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Abstract 

Vanadium nitride (VN) ceramic layers were deposited on 304 L stainless steel specimens by Direct 

Current (DC) magnetron sputtering in an Ar/N2 gas mixture at substrate temperatures of 250 oC, 300 
oC and 350 oC. The obtained films were evaluated by X-Ray Diffraction (XRD), X-ray photoelectron 

spectrоscopy (XPS) and Atomic force microscopy (AFM). X-Ray diffraction patterns demonstrated 

the presence of (111), (200), (220) and (300) crystallographic orientations, corresponding to the VN 

and V2N phases, respectively. It was found out that the surface roughness (10 nm) diminishes as the 

temperature raises up to 350 oC. The highest hardness (10.6 GPa) was achieved in the layer, produced 

at 300 oC. The low values of the plastic and elastic deformation as well low friction coefficient (0.38) 

lead to enhancement of coatings wear resistance. The films thickness is increased with the raising of 

the temperature due to a presence of nucleation centres in the films. The highest thickness (500 nm) 

is achieved in the layer, deposited at 350 oC. The electrochemical tests exhibited a reliable protection 

against corrosion in strongly aggressive electrolytes. It was proved that the temperature variation 

effects significantly the ceramic coatings structural, morphological, tribological and corrosion 

properties.  

Keywords: physical vapour deposition (PVD); DC magnetron sputtering; VN coatings; surface 

morphology; thickness; hardness; elastic modulus; friction coefficient; corrosion resistance 

 

1. Introduction 

Cutting and forming tools as well as machine components as thrust bearings and fasteners, 

operating in an abrasive medium, undergo degradation after few years. This degradation is 

attributed to severe environmental conditions where corrosion, high-temperature oxidation and 

wear are concerned [1]. One of the approaches for overcoming of this problem is deposition of wear 

and corrosion resistant coatings for enhancing performance, reliability, safe and lifetime of the tools 

and components as well friction decreases [2].  

Vanadium nitride (VN) coatings have increased attention due to their excellent mechanical, high 

melting point, good chemical resistance, good electrical conductivity, low friction coefficient and 

good wear resistance. Vanadium nitride coatings are widely utilized for applications in different 

fields such as: microelectronics, decorative and protective coatings, superconductors, electrical 
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systems for hybrid vehicles load levelling battery during start up, acceleration and braking, memory 

storage systems and digital telecommunications systems [3,4]. 

Various Phase Vapour deposition (PVD) and Chemical vapour deposition (CVD) techniques 

have been used for vanadium nitride films deposition. The authors in Ref. [5] have evaluated the 

influence of the thickness and nitrogen percentage on the structure, mechanical and tribological 

properties of VN coatings, deposited on Si and XC100 steel substrates by reactive magnetron 

sputtering technique. The results showed a polycrystalline structure of the deposited VN films. The 

increasing of the thickness led to the enhancement of the mechanical and tribological properties of 

VN coatings. The vanadium nitride coatings under 20 % nitrogen exhibited higher hardness (26 GPa) 

compared to the films under 10 % nitrogen (24 GPa). The electrochemical behaviour of the reactive 

magnetron-sputtered VN coatings was determined as a function of Si substrates bias voltage between 

0 V and – 150 V [6]. It was found out the VN films grown at a bias voltage of −150 V revealed greater 

corrosion rate and hardness. Unbalanced magnetron sputtering method was applied for hard VN 

coatings production to investigate the correlation between the preferred orientation and the fracture 

toughness. It was observed the higher fracture toughness corresponds to the coating with (200) 

texture [7]. Other scientists have fabricated VN films by pulsed laser deposition (PLD) technique at 

room temperature and 500 °C to investigate the effect of the temperature on the thickness of the 

obtained VN coatings. The results indicated that the thickness of the VN coatings is improved linearly 

with the temperature [8]. The investigators in Reference [9] have exhibited the possibility for VN 

films formation applying cathodic arc evaporation method. The experiments were carried out by 

nitrogen pressure from 0.001 Pa to 3 Pa and a substrate negative bias voltage from 50 to 300 V. It was 

observed that the increase in nitrogen pressure and a bias voltage correspond to a high hardness (37 

GPa) and a good adhesion to the substrate as well improved wear resistance of the VN coatings. 

Other way for production of vanadium nitride coatings is using inductively coupled plasma (ICP) 

assisted sputtering at different powers. Increasing ICP power, the coating microstructure changed 

from a porous columnar structure to a dense one. The highest hardness (28.2 GPa) and the smoothest 

surface (1.7 nm) were evaluated for the coatings deposited at 200 W[10]. Chemical vapour deposition 

in-situ reactive deposition technique was used for VN films preparation on T12 steel substrates. The 

results showed a presence of dispersed uneven and abrasive micro-voids on the VN coatings surface. 

It was found out vanadium nitride coatings have a thickness of about 20 µm and grain size of 34.36 

nm [11]. The most common investigated properties of VN films are hardness, elastic modulus and 

structure at different conditions deposition. It was found out a columnar structure. Also, with the 

increasing nitrogen flow rate, two phases –V2N and VN in the coatings were observed, the preferred 

orientation was (111) and the mechanical properties were enhanced. It has been reported the 

correlation between friction coefficient and the thickness of the coatings. Thicker VN films (2500 nm) 

have the lowest friction coefficient of 0.4 [12–15]. The researchers in [16] have investigated the 

influence of nitrogen partial pressure between and substrate negative bias voltage on the hardness of 

VN coatings obtained by magnetron sputtering. The results exhibited higher hardness (23.3 GPa) at 

a bias voltage of – 200 V and a partial pressure of 0.23 Pa. Gueddaoui et al. have prepared 

polycrystalline vanadium nitrides films on Si substrates at nitrogen flow varying between 0 and 15 

sccm by DC planar magnetron sputtering. It was understood at low nitrogen (below 4 sccm) the 

crystalline phase b-V2N1-x was appeared and over this value of nitrogen flow the crystalline phase δ 

– VN 1-x was existed [17]. Mechanical and tribological performance of VN films, deposited by arc-

evaporation method, depending on the surface defects were studied. The results showed a significant 

negative influence on tribological behaviour of the VN coatings [18]. The coatings on based on VN 

were grown at various angles deposition [19]. The results exhibited lower growth rate with raising 

tilt angle. Vanadium nitride coatings were produced by high power impulse magnetron sputtering 

(HIPIMS) and direct current magnetron sputtering technique on SiO2 substrates. It was found out 

higher density and smoother surface of the VN coatings deposited by HIPIMS compared to DC 

magnetron sputtered VN coatings [20]. The authors in Reference [21] have evaluated the possibility 

for enhancing the wear resistance of the vanadium nitride coatings by adding of Si low quantity into 
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the material. It was found out a significant improvement in hardness and tribological properties of 

the VN coating deposited by magnetron sputtering technique.  

It is obvious VN films are produced by different techniques on various substrates. One of the 

most common method for VN layers deposition is direct current magnetron sputtering due to use of 

non-toxic working gases, a high degree of smoothness, uniformity and density of the deposited 

coatings. On the other hand, the VN films deposition on 304 L stainless steel substrates at various 

technological parameters has not been investigated in details. For this purpose, we deposited VN 

films on 304 L stainless steel substrates at a temperature of 250 oC, 300 oC and 350 oC by DC magnetron 

sputtering technique. Our study aims to investigate the effect of the temperature on the structure, 

morphology, mechanical and corrosion properties of the VN coatings, deposited on 304 L stainless 

steel substrates.  

2. Materials and Methods 

2.1. VN Films Deposition and Applied Technology 

The VN coatings were deposited on 304 L stainless steel substrates with the following 

composition: 0.029 wt.% C; 0.3 wt.% Si; 1.6 wt% Mn; 0.026 wt.% P; 0.001 wt.% S; 0.065 wt.% N; 18.06 

wt.% Cr and 8.0 wt.% Ni. The experiments were carried out at temperatures of 250 oC, 300 oC and 350 
oC by direct current magnetron sputtering (DCMS). The substrates were polished mechanically and 

then being loaded into the deposition chamber. The diameter of the sputtered target was 100 mm as 

the purity of V was 99.8%. The technological regime for VN films deposition includes three main 

processes: 

1. Cathode cleaning –  This is a process of high energetic ion bombardment at which 304 L 

stainless steel substrates were etched by Ar positive ions for 10 minutes at a bias voltage of 1050 

V to remove surface contaminations, including the oxide layers from the substrates surface. This 

process is performed at the following technological conditions: 

• A working pressure (the working gas is Ar) — before the deposition process, the vacuum 

chamber was evacuated to a base pressure of PAr = 8 Pa; 

• A discharge voltage U = 900 V; 

• A discharge current I = 0.1 A; 

• A temperature t◦ = 270 ◦C; 

• A cleaning time t = 10 min. 

2. Deposition of intermediate pure V layer in order to improve the adhesion between the coatings 

and the substrate. This process is performed at the following conditions: 

• A working pressure PAr = 9 × 10−2 Pa; 

• A discharge voltage U = 460 V; 

• A discharge current I = 1 A; 

• A temperature t◦ = 250 ◦C; 

• Deposition time t = 3 min. 

3. Deposition process of VN coatings – The production process took place in Ar-N2 atmosphere 

and the substrates bias voltage – 50 V.  

• A nitrogen pressure PAr = 2.4 × 10−2 Pa; 

• Pressure ratio between reactive and inert gas PN2/PAr = 2.3; 

• A voltage U = 575 V; 

• Substrates temperatures — vanadium nitride coatings were deposited at a temperature of 

250 oC, 300 oC and 350 oC. 

• A constant current I = 1 A; 

• A deposition time t= 30 min. 

The principle scheme of the used vacuum equipment „TITAN 22” for nitride coatings deposition 

is given in Figure 1.  
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Figure 1. A principle scheme of the direct current magnetron sputtering technology [22]. 

2.2. XRD Analysis 

X-ray diffraction method was assessed to evaluate the crystalline structure of the experiments of 

the samples were performed by Empyrean system (Malvern Panalytical) equipped with parabolic X-

ray mirror, parallel plate collimator and scintillation detector with Cu Kα radiation. The experiments 

were performed at 2θ from 30 to 85° with a step size of 0.05° and scan step time of 1.5 s. Phase 

identification was carried out using ICDD (International Centre for Date Diffraction) database to 

determine the phases of the films.  

2.3. XPS Analysis 

X-ray photoelectron spectra (XPS) studies were performed in a VG ESCALAB II electron 

spectrometer using AlKα radiation with an energy of 1486.6 eV. The binding energies (BE) were 

determined with an accuracy of ±0.1 eV. The changes in composition and chemical surrounding in 

the depth (5-10nm) of the films were determined on the basis of the areas and binding energies of 

C1s, O1s, N1s and V2p photoelectron peaks (after Shirley-type subtraction of the background) and 

Scofield’s photoionization cross-sections. 

2.4. AFM Investigations 

The surface morphology, as well the roughness of the VN layers and the initial material, were 

estimated by means of Atomic Force Microscopy (AFM)—MFP-3D, Asylum Research, Oxford 

Instruments, Santa Barbara, CA, 93117, USA. The AFM equipment was used to characterize the 

surface topography of the coatings. The studies were realized in non-contact mode (AC-mode) of 

operation, and the scanned area for all samples was 40 × 40 μm. During the measurements, Si-

Tap300Al-G (standard type, budget Sensors) with a frequency of 300 kHz and an elasticity coefficient 

of k = 20 N/m were used. The data was analyzed and the surface roughness (root mean square 

deviation, RMS) was calculated by a special software—IgorPro 6.37.  

2.5. Thickness 
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To determine the thickness of the VN layers we used an optical microscope (3D Optical profiler, 

Zeta-20, Zeta Instruments, Milpitas, CA, USA). All experiments were performed at room 

temperature. The optical images of the layers were obtained using a magnification 50x objective lens. 

The Zeta system scans samples over a user specified vertical (or Z) range. Vertical (Z) resolution is < 

1 nm. 

2.6. Mechanical Properties 

The hardness and elastic modulus were determined by Nanomechanical Tester (Bruker). The 

Young modulus and hardness are calculated by utilizing the Oliver-Pharr method [23]. The software 

program contained 4 lines with 12 indentations each (a total of 48 indentations) and spacing of 80 

µm. Each indentation was made with a force of 50 mN. 

2.7. Tribological Behavior 

The tribological properties are assessed via dry slide examination by ball-on-flat with ball from 

hardened steel of UMT-2M (Bruker - CETR) tribotester. The experiments were carried out at a loading 

force of 2 N, for 5 and 10 min. All tests were performed at room temperature (~ 25° С) and air 

humidity 30-40 %.  

2.8. Corrosion Studies 

Reagents used in corrosion studies were: potassium hexacyanoferrates K3[Fe(CN)6] and 

K4[Fe(CN)6], salts for preparation of buffer solutions (mono- and dibasic potassium phosphates) and 

KCl, all of reagent grade (purity  98 %), all of them used without further purification. An ultrapure 

water (0.055 μS cm-1, Adrona B30 Bio, Vilnius, Lithuania) and reagent grade chemicals were used to 

prepare buffer solutions and the electrolytes for running electrochemical experiments. 

The specimens under investigation were 2-3 mm thick circle-shaped lamellae with one side 

coated with VN, and the rest of them was initial material. Prior to the measurements, a crocodile clip 

was connected to each specimen. After that, the non-coated sides of each sample were insulated with 

a non-conductive polish and allowed to dry overnight under a fume cupboard. All electrochemical 

measurements were performed in a standard, non-compartmentalized electrochemical cell made of 

Pyrex glass with a working volume of 10–50 mL in a three-electrode configuration. The VN coated 

surfaces were utilized as working electrodes, whilst a Ag/AgCl, 3 M KCl and a Pt wire were reference 

and counter electrodes, respectively, connected to a compact potentiostat–galvanostat Autolab Vionic 

(Metrohm, Utrecht, The Netherlands) with embedded frequency response analyzer (FRA-module) 

for carrying out electrochemical impedance spectroscopy, controlled by Intello software. The 

corrosion resistance of the specimens has been examined as described previously [22]. Firstly, the 

possibility of the vanadium based coatings to protect the substrate surface from corrosion was 

evaluated by the equilibrium potential (at zero current flowing through the electrochemical cell) in a 

0.1 M KCl neutral aqueous solution. The protective function of the VN film against oxidative 

dissolution was determined by the impedance spectra (EIS) with frequencies ranged from 50 kHz to 

1 Hz with 10 frequencies per decade in the same solution, where potassium hexacyanoferrates played 

the role of redox probe. The current variation with the applied potential (known as polarization 

characteristics of the coatings) was investigated by cyclic voltammetry at a scan rate of 50 mV/s in 0.1 

M phosphate buffer with pH = 7.0, and were recorded over the potential region from −0.5 to 1.1 V vs. 

Ag/AgCl, 3 M KCl reference system. The potentials were reported against this reference electrode. 

3. Results and Discussion 

3.1. XRD Analysis 
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Figure 2 exhibits the XRD patterns of the VN coatings deposited at a temperature of 250 oC, 300 
oC and 350 oC. All diffractions maximums are indexed. Phase identification was carried out with 

ICDD Database files PDF #35-0768 and #33-1439 for VN and V2N crystal phases.  

 

Figure 2. XRD patterns of VN coatings at different temperatures. 

For all coatings, three diffraction peaks at 37.6o, 43.7o and 63.5o of face-centred cubic (fcc) VN 

phase and reflections, corresponding to (111), (200) and (220) crystallographic planes, were observed. 

The XRD patterns reveal Bragg peak at 2θ = 43.7° with the highest intensity is at a temperature of 350 
oC and corresponds to reflections in the (200) planes. This indicates a high degree of crystallinity. The 

peak intensity for VN phase in direction (200) rises with increasing of the substrate temperature up 

to 350oC due to the higher energy with which Ar positive ions bombards vanadium target. Also, the 

grains oriented in direction (200) are dominated, as (200) peak becomes more remarkable at higher 

growth temperature. On the other hand, this enhances the probability one vanadium atom reacts 

with one nitrogen atom (V: N =1:1). We also notice the existence of the other peaks for V2N phase at 

2θ=41.7° and 65.8o which were associated with reflections in (211) and (300) crystallographic planes 

for all VN samples. The presence of V2N phase for all coatings proves that VN film is a mixture of 

VN and V2N phases. As regards V2N phase, the peak in direction (300) raises insignificantly at a 

higher temperature. However, increasing the deposition temperature up to 350 oC, the peak, 

corresponding to V2N phase in (211) direction, gets almost invisible. This phenomenon occurs that at 

high temperatures V2N phase is unstable. The same effect is observed at VN coatings deposition by 

HIPIMS at different growth temperatures [24]. According to the Nelkel [25], the peak high intensity 

depends on the stoichiometry of the deposited VN films. If the vanadium and nitrogen atoms have 

approximately equal ratio, the diffraction feature is more intensive and the quantity of the VN bonds 

increases. Applying a high temperature to the substrate, the atomic mobility and rearrangement are 

also raised. A decrease in the temperature means a small quantity of nitrogen atoms will be 

incorporated into the VN crystal lattice and lower thermal energy [26].  

3.2. XPS Analysis 

The surface composition and chemical state of VN films, deposited at a temperature of 250o C, 

300o C  and 350o C, were assessed by XPS measurement. The analysis shows that the chemical 

elements C, O, N and V are registered on the surface and their quantitative composition is presented 

in Table 1.  

Table 1. XPS results of quantitative composition on the surface. 
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VN samples C, at.% O, at.% V, at.% N, at.% 

250oC 68.5 16.3 4.4 10.8 

300oC 77.1 12.2 2.6 8.1 

350oC 70.2 17.3 3.6 8.9 

The presence of the high concentration of oxygen on the VN films surface is probably due to 

contaminations or residual oxygen in the deposition vacuum chamber [13]. The C1s spectra and the 

V2p3/2 spectra are shown in Figure 3. It can be seen that the carbon spectra are decomposed into 

three peaks, which are attributed to the C-C bonds (adventitious carbon), C-N and C=O. The V2p 

spectra contains two lines - the first one V2p3/2 is fixed at 513.7 eV and second V2p1/2 at 521.1 eV. The 

V2p1/2 peak overlaps with the satellite of the oxygen spectrum and for this reason only the V2p3/2 

peak is decomposed. The deconvolution displays two oxidation states of vanadium: V3+ in V-N 

(assigning to V2N phases), V3+ in V2O3 and V5+ in V2О5. These results are in the accordance to the data, 

obtained in XRD analysis. The concentrations and binding energies of the different types of vanadium 

are presented in Table 2. The data exhibits a decrease in V-N phase concentration in the VN coatings 

with raising of the substrate temperature. This reduction is probably due to the low quantity of 

vanadium and nitrogen atoms that are deposited on the substrate surface and lower rate during the 

deposition process [27]. The results in our study are in a good agreement with ones, described by the 

authors in Reference [28]. The XPS spectra in the V2p, O1s and N1s levels of the vanadium layers, 

deposited at different substrate temperatures, are exhibited in Figure 4. The oxygen spectra have two 

strong features, corresponding to oxygen bound to vanadium at 530.4 eV and a carbonyl group at 

532.2 eV. In N1s spectra, the binding energies of the peaks are positioned at 396.8 eV and 400.1 eV 

and are assigned to V-N and C-N bonds, respectively [29,30]. The peak intensity, corresponded to V-

N phase, increases at a temperature of 350oC as a result of high energy of interaction between 

vanadium and nitrogen atoms [31].  

Table 2. The percentages of V from various species. 

Binding energy, eV Oxidation state  Concentration, %  

  250oC 300oC 350oC 

513.7 V3+ ➔V-N 40.0 27.3 32.7 

515.2 V3+ ➔V-O 38.6 23.7 37.6 

517.0 V4+ ➔V-O 36.9 26.0 37.0 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 July 2025 doi:10.20944/preprints202507.0214.v1

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

https://doi.org/10.20944/preprints202507.0214.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 20 

 

  
(a) (b) 

Figure 3. Deconvolution of photoelectron spectra of: (a) C1s; (b) V2p3/2 of VN layers at various temperatures. 

  
(a) (b) 

Figure 4. Photoelectron spectra of: (a) N1s; (b) O1s and V2p of VN layers, deposited at substrate different 

temperatures. 

The XPS observations showed the existence of V-N, C-N, V-O and C=O. bonds on the surface of 

the VN films. It can be noted that temperature treatment has an impact on the quantity of vanadium 

on the surface. The highest amount of vanadium is observed at treatment of 2500C, as confirmed by 

the table with the different species of vanadium.  
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3.3. AFM Analysis 

Surface roughness of VN films, deposited at different substrates temperatures on 304 L stainless 

steel substrates, is investigated by Atomic Force Microscopy. 3D AFM surface images of VN coatings 

are given in Figure 5. It is also exhibited a surface morphology of the bare material to estimate the 

effect of the temperature on surface properties of the initial material. 

The alteration of the substrate temperature during the magnetron sputtering process influences 

on the surface roughness of the as-deposited VN films. It was found out the Nano roughness of the 

bare substrate is 216 nm. Applying the temperature of 250 oC to the initial material, the surface of the 

VN film gets smoother and the roughness diminished significantly to 16 nm. Increasing the substrate 

temperature up to 300 oC leads to a slight increase in the surface roughness up to 18 nm and a 

subsequent decrease to 10 nm at a substrate temperature of 350 oC. Increasing the temperature up to 

350 oC leads to a decrease in the crystallites size and lower roughness. For all specimens, it is observed 

a wave-like topography. The lower roughness is probably due to the small quantity of vanadium ions 

which bombards the substrate surface. On the other hand, the smoother surface results in the low 

presence of microstains. Besides, the lower value of the roughness with raising of the temperature is 

attributed to a good homogeneity in the film composition, redistribution of internal stresses in the 

layer and enhanced density of the coating. 

  
(a) (b) 

  

(c) (d) 

Figure 5. Three- dimensional AFM images of: (a) the base material and VN coatings deposited at: (b) 250 °C; (c) 

300 °C; (d) 350 °C. 

It is possible the smoother surface contributes for increasing of the corrosion resistance of the 

films when they are exposed to chloride-containing solutions [32]. The lowest surface roughness is 

achieved for the VN coating, produced at a temperature of 350 oC, as a result of the enough raised 

ion flux and bombarding energy. The high temperature is related to the higher energy, the smooth 

surface and a low quantity of defects on the surface of the films [33,34].  

3.4. Thickness 
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The deposition temperature is one of the most important factor, affecting on the thickness and 

microstructure of the as-deposited vanadium nitride coatings. The VN films thickness as a function 

of the substrate temperatures is displayed in Figure 6 and the optical 2D images are given in Figure 

7. 

 

Figure 6. Variation of the thickness with the substrate temperature. 

(a) 

 

(b) 

 
(c) 

 

 

Figure 7. Two-dimensional optical images of the VN coatings, deposited at: (a) 250 °C; (b) 300 °C; (c) 350 °C. 

The results exhibited a linear increase in the coatings thickness with the raising of the 

temperature. The VN coating, deposited at 250 oC, shows a thickness of 350 nm. Rising the 

temperature up to 350 oC, the thickness of the vanadium nitride sample is enhanced (557 nm). The 

higher temperature during the deposition leads to thicken of the layer due to the higher kinetic 
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energy of the vanadium atoms, deposited on the surface and the adhesion improvement between the 

bare material and film. This phenomena can be resulted in a presence of the nucleation sites which 

probably enhance the thickness of the as-deposited film. [35,36]. The nucleation process is the initial 

stage in the phase transition for formation of a new phase or structure in the coating. The phase 

transitions require enough energy to overcome the energetic barrier of new phase formation. Also, 

the nucleation sites provide the surface by lowing the energetic barrier and make it easier for 

production of the new phase. The highest thickness (500 nm) of the VN film is probably attributed to 

the denser structure and low compressive residual stresses, proving a lack of defects in the film 

during it growth [37]. On the other hand, the film with the highest thickness exhibited the higher 

intensive peak for V-N phase in (200) direction which is in a good agreement with XRD results in our 

study. It was found out that the increasing of the thickness is related to more quantity of V2O5 in the 

film and a good adhesion between the substrate and coating. The thicker film provides low surface 

roughness, the coating with a high density, reduction the friction coefficient and enhancement in the 

tribological properties.  

3.5. Mechanical Properties 

The hardness and elastic modulus of the VN films, produced at a substrate temperature of 250oC, 

300 oC and 350 oC by D.C. magnetron sputtering method, are given in Figure 8. It can be observed 

diminution in the hardness and elastic modulus with the increasing of the temperature due to change 

in the films stresses. The highest hardness (10.6 GPa) is achieved in the film, deposited at 300 oC and 

the lowest value of the hardness (9.5 GPa) is obtained at a temperature of 350 oC. The enhancement 

in the coating hardness is related to the highest quantity of V-N bonds in the layer. According to the 

authors in Reference [38], the high hardness is a result of high compressive stresses in the film and a 

good stoichiometry between vanadium and nitrogen ions. On the other hand, raising of the substrate 

temperature leads to decrease in the surface roughness and the hardness due to smaller size of the 

crystallites and the unevenness of the VN film. Besides, the reduction in the coatings hardness result 

in the presence of V2O5 phase which is confirmed by the XPS measurements in our study.  

The modulus of elasticity characterizes the stiffness of the material to resist deformation under 

the tension or compression. The highest Young ‘modulus (208 GPa) is observed for the film, deposited 

at a temperature of 300 oC and the lowest value of the elasticity modulus (191 GPa) is achieved in the 

coating at a temperature of 350 oC. These values are significantly lower compared to the results, 

reported by Huang et al. where the elastic modulus for VN film reaches to 370 GPa [12]. According 

to the researchers in Reference [39], this distinction is probably attributed to high compressive 

stresses and the smooth surface of the films. Zhang et al. [40] reported lower values of the elastic 

modulus due to more porous structure in the coatings. The high values of elasticity modulus 

correspond to the increased stiffness of the material and a small deformation [41]. According to the 

authors in Reference [42], the mechanical behavior of the vanadium coatings depends on their 

structure. The films with a good density and homogeneity enhance remarkably their hardness and 

elastic modulus [43,44]. In our study, vanadium nitride layer, deposited at 300 oC, is the densest and 

homogeneous.  
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Figure 8. Variation of hardness and elastic modulus of the VN films with the substrate temperature. 

The hardness and elastic modulus ratios (H/E or H3/E2) have an important significance for 

determination of the functional properties of the materials. H/E ratio evaluates the elastic 

deformation which is related to the ability of the film to resist loads. H3/E2 parameter characterizes 

the plasticity of the film which undergoes irreversible deformation without any change in stresses or 

loads. Table 3 gives information for mechanical characteristics of the VN coatings, deposited at 

different temperatures.  

Table 3. Mechanical characteristics of the deposited VN films at different temperatures. 

VN samples Hardness, GPa Elastic modulus, GPa H/E ratio H3/E2 ratio 

250oC 9.7 ± 0.8 198 ± 18 0.048 0.023 

300oC 10.6 ±1.4  208 ± 28 0.051 0.027 

350oC 9.5 ± 0.6 191 ± 14 0.050 0.024 

The temperature is an essential factor for the plasticity of the metal materials. When the 

temperature is increased, the plastic deformation is enhanced and the material gets more malleable. 

This leads to a high strength of the material and make it suitable for many applications. In our study, 

the obtained results are very close each other but the highest values of H/E (0.051) and H3/E2 (0.027) 

ratios are obtained for the vanadium nitride coating at a temperature of 300 oC. On the other hand, 

the enhancement in the elasticity and plasticity is probably related to improved density of the film 

and the existence of the more stable V-N phase [45]. The lower values of the H/E (0.048) and H3/E2 

(0.023) are observed for the VN layer, produced at 250 oC and it is an indicator for non-enough 

resistance to a plastic deformation and susceptibility to wear. Besides, the high values of elastic 

deformation (H/E ratio) contribute for the improvement in the VN coatings toughness and the wear 

resistance. The relationship between the mechanical properties and structure of the films exists. The 

slight increase in the mechanical properties for VN film at 300 oC can be explained by a larger number 

of the crystallites in (200) direction as established by XRD analysis in our research. Besides, the 

enhancement in the hardness and elastic modulus can be associated to the lower concentration of the 

oxygen (12.2 %) on the surface of the film as it is shown from XPS results. 

3.6. Friction Coefficient 

The elastic and plastic deformations are associated with the films toughness and give an 

information for the tribological performance of the films. The friction coefficients (COF) of VN 
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coatings, obtained at a temperature of 250oC, 300 oC and 350°С, are evaluated by ball-on-flat tests 

sliding opposite tempered ball (with Cr coating) at room temperature and different time. The results 

are shown in Table 4 and are illustrated graphically in Figure 9. 

Table 4. Friction coefficients at different time of the VN films, deposited at 304L SS substrates temperatures. 

Time, min VN – 250 oC VN – 300 oC VN – 350 oC 

5 0.3546 0.4569 0.4579 

10 0.4825 0.5458 0.5226 

From Table 4 it can be seen that the raising of the friction time from 5 to 10 minutes, COF 

increases for all coatings. The similar trend is achieved with increasing of the temperature. Raising of 

VN coatings friction coefficient with increase of friction time would be explained with friction 

mechanism at sliding, owing to material transport from the ball on the coating [46]. The lowest COF 

(0.35) is measured for the VN film, obtained at 250 °С for friction time of 5 minutes and the highest 

value is estimated for the VN film, deposited at 300 oC for 10 minutes. The lower friction coefficient 

is probably due to raised density of the film and an existence of V2O3 and V2O5 which is consistent 

with XPS results. Similar statements were reported by the authors in Reference [47]. According to 

them, the formation of the vanadium oxides is probably cause for lower friction coefficient. No 

essential change is observed in the friction coefficients (0.45) for the layers at 300 and 350 oC and 5 

minutes’ time.  

The coating COF depends on the material, from which the ball is made, as it is shown in 

Reference [48].  As longer time the ball slides on the coating as much material is transferred and in 

this way the friction coefficient enhances. Other authors reported the similar values of friction 

coefficient (0.45) for aforementioned films but at a higher deposition temperature of 400°C [49,50]. 

The high values of the plastic deformation lead to the improved hardness of the vanadium nitride 

film and a good protection against wear [51]. 

 

Figure 9. Coefficient of friction (COF) obtained in ball-on-flat test of VN coatings (temperature deposition – 250, 

300 and 350 °C sliding against hardened steel ball at room temperature). 

A relationship between the surface roughness and friction coefficient for the investigated films 

is found out. It is displayed that the friction coefficient (0.5226) increases with diminution of the 

surface roughness (10 nm) for the VN sample, obtained at 350 oC. Aissani et al. in [5] show a friction 

coefficient of 0.61 which can be explained by a formation of unstable phase V2N. The enhancement 

in the friction coefficient with raising of the temperature can be resulted in obtaining of the films` 

wear debris [52]. On the other hand, the rougher a surface is, the higher friction coefficient is 

compared to the surfaces without asperities. The friction is directly related to the wear. When the 
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surface is uneven, the wear is faster.  This is attributed to the lower effective contact area between 

the mating surfaces and the wear resistance of the films decreases. 

3.7. Corrosion Resistance 

The protective role that the coating of VN, annealed at three different temperatures, plays over 

the substrate was estimated on the basis of the following electrochemical techniques: determination 

of the equilibrium potential at open circuit (OCP measurements); impedance studies (EIS) and 

polarization studies implemented by means of cyclic voltammetry (CV).  The corrosion protection 

of the samples, ensured by the VN films, was characterized by electrochemical studies, carried out at 

equilibrium conditions without or with small perturbations (measurements of the open circuit 

potentials, OCP and impedance studies). An open circuit technique (at zero current flowing through 

the cell, until an equilibrium value is reached) was used to determine the corrosion potentials of the 

as-deposited VN films. Table 5 shows the measured OCP values, reported vs. a Ag|AgCl, 3 M KCl 

reference electrode, determined in 0.1 M KCl, pH = 7.0.  

Table 5. Open circuit potentials of the VN coated stainless steel (annealed at temperatures 250, 300 and 350oC) 

determined in 0.1 M KCl, neutral aqueous medium. 

No  Sample  OCP, V  OCP2 , V* 

1 VN 250 oC 0.245 0.266 

2 VN 300 oC 0.236 0.266 

3 VN 350 oC 0.224 0.264 

* OCP2 values were measured after performing polarization studies by cyclic voltammetry. 

For comparison, 304 L stainless steel initial material exhibits a corrosion potential of −0.652 mV 

[53] that is a proof for enhancement of the vanadium nitride coated specimen`s corrosion resistance, 

as it can be seen from Table 5. Taking into account that the reference electrode is 200 mV more positive 

than the standard hydrogen electrode (SHE), the resulting positive values of the OCPs found for VN 

coated samples, produced at temperatures of 250, 300 and 350 oC, undoubtedly indicate that these 

specimens would not corrode even in chloride ions-containing solutions, as chlorides are evaluated 

to be ones of the most aggressive corrosive agents.  

The above considered statements for the corrosion behavior of the investigated films are in a 

good agreement with the EIS studies, as shown in Figure 10.  

 

Figure 10. Electrochemical impedance spectra (Nyquist plots) of VN coated stainless steel samples, treated at the 

following temperatures: 250, 300 and 350 o C. 
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Electrochemical Impedance Spectroscopy (EIS) is a well-known qualitative method for 

evaluation of the corrosion behaviour at the interface of the coating and electrolyte solution 

containing a redox probe. Also, the data, obtained by this technique, are reliable and can predict the 

long-term performance of the protective coatings. As it can be seen from Figure 10, the impedance 

spectra of the VN films, deposited at a temperature of 250 and 300 oC, exhibit an appearance of a 

semi-circle, proving the formation of a homogeneous protective layer over their metallic surface. The 

EIS measurements show the inability of redox particles to reach the conductive surface to reduce or 

oxidize over it and the semi-circle’s diameter raises with the density of the protective VN layer. On 

the other hand, as the temperature of the treated sample raises, the diameters of the impedance 

spectra semi-circles for the samples under study decrease. The vanadium nitride films, produced at 

250 and 300 oC, demonstrate the best protection against corrosion, as it can be observed from the 

semi-circle diameter of the Nyquist plot. The specimen, obtained at 350oC, provides much weaker 

protecting ability to the metal substrate due to the much smaller resistance of the charge transfer as 

the semi-circle diameter reduces drastically.  

The potentiodynamic technique, which is used to detect the presence of oxidation and reduction 

processes at the interface electrode–electrolyte, is cyclic voltammetry (CV). CV is a direct current 

electrochemical technique that examines the relationship between different current values at a 

potential varying linearly with time from an initial to an end value and then back to the beginning 

one. The polarization behavior of all VN samples was followed in the absence of strong corrosion 

agents – e.g. chloride ions, as it can be deduced from Figure 11.  

 

Figure 11. Cyclic voltammograms of VN coated stainless steel in 0.1 M phosphate buffer, pH = 7.0; scan rate 50 

mV/s, room temperature. 

It can be seen that all studied samples are characterized by the appearance of a pair of two well-

defined peaks: the first one is observed at the forward scan at 200- 250 mV, while the peak on the 

backward scan raises at -100 mV, thus implying an irreversible redox process. The sample behavior 

at applied potentials exceeding 550 mV is described with sharp current increase and the shape of 

cyclic voltammograms is typical for faradaic processes – e.g. sample dissolution. No signs of such 

were observed, however, after removing the samples from the electrolytic solution where the 

corrosion tests were performed. It is plausible that a new surface compound is formed upon testing 

the samples in the neutral phosphate buffer. Analogously to EIS studies, the both specimens, 

deposited at 250 and 300 oC manifest smaller faradaic currents compared to the sample treated at a 

temperature of 350 oC.    

In order to investigate the consequences from the polarization tests of the examined samples, a 

second round of impedance studies were performed under equivalent experimental conditions 

(Figure 12). The resulting EIS spectra suggest that both the shape and the charge transfer resistance 
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changed drastically: unlike the Nyquist plots of the samples obtained with the first impedance tests 

that varied from sample to sample, the second ones appear very similar, with scarcely expressed 

semi-circles, followed by a linear tail tilted at 450. The last finding indicates strong diffusion control 

over the redox probe reaching the metal surface. The other important finding is the vastly reduced 

charge transfer resistance as compared with the first impedance tests: for the VN film at 250oC it 

decay is the most substantial (~ 20 times), while the other two samples indicate a reduction of the 

charge transfer resistance of 8 and 5 times for VN coatings at 300 oC and 350oC, respectively.  

The surface roughness and adhesion of the coatings have an important role for their protection 

against corrosion processes. The good adhesion between coating and substrate material diminishes 

the roughness and improves the corrosion resistance of the films [54]. As regards to the bare substrate, 

namely 304 L stainless steel, the significant value of the roughness (216 nm) is responsible for 

decreasing in the potential in the strong aggressive solutions.  

 

Figure 12. Impedance studies of VN: electrochemical impedance spectra (Nyquist plots) of VN coated stainless 

steel samples treated at different temperatures. The EIS tests followed the polarization measurements. 

Summarizing, the performed studies on the corrosion resistance if VN coated stainless steel 

indicate, that the layer of VN, deposited over the sample’s surface, definitely protects the steel from 

corrosion even in the presence of strong corrosion agents (e.g. chloride ions).  

The obtained results in our research exhibited good possibility for deposition of nanostructured 

coatings with low roughness and friction coefficient. The XRD patterns demonstrated a presence of 

VN and V2N phases as the peak of V2N gets insignificant at higher temperature. It was proved that 

the rising of the substrate temperature leads to low surface roughness. The raising of the VN films 

thickness improves the mechanical properties, enhances crystallinity and the adhesion between the 

bare material and film and reduces the surface roughness. The high density and smoothness of the 

vanadium nitride coatings decrease the friction coefficient and contribute for enhancement of the as-

deposited films` wear resistance. The electrochemical tests revealed a remarkable positive shift of the 

corrosion potential for all films in comparison with the initial material whose potential is negative. 

The best mechanical, tribological and corrosion properties showed VN films, deposited at 250 oC and 

300 oC which is in a good agreement with the XPS results, obtained in our research. 

4. Conclusions 

In the present study, vanadium nitride coatings films were deposited on 304 L stainless steel 

substrates at a temperature of 250, 300 and 350 oC by DC magnetron sputtering process to investigate 

their effect on the structural, mechanical and tribological properties as well as corrosion behavior of 

the obtained coatings. It was found out a presence of (111), (200) and (220) orientations of the 

crystallites, corresponding to VN and V2N crystal phases, respectively.  Raising of the substrate 
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temperature up to 350oC leads to low quantity of microstrains in the layer. These results were 

confirmed from estimated lattice parameters whose values are close to ones published data in the 

literature. XPS results proved an existence of V-N bonds for all coatings as the highest quantity of the 

V- N phase is observed for the film, produced at 250 oC, showing the lowest friction coefficient at 5 

minute. The films thickness rises with the temperature. The thicker VN coating provides better 

hardness, the smother surface and a good adhesion between the film and the initial material which 

contributes for a good wear resistance. The reduction in the friction coefficient resulted in the 

existence of vanadium oxides- V2O3 and V2O5, which can improve the tribological properties of the 

coating. The surface roughness decreases with rising of the temperature. No essential difference was 

observed in the mechanical properties of the VN films at various temperatures. The electrochemical 

measurements showed a good protection against corrosion processes for all specimens even in the 

strong aggressive agents. The low value of surface roughness, small friction coefficient, the good 

smoothness and the as-deposited VN coatings improved mechanical properties enhance the wear 

resistance and corrosion protection of the films and make them potential candidates for modern 

industrial applications.  
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