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Abstract

In our study, magnetron-sputtered vanadium nitride (VN) films were grown on 304 L stainless steel
in an Ar/N2 atmosphere at a substrate bias voltage of 0 V, -50 V, -100 V,-150 V and - 200 V. The as-
deposited VN coatings were characterized by X-ray diffraction (XRD), Fourier-transform Infrared
(FTIR) spectroscopy, Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM). The
XRD and FTIR analysis exhibited a presence of VN crystalline phases. AFM and SEM exhibited that
a decrease in the thickness and surface roughness with increasing the bias voltage to —200 V. The VN
coating, obtained at— 100 V, indicated a high hardness of 36.2 GPa. It was carried out that the friction
coefficient is remarkably dependent by the film surface roughness. The lowest friction coefficients
(0.42 and 0.44) for a loading force of 2 N and 5 N was evaluated for VN film, deposited at — 200 V
which indicate a high degree of wear resistance. The electrochemical tests revealed that VN films,
grown at a bias voltage of 0 V and — 200 V, have the most reliable protection against corrosion in
aggressive electrolytes.

Keywords: magnetron sputtering; vanadium based coatings; thickness; mechanical characteristics;
tribological performance; corrosion resistance

1. Introduction

In the last few decades, metallic materials have been widely used in modern industry due to
their attractive properties such as high strength, good inertness, ductility and thermal conductivity
[1,2]. Cutting and forming tools as well as machine components as thrust bearings and fasteners,
operating in an abrasive and severe environments, undergo corrosion and wear processes after a few
years. 304 L stainless steel is the most commonly utilized material for industrial applications due to
its desirable properties such as high heat resistance, good ductility and excellent resistance to
corrosion and oxidation [3]. Despite these good properties, this stainless steel exhibits low strength
and poor wear resistance which are serious limitations for its application in industry. These
disadvantages can be overcome by applying an appropriate surface modification techniques. The
improvement in the material properties, as well as safety, performance, reliability, durability and life
expectancy of the cutting and forming tools can be achieved by suitable coatings deposition.

Nowadays, transition metal nitrides have been successfully used as protective coatings due to
their good mechanical and tribological properties, excellent heat and oxidation stability as well
enhanced corrosion behavior [4-6]. Vanadium nitride (VN) films possess the desirable properties as
high mechanical strength and hardness, good wear resistance, low friction coefficient, as well
enhanced electrical conductivity and chemical stability [7]. Due to their unique characteristics, VN
layers have been utilized such as diffusion barriers, supercapacitors, decorative coatings, electrical
systems for hybrid vehicles and in digital telecommunications systems [8-10].
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There have been various physical vapor deposition (PVD) and chemical vapor deposition
methods for VN coatings deposition [11-13]. Aissani et al. [14] studied the influence of nitrogen on
the mechanical and tribological behavior of VN films, deposited on XC100 steel and Si substrates by
radio frequency magnetron sputtering. It was found out high hardness, good friction coefficient and
low wear rate for VN films at higher nitrogen content. Electrochemical performance of the direct
current reactive magnetron-sputtered VN coatings was investigated at different thicknesses [15].
Huang et al. [16] investigated the influence of preferred orientation on the fracture toughness of
unbalanced magnetron sputtered VN films, obtained on Si substrates. It has been reported a new
strategy for an improvement in cycling stability and specific capacitance of reactive magnetron
sputtered VN thin films by tuning electrolyte composition [17]. The authors in [18-22] considered the
effect of sputtering gas, working pressure and nitrogen to argon ratios on the crystallinity,
microstructural, mechanical and wetting properties of the as-deposited magnetron sputtered VN
films. In our previous research [23], we investigated the influence of mechanical, morphological and
tribological properties as well as corrosion behavior of VN films, deposited by direct current
magnetron sputtering at a substrate temperature of 250 °C, 300 °C and 350 °C. The results exhibited
improved hardness, low friction coefficient, high protection to corrosion processes and a good
adhesion between the coating and substrate.

Cathodic arc evaporation is another PVD method for deposition of VN coatings. Kuprin et al.
[24] evaluated the effect of nitrogen pressure and substrate bias voltage on structure and mechanical
properties of VN coatings. The results showed improved hardness and wear resistance of the
obtained films at higher nitrogen pressure and bias voltage.

The researchers in [25] applied the chemical vapor deposition in situ reactive deposition
technique as a possible method for VN film deposition.

It is well-known that the applied technological conditions during the deposition process as bias
voltage, substrate temperature, working pressure, effect the films properties [26]. The ion
bombardment during the deposition process plays an important role in dictating the mechanical
properties of the films and effects on the morphology and composition. On the other hand, the ion
bombardment energy can be controlled by applying a negative bias voltage to the substrate which
would be lead to significantly modification in the film properties due to an increase of atom mobility.
Also, higher substrate bias voltages can lead to re- sputtering process which could reduce crystallinity
of the films and alter thickness [27].

Based on the performed literature review, it is obvious that VN thin films have been deposited
by various technologies. Magnetron sputtering is the most widespread technology for VN films
deposition due to the formation of coatings with a high degree of smoothness, uniformity, density
and crystallinity. In our study, we deposited VN coatings with TiN sublayer on stainless steel 304 L
substrates at a substrate bias of 0V, - 50 V, -100 V, - 150 V and - 200 V by reactive dc magnetron
sputtering and considered the influence of the substrate bias voltages on the structure, morphology,
mechanical and tribological performance as well as corrosion resistance the of deposited VN films.

2. Materials and Methods

2.1. Applied Technology for VN Films Deposition

Vanadium-based coatings were grown on 304 L stainless steel substrates with the following
composition: 0.03% C, 17.50-19.50% Cr, 2% Mn, 1% Si, 0.045% P, 0.015% S, 8-10.5% Ni, 0.1% N and
Fe balance [28].

The experiments were carried out at a bias voltage of 0 V, -50 V, - 100 V, -150 V and -200 V by
Direct Current (DC) magnetron sputtering. The specimens were mechanically polished and then they
were introduced into the vacuum chamber. The purity of the sputtered vanadium target was about
99.8% with a diameter of 100 mm. The vacuum chamber was evacuated to a base pressure of 8 x 10-2
mbar before the treatment process. After evacuation, the Ar and N2 mixture was loaded into the
vacuum chamber by means of valves. The inert Ar and reactive N2 gas flows were regulated by
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vacuum meter indicators to evaluate the working pressure values. The deposition technology for the
VN films includes three main steps:

1. Cathode cleaning- This is a high-energy ion bombardment process in which the substrates
surface was sputter- etched by Ar+ plasma for 10 min at a substrate bias of 900 V to remove oxide
films from their surface, as well as reduction of roughness which leads to deterioration of the as-
deposited coating properties. This process was carried out at the following technological
conditions:

° Working pressure PAr = 8 Pa;
e  Discharge voltage U =900 V;
e Discharge currentI=0.1 A;

. Temperature T =232 -C;

e  C(Cleaning time t = 10 min.

2. Deposition of intermediate TiN layer — The deposition of TiN sublayer was utilized to enhance
adhesion between the initial material and the film at the following technological parameters:

. Working pressure Par=1.2 x 10-'Pa;
e  Discharge voltage U=450V;

e Discharge currentI=1 A;

e  Temperature T =350 -C;

e  Deposition time t = 10 min.

3. Deposition process of VN coatings — This process was taken place in an Ar/N2 atmosphere and
with a substrate temperature of 350 °C.

e  Argon pressure PAr =2.4 x 102 Pa;

. Reactive and inert gas Pnz/Parratio - 2.3;

. Working pressure — 7.9 x 102 Pa;

e  Discharge voltage U=575V;

e  Discharge current- 1 A;

e  Substrate temperatures— VN coatings were produced at a bias voltage of 0 V, -50 V, - 100 V, -
150 V and -200 V;

e Deposition time t = 90 min.

2.2. XRD Analysis

The crystalline structure of the films was characterized by X-Ray Diffraction (XRD) method.
Crystallographic phases of the as-deposited coatings were identified by using International Centre
for Date Diffraction (ICCD) database. The experiments were carried out at 20 from 30 to 80° with a
step size of 0.05° and a scan step time of 1.5 s. by the Empyrean system —Malvern Panalytical
(Malvern, Worcestershire, United Kingdom)—equipped with a parabolic X-ray mirror, a parallel
plate collimator, and a scintillation detector with Cu Ka radiation.

2.3. FTIR Spectroscopy

Fourier-transform Infrared (FTIR) spectroscopy was registered with Shimadzu
Spectrophotometer IRPrestige-21 (Shimadzu Corporation, Kyoto, Japan) in the spectral range 350-
4000 cm™ in reflectance mode. The reflectance spectra were taken by specular reflectance attachment
SRM-8000 with Al mirror as background.

2.4. SEM Analysis

Scanning Electron Microscopy (SEM) analysis was utilized to determine the thickness and cross-
section morphology of the as-deposited VN coatings. The measurements were carried out at an
accelerated voltage of 20,000 V. The SEM images were obtained by a microscope “LYRA I XMU”,
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Tescan Orsay Holding (Brno, Czech Republic), using secondary electrons. The chemical composition
of the VN coatings was evaluated by EDX analysis.

2.5. AFM Measurements

The surface roughness and surface topography of the as-deposited VN films were determined
using Atomic Force Microscopy (AFM) - Oxford Instruments MFP-3D (Santa Barbara, CA, USA). The
studies were realized in the non-contact mode with each surface was scanned at different locations
at 20 pm x 20 um.

2.6. Mechanical Properties

The mechanical properties of VN films were evaluated by a Nanomechanical Tester— Bruker
(Billerica, MA, USA). The hardness and the elastic modulus were calculated by Oliver-Pharr method
[29]. The software contained 4 lines with 12 indentations each (an average of 48 indentations) and a
spacing of 80 um. Each indentation was made with a force of 10 mN.

2.7. Friction Coefficient

The friction coefficient of the obtained VN films was evaluated by the ball-on flat method via
dry slide examination with a ball from a hardened steel of UMT-2M tribotester —Bruker—CETR
(Campbell, CA, USA). The experiments were performed at a loading force of 2 N and 5 N for 5
minutes. All measurements were made at room temperature (~25 °C), an air humidity of 30-40%, a
constant velocity of 10 mm/s and a sliding distance of 1 cm.

2.8. Corrosion Behavior

Preparation of the samples for corrosion testing involved attaching each sample to a crocodile
clip, then sealing the contact points and uncoated sides with an epoxy resin layer. Electrochemical
tests were conducted in a 20 mL single-compartment cell using a three-electrode setup. The samples
served as the working electrode, paired with a AglAgCl (saturated KCI) reference electrode and a
platinum wire auxiliary electrode. All measurements employed a Metrohm Autolab Vionic
potentiostat-galvanostat (Utrecht, Netherlands). Solutions were made using ultrapure water (Adrona
B30 Bio, Lithuania) and ACS-grade chemicals.

The samples’ corrosion resistance was tested as previously described [23]. Briefly, the corrosion
potential was measured in phosphate-buffered saline with 0.1 M sodium chloride under equilibrium
conditions, meaning at zero current flow through the electrochemical cell. The coating’s ability to
shield the steel surface from oxidation was assessed using impedance spectra taken across a
frequency range from 10 kHz to 1 Hz, with 10 frequencies per decade (electrochemical impedance
spectroscopy, EIS). Impedance measurements were conducted in a 0.1 M KCl aqueous solution
containing 5 mM ferri/ferrohexacyanoferrates. Polarisation characteristics of the samples were
obtained in aqueous conditions within a 0.05 M phosphate buffer at pH 7.0 with 0.1 M NaCl. They
were recorded over a potential range from -0.6 to 1.1 V vs. Ag| AgCl (saturated KCl reference system).

3. Results and Discussion

3.1. XRD Analysis

XRD patterns of the VN magnetron sputtered films, obtained at different substrates bias
voltages, are exhibited in Figure 1. The substrate phases (y-Fe and a-Fe) were determined using PDF
#060696 and PDF #330397. VN and TiN face-centered cubic (fcc) crystal phases were also identified
using PDF #350768 and PDF #381420, correspondingly. In order to improve the adhesion between the
VN coating and the substrate, TiN interlayer was applied atop the 304L SS substrates. The alteration
of the substrate bias voltage has an effect on the preferred orientation of the structure. Raising the
bias voltage from 0 to — 150 V, a weak peak in (111) direction is observed which disappeared at higher
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bias voltage while the (200) diffraction maxima strongly increases and becomes dominant peak.
When the bias voltage rises from 0 to — 50 V, the (220) peak appears but with further raising of the
bias voltage to — 200 V, this line obliterates. This is probably attributed to equilibration of the
absorption and desorption processes. All specimens exhibit a crystalline structure with a dominant
peak in (200) direction, showing a preferred orientation. The intensive peak in (200) direction in all
VN films could be attributed to a good stoichiometry in ration between vanadium and nitrogen
atoms. The intensity of the diffraction maxima at 20 =43.7° for VN phase in direction (200) raises with
increasing the bias voltage up to — 200 V. This is a result of acceleration of the positive vanadium
atoms towards the substrate, raising their kinetic energy. On the other hand, increasing in the bias
voltage leads to more ionized Ar+ ions and bombarding the film which remarkably can enhance the
adhesion, crystallinity, mechanical properties and wear resistance of the produced VN films as well
as raising the atomic mobility and atomic rearrangement [30,31]. Lower bias voltage correlates with
higher residual stresses due to an increase in defect density [32].
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Figure 1. Diffraction patterns of VN films, deposited at different bias voltages.

No essential change in the crystal structure was observed depending on the applied bias voltage.
The X-ray diffraction pattern does not show the presence of amorphous halos, which proves a high
degree of crystallinity of the obtained vanadium- based coatings.

3.2. Fourier-Transform Infrared (FTIR) Spectroscopy

The FTIR spectroscopy is a reliable technique which is applied for identification of the functional
groups and exhibits various vibrational modes of different bonds which are presented in the film.
FTIR reflectance spectra of the initial material and VN coatings, obtained at different bias voltages,
are given in Figure 2 and more clearly spectra of the VN coatings are shown in Figure 3. All peaks

are identified.
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Figure 2. FTIR reflectance spectra of VN films deposited at different bias voltages and the substrate.
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Figure 3. More detailed FTIR reflectance spectra of VN films at different bias voltages.

It is reported that the absorption bands, appearing in the spectral range 1000-500 cm™ are
assigned to V-N stretching vibrations. Infrared absorption in this regions are characteristic for
transition metal nitrides [33,34]. For VN films, deposited on 304 L stainless steel, it was observed a
clear peak at 1450 cm-1 corresponding to C-C bonds [35]. The authors in [36,37] reported that the
peak, positioned at 1377 cm-1, is attributed to C=N stretching vibrations. The broad absorption in a
region above 3600 cm™ might be contributed by - OH vibrations due to surface interactions on
nanostructured or high-surface-area VN films. These hydroxyl group vibrations are often appeared
in transition metal nitrides probably due to their high reactiveness and a susceptibility to water
molecules, especially if they are exposed to air [34]. Based on the performed analysis, it can be
concluded that the Infrared lines in the range between 800 cm-1 and 1000 cm-1 indicate a presence of
V-N phase in the deposited coatings.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.3. SEM Analysis

Figure 4 presents the SEM cross-sectional morphology and the thicknesses of the VN films,
deposited in different bias voltages. The results exhibited a reduction in the VN coatings thickness
with the raising of the bias voltage. When the bias voltage increases to — 50 V, the thickness of the VN
films decreases strongly from 1370 nm to 900 nm. Further raising in the bias voltage to — 100 V leads
to linear decrease in the films thickness to 800 nm and with subsequent increase in bias voltage to —
150 V, it was observed a light decrease in the thickness to 790 nm. The lowest value of the thickness
(680 nm) was determined for the VN film, deposited at — 200 V. Overall, the trend towards a gradual
decrease in thickness with increasing bias voltage remains. This reduction is due to a higher kinetic
energy of the vanadium ions from the plasma to the substrate, resulting in the re-sputtering process
of a larger quantity atoms [38,39]. On the other hand, increasing of the bias voltage improves the
adhesion between the coating and substrate and enhances the film density. This means to a more
compact structure and denser coatings. All VN films exhibit homogeneous structure except for the
layer obtained at — 50 V. As it can be seen from the Figure 4, a poor adhesion is observed between the
initial material and VN film, obtained at a negative bias of - 50 V. The inhomogeneity of the discussed
above-mentioned film is probably due to chipping of the coating during the preliminary preparation
to determine the thickness. The chemical composition of the VN coating on 304 L stainless steel
substrate was evaluated by EDX analysis. The results showed 35.33 wt.% V, 3.45wt% Ti, 54.55 wt.%
N, 1.34 wt. % Cr,4.68 wt% Fe and 0.65 wt% Ni.

(0 (d)
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Figure 4. SEM cross-section images of VN coatings, produced at a bias voltage of: (a) 0 V; (b) - 50 V; (c) - 100 V;
(d) — 150 V; (e) — 200 V; (f) chemical composition of VN coatings on 304 L stainless steel substrates by EDX

analysis.

3.4. AFM Analysis

The surface roughness of the VN films, produced at various bias voltages on 304L stainless steel
substrates, was estimated by Atomic Force Microscopy. The variation of substrate bias voltage during
the deposition process plays an important role in controlling surface roughness by ion bombardment
energy. AFM surface images of the as-deposited VN coatings are exhibited in Figure 5. In previous
our study [23], the surface roughness of the initial material was evaluated to be 216 nm. Applying a
negative bias voltage to the substrate, the surface roughness strongly decreases to 24 nm. Raising the
bias voltage up to — 100 V and - 150 V, the roughness gradually diminishes to 22 nm and 21 nm.
Further increasing the bias voltage to —200 V leads to decrease in the surface roughness to 15nm. Low
roughness, which is achieved at —200 V, is related to improvement in adatoms mobility and enhanced
ion bombarding energy. This contributes for a denser and more compact structure, as well as a good
adhesion between the film and the bare material [40]. In addition, the smoothness of the layer is
attributed to an optimal ratio of technological parameters such as discharge current, appropriate bias
voltage, temperature during the magnetron sputtering process deposition. The well-chosen
technological conditions and, in particular, the bias voltage significantly effects on the microstructure,
mechanical properties and tribological performance of the films. Lower bias voltage causes rougher
surface with more defects and inhomogeneous films due to insufficient ion bombardment energy as
a result of low atomic mobility [41].

’120,5 nm
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Figure 5. Three-dimensional AFM images of VN films, deposited at a bias voltage of: (a) 0 V; (b) - 50 V; (c) — 100
V; (d)-150V; (e) -200 V.

3.5. Mechanical Properties

Figure 6 indicates the hardness and elastic modulus of VN ceramic films, obtained by DC
magnetron sputtering at different bias voltages. The lowest value of the hardness (24 GPa) is observed
for the VN film, deposited at 0 V which is attributed to the lower compressive stresses in the film [42].
Applying the negative bias voltage to — 100 V, the hardness strongly increases to 36.2 GPa, followed
by a rapid decrease in the hardness to 6.7 GPa at — 200 V. Higher bias voltage raises bombardment
energy of the particles falling on the substrate and leads to higher compressive stresses and as a result
an enhancement in the VN coatings mechanical properties. On the other hand, the improvement in
VN film hardness (36.2 GPa) at — 200 V contributes for denser microstructure with fewer defects and
better adhesion between the coating and film. According to Wan in Reference [43], the sharp drop in
film hardness is due to recrystallization and relaxation processes.
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Figure 6. Hardness and elastic modulus of VN coatings as a function of a negative bias voltage.

The elastic modulus of VN films, obtained at various bias voltages, are also plotted in Figure 6.
Young’'s modulus determines the material resistance to non-permanent elastic deformation. The
highest value of elastic modulus (317.73 GPa) is estimated in the VN layer at — 100 V and the lowest
modulus of elasticity (207.36 GPa) is achieved in the coating at — 200 V. The evaluated values of
Young’s modulus in our work are lower in comparison with the data, reported by the researchers in
Reference [44] where the elastic modulus gets to 370 GPa. The probable reason for this diminution is
more compact microstructure of the films and high compressive stresses. The higher values of
Young's modulus show denser and uniform films as a result of atomic mobility, enhanced stiffness
of the material and negligible deformation. The authors in [45] reported the relationship between
mechanical behavior of the VN films and their structure. According to them, the improvement in
mechanical properties is related to dense structure and stoichiometric films.

The penetration depth curves of VN films, deposited at various substrate bias voltages, are
displayed in Figure 7. It is obvious that for VN film, produced at a bias voltage of — 200 V, the slope
of the loading and unloading curves is much larger and maximum penetration depth is bigger
compared to the other coatings. This means a deterioration of mechanical properties probably due to
brittleness and increase in defects.

Load {mMN)
Load (mMN)

0048 009 0144 0192 0.240
Depth (um)

004 008 012 0.16 0.20
Depth (um)

(a) (b)
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Figure 7. Load - indentation depth curve for VN films with a constant applied force of 10 mN at a bias voltage
of: (a) 0 V; (b) - 50 V; (¢) - 100 V; (d) - 150 V; (e) - 200 V.

The relationship between hardness and modulus of elasticity is of great importance in
determining the materials properties. H/E ratio exhibits the elastic deformation of the material and it
can be a good indicator for its wear resistance [46]. H3/E2 parameter reflects permanent deformation
of the material no change in stress and applied load. The mechanical properties of VN films, obtained
at various bias voltages, are given in Table 1. The results show that raising the bias voltage up to —
100V, the elastic and plastic deformation slightly increase, following by a gradual drop with rising
the bias voltage to — 200 V. The highest values of wear resistance (0.114) and resistance to plastic
deformation (0.478) are achieved for the VN film, grown at — 100 V due to high density of the film
and high strength of the material which makes it suitable for application in modern industry. The
film, obtained at — 200 V, indicates the lowest values of H/E and H3/E? ratios which testify to
susceptibility to wear and poor toughness.

Table 1. Mechanical characteristics of the deposited VN films at various bias voltages.

VN samples Hardness, GPa Elastic modulus, GPa H/E ratio H3/E2 ratio
ov 24.00 +4.03 236.02 +27.86 0.101 0.248
-50V 34.50 +5.03 316.45 + 35.66 0.107 0.001
-100V 36.20 + 5.60 317.73 +32.86 0.102'114 0.478
-150V 30.83 +4.89 302.38 +44.75 0.032 0.321
-200V 6.7 £0.64 207.36 +23.09 0.007

3.6. Friction Coefficient

Figure 8 illustrates the friction coefficients of VN films, deposited on 304 L stainless steel, at a
loading force of 2 N and 5 N for 5 minutes by ball-on flat method. It is apparent from the figure that
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friction coefficients vary between 0.4 and 0.7 as they follow a similar trend for both loads. The lowest
friction coefficient (COF) was estimated to be 0.42 and 0.44 at — 200 V for a loading force of 2 N and 5
N, respectively. This is associated with the surface roughness according to authors in Reference [47].
The surface of VN film, deposited at — 200 V, is smooth and COF is relatively low (0.4) for both loads
which proves high wear resistance of this film. When the bias voltage raises, the kinetic energy of
ions which bombard the initial material increases, too. This leads to improvement in the density of
the VN film, diminution in porosity and surface without asperities. These changes contribute for
reduction in friction coefficient and improvement in tribological performance. The high values of
plastic deformation enhance tribological performance of the films [48,49]. The wear is higher at
rougher surface which is a result of the inefficient effective contact area between the surfaces and
tribological properties of the films worsen. The coefficient of friction is strongly affected by the surface
roughness. At first, raising the bias voltage from 0 to — 50 V, the friction coefficient significantly
increases to 0.7 which is a result of a high surface roughness (24 nm). As the substrate bias voltage
increases to — 200 V, the coefficient of friction decreases with the surface roughness (15 nm). These
results are in a good agreement with AFM measurements in our research.

1.0 1.0

0.8 -0.8

0s- /\' . 0.6
o.4:/\./\.' |

] —=—aloadof2N oA
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] 0.2
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Figure 8. Variation of the VN films friction coefficients with the substrate bias voltages at different loads.

3.7. Corrosion Resistance

Corrosion potentials of the samples were determined at open circuit (i.e.,, with no current
flowing through the cell) over 120 s until an equilibrium potential was reached. The authentic records
of the samples’ potentials versus time are shown in Figure 9.
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Figure 9. Corrosion potential of magnetron - sputtered VN coatings in 0.1 M NaCl- containing phosphate buffer
solution (pH = 7.0) as a function of time for reaching equilibrium; electrolyte: phosphate buffered saline, pH =
7.0 containing 0.1 M NaCl.

As can be seen, the equilibrium potentials of all five samples are positive. Interestingly, the two
samples processed at the highest and lowest bias voltages used for magnetron sputtering exhibit the
highest corrosion potentials (black and red curves). In contrast, the other three samples demonstrate
no dependence of the equilibrium potential on the bias voltage. The measured positive corrosion
potentials, which vary over a very narrow interval — from 0.29 to 0.39 V indicate that these samples
are corrosion-resistant even in a medium, containing corrosive agents, such as chloride ions.

The results from the electrochemical impedance spectroscopy (EIS) studies are shown in Figure
10. EIS is an alternating current electrochemical technique that is used to study the sample’s behavior
at the surface-solution interface in the presence of redox species. The data are plotted in coordinates
real impedance, Zre (Q2), versus negative imaginary impedance, —Zim () thus forming the plot of
Nyquist. Each point corresponds to a measurement at different frequency, starting from the high
frequencies (left side), and going down to low frequencies (placed at the right side).
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Figure 10. Impedance spectra of VN-coated samples in 0.1 M KCl, containing 5 mM Ki[Fe(CN)s] and 5 mM
Ks[Fe(CN)e; (a) OV; (b) —200 V; (c) — 100 V; (d) — 150 V; (e) — 50 V; (f) Impedance spectra of VN films, deposited
at different bias voltages.

The impedance spectra of the VN film, obtained at 0 V and - 200 V, possessing the highest
equilibrium potentials show a characteristic EIS spectra of a homogeneous protective layer formed
over the conductive metallic surfaces. The Nyquist plots depicted in Figure 10 a and b, are typical of
nanostructured surfaces with mild surface heterogeneity and possible adsorption of ions present in
the electrolyte. In contrast, the Nyquist plots for the other three specimens, depicted in Figure 10 (c,d
and e) are characteristic of the formation of a fragile layer of the coating, as the resistance of these
samples is very low, suggesting that the metal surface is electrochemically active, not strongly
passivated. The double layer that forms at the sample-electrolyte interface does not behave as an ideal
capacitor. No signs of delayed mass transport are visible in the three spectra. Therefore, it can be
concluded that samples, produced at —50 V, - 100 V and - 150 V have an upper layer that is partially
passivating but not insulating. The coating does not block electron transfer at the interface; it is thin
and continuous and may suppress corrosion, but it does not fully passivate the metal surface.

Figure 11 displays the cyclic voltammograms of all five samples. Cyclic voltammetry is a direct
current potentiodynamic electrochemical technique that measures the current as a function of the
applied potential and is typically used to detect oxidative or reductive processes at the electrode-
solution interface. Since no redox-active species were present during the voltammetric studies,
conducted in phosphate buffered saline at pH 7.0, the peaks observed are attributable to the corrosion
of the metal surface.
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Figure 11. Polarization curves (cyclic voltammograms) of VN- coated samples, scan rate 0.05 V/s; electrolyte 0.05

M phosphate buffer, pH = 7.0 containing 0.1 M NaCl, room temperature.

The polarization studies confirmed that VN films, grown at a bias voltage of 0 V and — 200 V,
which have the highest equilibrium potentials, are the most resistant to corrosion. These two samples
behave as inert conductive surfaces that are unlikely to corrode. The humps observed at potentials
above 0.8 V are most probably caused by partial surface passivation. For the other three samples,
corrosion is evident through significantly higher current values, despite similar contact areas being
examined, as well as more pronounced oxidative peaks at potentials above 0.7 V. In summary, the
three types of electrochemical studies, conducted with all five samples, identified that VN coatings
at 0 V and - 200 V are the most resistant to corrosion.

To sum up, the results, obtained in our study, proved that there is a good possibility for the
deposition of vanadium nitride coatings with low friction coefficient, low surface roughness,
excellent corrosion resistance which make them suitable for industrial manufacture. Raising the
substrate bias voltage, the surface roughness and friction coefficient diminish and enhanced corrosion
protection. The VN film, grown at a bias voltage of — 200 V, exhibited the best combination between
morphology, tribological performance and corrosion resistance. The XRD patterns demonstrated an
existence of VN crystalline phase with the highest intensive peak at 20 = 43.7° in (200) direction.

4. Conclusion

In our study, VN coatings films were prepared on 304L stainless steel substrates by DC
magnetron sputtering method. Mechanical, morphological and corrosion behavior of the as-
deposited VN film were controlled by changing the substrate bias voltage. It was found out a
presence of face-centered cubic (fcc) VN phase by means of XRD analysis and FTIR spectroscopy. The
surface roughness (15 nm) and thickness (680 nm) of the VN coatings decrease with raising the bias
voltage to — 200 V. The highest hardness (36.2 GPa) was achieved in the film at — 100 V due to denser
microstructure with fewer defects and better adhesion between the coating and film. The thickness
was determined by SEM and it was carried out that increasing the bias voltage to — 200 V, the film
thickness (680 nm) decreases. The film, deposited at — 200 V, exhibited the lowest friction coefficient
(0.44) and (0.42) at a loading force of 2 N and 5 N and high protection against corrosion processes
which is an indicator for excellent wear and corrosion resistance. It can be summarize that the
applying the substrate bias voltage contributes for the improvement in mechanical properties,
tribological performance and corrosion behavior of the deposited VN films which make them
appropriate candidates for modern industrial applications.
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