deposited with different bias voltages (from 0 to –100 V), showing 
thus changes in the wear mechanisms when the negative bias voltages were applied 
and increased respectively (e.g., reduction in scuffing presence on V–C–N 
deposited with –100 V). 

Adherence analysis by using a critical load criterion 
Adhesion behavior. The scratch test was used to characterize the coating 

adherence strength. The adhesion properties of single-layer coatings can be 
characterized by the following two terms: LC1, the lower critical load, which is 
defined as the load where cracks first occurred (cohesive failure); and LC2, the 
upper critical load, which is the load where the first delaminating at the edge of the 
scratch track occurred (adhesive failure) [31]. The values of critical load (LC1 and 
LC2) for the different coatings are shown in Fig. 11. The LC1 was shown for the 
different coatings in the range of 8.3–15 N, in which the lowest value was 
attributed to the hard coatings deposited with the bias voltage of 0 V and the 
highest value was attributed to the V–C–N ternary system growth with the negative 
bias voltage of –100 V.  
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Fig. 11. Tribological results for friction coefficient curves vs. applied load for V–C–N coatings 
deposited with different applied negative bias voltages, showing thus the adhesion failure (LC2): 
0 (a), –40 (b), –70 (c), –100 (d) V. 
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The critical loads in adhesive failure (LC2) values for the different coatings are 
summarized in Fig. 12. This figure clearly shows that the adhesion properties of 
metal ceramic coatings increase as a function of the increase in the applied 
negative bias. Due to the quantitative adhesion measurements between the layers 
and substrates, this process is complex even for single layer coatings, which is in 
agreement with some previously published reports [4, 29]. A qualitative 
characterization is necessary to evaluate the adhesion behavior of V–C–N coatings, 
as described before in this section, that is, in terms of LC1 and LC2 critical loads. 
Therefore, for the purpose of ensuring a fair comparison between the different 
ternary coatings, it was assumed that the adhesion between the substrate and the 
single layer remains constant for similar applied negative bias voltage (since the 
preparation conditions and parameters were the same). Besides, in all cases, it was 
verified that the parameters of the scratch test for all samples were also the same. 
According to the latter, it was expected that the response to the applied load and 
adhesive failure will only depend on the coating properties due to the applied 
negative bias voltage effect. 
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Fig. 12. Correlation of critical loads (adhesive failure) as a function of applied negative bias 
voltage for all V–C–N coatings. 

 
From Fig. 12, it was possible to analyze that the values of critical load increased 

when the applied negative bias voltage was increased. Then, this improvement is in 
part due to the increase in the coating/substrate deformation resistance (see Fig. 8). 
In this mechanism, the densification and grain size reduction (see Figs. 4, 5) serves 
as a crack tip deflector that changes the direction of the initial crack when it 
penetrates deep into the coating, and strengthens the coating performance. 
Moreover, by decreasing the grain size, the dislocations among the boundaries 
grain found a major impediment to moving; therefore, those dislocations will 
require higher critical shear stress to move and spread throughout the coating and 
allow delaminating the V–C–N coating. This effect means that carbon nitride coat-
ings can fail in a fragile manner [32, 33] because these coatings are homogeneous 
systems. In consequence, the ternary single layers such as those studied in the 
current work can enhance the resistance of coatings against crack propagation in 
relation to the mechanical property evolution presented by the enhanced hardness 
and elastic modulus (see Fig. 7) with highest elastic recovery (R, %) (see Fig. 8), 
preserving the integrity of the coatings under punctual (static) and dynamic loads 
[34]. It was observed that an increase of 34 % in the LC2 for V–C–N coating 
deposited with the applied negative bias voltage of –100 V in relation to the single 
layer coating growth with the lowest applied negative bias voltage (0 V). 
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Surface tribological analysis. Scanning electron microscopy images showing 
the different behaviors of V–C–N coatings deposited with different negative bias 
voltages, after scratch tests are shown in Figs. 13, a and b. These images revealed 
that at the beginning of the scratch, pronounced deformation appeared due to the 
substrate plastic deformation and a coating debris removal, associated with the 
adhesive layer/substrate failure mechanism sideward lateral flanking [35]. Thus, 
SEM images confirm the scratch test results observed in Fig. 13. Figure 13, a 
shows a premature adhesion failure due to the accumulation of stress at the scratch 
edges to the ternary coating growth with the lowest bias voltage (0 V) in relation to 
V–C–N coating deposited with the highest applied negative bias voltage (see Fig. 
13, d). 
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Fig. 13. SEM micrographs of scratch tracks: 0 (a), –40 (b), –70 (c), –100 (d) V deposited onto 
industrial AISI 8620 steel. 

 
Further away from scratch, conformal cracking of the layer associated with ad-

hesive failure (LC2) appears in a single layer coating with a relative low bias volt-
age. But unlike the last discussion, the coatings deposited with –100 V presented 
‘‘Recovery Spallation’’ type wear mechanisms (see Fig. 13, d). These series of 
ternary coatings showed a failure behavior type ‘‘Buckling Cracks’’ that is 
characteristic of protective systems where the substrate is ductile and hard coatings 
have good adhesion between them, these systems generate compressive stress that 
are characteristic of cracks buckling failure mode [4, 31]. 

It was found that the highest values of hardness and elastic modulus, 29 and 
261 GPa, respectively, were observed for V–C–N coating growth with (–100 V) 
bias voltage. The enhancement in the hardness value of the metal ceramic coating 
stack was attributed to high density that blocking the micro-crack movements 
across the boundaries grain due to the reduction of the pores occurrences; together 
with the Hall-Petch models, which gives a good overall picture of the hardness 
enhancements. 

Furthermore, the tribological performance for V–C–N coating with critical 
loads in adhesive failure of 35 N and friction coefficient of 0.19 were observed for 
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the ternary metal ceramic material deposited with a bias voltage of –100 V. From 
the SEM micrographs, it was determined that for the single layer coatings different 
types of adhesive layer/substrate failures appear under strong plastic deformation 
conditions, which is important for the preparation of wear resistant cutting and 
forming tools and mechanical devices used in industrial applications. 

CONCLUSIONS 

The applied r.f. negative bias voltage in the ternary V–C–N coatings was varied 
from 0 to –100 V generating a slightly shift of the peak positions to lower angles, 
due to the increase in the tensile residual stress at higher voltages. The r.f. bias 
application induces important formation of crystallographic phases with similar 
intensity such as fcc (111) and (200). 

The chemical, morphological, and mechanical characteristics and properties are 
strongly related to the applied negative bias voltage, therefore, the evolution in the 
dynamical surface and physical properties have been found when the bias voltage 
was applied on V–C–N material around –100 V (hardness – 30 GPa and elastic 
modulus – 260 GPa). 

The lowest critical load in the coatings was found when a r.f. negative bias of  
–100 V was applied, observing thus an enhancement of the tribological properties 
by reduction of the friction coefficient in 60 % for V–C–N coatings when both 
coatings were compared with the same deposited 0 V, therefore, a high critical load 
for adhesive failure was obtained in coatings due to two factors: growth with the 
highest negative bias voltage, which produce the increase of the density, and there-
fore, improve the mechanical properties (hardness and elastic modulus) which can 
be used in manufacture industry (e.g. tools for High Efficiency Machining). 
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Метою роботи було визначення механічної та трибологічної поведінки 

V–C–N-покриттів, осаджених на сталеві (AISI 8620) підкладки, для використання як 
захисні матеріали. Покриття осаджували на кремнієві (100) і сталеві підкладки магне-
тронним напиленням при зміні напруги зміщення. Дослідження за допомогою 
рентгенівської дифракції показали, що V–C–N-покриття мали кристалографічну 
орієнтацію (111) для  ГЦК V–C–N-структури, утвореної VC (111) і VN (111) фазами, і 
(200) для ГЦК V–C–N-структури, утвореної VC (200) і VN (200) фазами. Рентгенівська 
фотоелектронна спектроскопія була використана для визначення хімічного складу мета-
левих вуглець-нітридних матеріалів. Для визначення зернистості і шорсткості при зміні 
параметрів осадження була використана атомно-силова мікроскопія. З використанням 
наноіндентування, методу “диск–стрижень” і кривих склерометричних випробувань 
оцінювали твердість, тертя і критичне навантаження матеріалу поверхні V–C–N. Рас-
трову електронну мікроскопію використовували для аналізу змін морфології поверхонь. 
Дослідження механічних та трибологічних характеристик системи VCN/сталь[8620] як 
функції напруги зсуву показали збільшення твердості на 58 % і зменшення коефіцієнта 
тертя на 39 %, звідки випливає, що V–C–N-покриття можуть бути перспективними для 
застосування в промисловості. 

Ключові слова: поверхня, зростання кристала, фізичне осадження з 
парової фази, механічне випробування, трибологія і знос. 

 
Целью работы было определение механического и трибологического 

поведения V–C–N-покрытий, осажденных на стальные (AISI 8620) подложки, для исполь-
зования как защитные материалы. Покрытия осаждали на кремниевые (100) и стальные 
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подложки магнетронным напылением при изменении напряжения смещения. Исследова-
ния с помощью рентгеновской дифракции показали, что V–C–N-покрытия имели кри-
сталлографическую ориентацию (111) для ГЦК V–C–N-структуры, образованной VC 
(111) и VN (111) фазами, и (200) для ГЦК V–C–N-структуры, образованной VC (200) и VN 
(200) фазами. Рентгеновская фотоэлектронная спектроскопия была использована для 
определения химического состава металлических углерод-нитридных материалов. Для 
определения зернистости и шероховатости при изменении параметров осаждения была 
использована атомно-силовая микроскопия. С использованием наноиндентирования, ме-
тода “стержень–диск” и кривых склерометрических испытаний оценивали твердость, 
трение и критическую нагрузку материала поверхности V–C–N. Растровую электронную 
микроскопию использовали для анализа изменений морфологии поверхностей. Исследова-
ния механических и трибологических характеристик системы VCN/сталь[8620] как функ-
ции напряжения смещения показали увеличение твердости на 58 % и уменьшение коэф-
фициента трения на 39 %, откуда следует, что V–C–N-покрытия могут быть перспек-
тивными для применения в промышленности. 

Ключевые слова: поверхность, рост кристалла, физическое осаждение 
из паровой фазы, механическое испытание, трибология и износ. 
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