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ABSTRACT

Magnetron sputtering is one of the most commonly used deposition techniques,

which has received considerable attention in industrial applications. In partic-

ular, owing to its compatibility with conventional fabrication processes, it can

produce and fabricate high-quality dense thin films of a wide range of materials.

In the present study, nitrogen (N) was combined with pure vanadium in order

to form binary nitride to improve its mechanical and tribological performance.

To evaluate the influence of nitrogen on the structure of the as-deposited

vanadium nitride (VN) coatings, the following techniques were used: XPS, XRD,

SEM, AFM and optical profilometry. The residual stresses were determined by

the curvature method using Stoney’s formula. The hardness and Young’s

modulus were obtained by nanoindentation measurements. The friction

behavior and wear characteristics of the films were evaluated by using a ball-on-

disk tribometer. The obtained results showed that the N/V ratio increased with

increasing the N2 flow rate while the deposition rate decreased. The preferred

orientation was changed from (200) to (111) as the N2 flow rate increased with
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the presence of V–N and V–O binding energies as confirmed by XPS analysis.

The nitrogen addition resulted in a columnar morphology and a fine structure

with fine surface roughness. The VN thin film containing 49.5 at.% of nitrogen

showed the best performance: highest mechanical properties (hardness = 25

GPa), lowest friction coefficient (l = 0.37) and lowest wear rate (Ws-

= 2.72 9 10-5 mm3N-1 m-1). A good correlation between the film

microstructure, crystallite size, residual stress and mechanical and tribological

properties was observed.

Introduction

The hard phases corresponding to transition metal

nitrides are capable of retaining their mechanical

properties such as strength and hardness under

extreme conditions, because of which, they have been

receiving considerable attention in the recent past

[1–3]. Vanadium nitride (VN) is one such transition

metal nitride, which has found its way in a wide

variety of applications in many industrial fields,

owing to their excellent properties such as high

hardness and wear resistance, good electrical and

thermal conductivity[4, 5], good catalytic activity,

and excellent thermal stability [6–8].,. VN particularly

in the form of thin film is extensively used in

industrial devices requiring high performance, cor-

rosion resistance and improved abrasion resistance in

microelectronics, superconductors and sometimes as

decorative coatings. However, they are widely used

as hard coatings for cutting tools to improve their

service life and performance [9–14].

The fcc-VN compound has six-coordinate nitrogen

(N) and eight-coordinate N in its structure and the

crystal structure of high-pressure V2N phase has a

hexagonal structure in which N atoms occupy the

octahedral interstitial sites [10]. Hofer et al. [11]

reported a rapid thermal processing of vanadium

layers in pure nitrogen at elevated temperatures, and

their electron diffraction patterns revealed different

phases: fcc-VN structure was identified around

1100 �C and the hexagonal structure V2N was found

at 900 �C. In an another study, XRD measurements of

VN samples showed that the films deposited at 150 �C
at lower nitrogen gas flow, exhibit significantly higher

hardness as compared to that of the transition metal

nitrides phase with NaCl structure [12].

It is well-known that the deposition parameters

such as the substrate temperature, deposition time,

substrate bias and nitrogen flow rate influence the

structural, mechanical and tribological performance

of the produced VN thin films [2]. Chu et al. [15]

showed that the film morphology, phase transfor-

mation and properties of sputtered VN thin films

were related to the film microstructural changes,

which are controlled by the deposition parameters

such as nitrogen partial pressure, substrate bias and

target power. A mixture of crystalline hcp-V2N and

fcc-VN phases was obtained at about 50 and 60 at.%

of vanadium (V). Maximum hardness of 29 GPa was

found for the V2Nx phase produced at a nitrogen

pressure of 1.33 Pa. Suszko et al. [16] reported that

the preferred orientation was changed with nitrogen

pressure from (311) through (111) to (200) planes

parallel to the substrate surface. The preferential (200)

orientation was observed at the highest nitrogen

partial pressure (Ar/N2 = 0.35/1.2 Pa).

Caicedo et al. [17]. produced VN films from a

metallic V target sputtered in a gaseous atmosphere

of (N2 ? Ar) mixture at different D.C. negative bias

voltages. Nanoindentation measurements showed

that increasing the bias voltage from 0to - 150 V

enhanced the film hardness and elastic modulus up

to 20 GPa (H) and 221 GPa (E), respectively. A pref-

erential orientation of fcc-VN (200) plane was

observed. Moreover, the VN coating deposited at the

highest D.C. bias voltage (- 150 V) presented a

greater corrosion rate than that obtained for the film

deposited without substrate polarization. Qiu et al.

[18]. reported that increasing the nitrogen content

influenced the density of coatings, their maximum

hardness (22.9 GPa) and residual stresses (–1.62 GPa)

generated during the deposition process.

Ina previous work, the effect of film thickness and

(Ar-N2) plasma gas on the structure and performance

of VN coatings deposited by R.F. magnetron sput-

tering was studied. At 10%of N2, the presence of the

hcp-V2N phase was observed. Then, the structure
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changed from single hcp-V2N to combination of hcp-

V2N and fcc-VN when the nitrogen increased up to

20%. The thicker films containing a high amount of

nitrogen were slightly denser as compared to the

thinner ones presenting rough surface and a colum-

nar structure. The highest hardness of 26.2 GPa was

obtained for the VN film deposited under 20% of N2,

which is correlated with its dense structure and sto-

ichiometric composition. Furthermore, a lower fric-

tion coefficient of about 0.4 was found for the thickest

film of 2.5 lm [21].

However, limited reports are available investigat-

ing the effect of chemical compositions and bonding

structure on the tribo-mechanical properties of V–N

[17–21]. Moreover, most of the previous studies have

reported only the hardness of VN (13 GPa) phase

[19], while the mechanical properties of other V–N

compounds are still rarely reported due to the diffi-

culty of preparing the samples with different stoi-

chiometries. Therefore, a comprehensive

investigation on the influence of the deposition

parameters on the structure as well as tribo-me-

chanical properties is required, in order to suitably

adjust the properties of V–N films. Hence, the current

study is focused on the microstructure evaluation

and relates the chemical compositions and bonding

structure to mechanical properties, adhesion and

tribological performance of VN films. By controlling

the N2 flow rate, a series of VN thin films with vari-

ous compositions and morphologies were prepared.

The effect of nitrogen content on microstructure,

mechanical and tribological performance of VN thin

films is explored in detail. In contrast to the reports in

the literature, results of this work showed a signifi-

cant dependence of film behavior on its microstruc-

ture and confirmed a substantial enhancement in

friction and wear characteristics of XC100 steel coated

by VN thin films that could be used in a wide range

of industrial applications.

Experimental details

Substrate preparation

XC100 steel substrates (Ø 15 mm 9 3 mm) were

grinded by abrasive papers and polished with a

diamond suspension to obtain a RMS roughness of

about 30 nm. Steel substrates and Si (100) wafers

(10 mm 9 10 mm 9 480 lm) were ultrasonically

cleaned with acetone and ethanol for 10 min, rinsed

with deionized water and dried with compressed air.

The as-deposited films on the XC100 substrates were

used to investigate the microstructure, mechanical

and tribological properties, while coatings on Si (100)

wafers were employed to observe the surface topog-

raphy, cross-sectional morphologies as well as to

measure the residual stress.

Film deposition

VN thin films were deposited by reactive R.F. mag-

netron sputtering (NORDIKO type 3500, 13.56 MHz)

from circular V target (99.9% purity, Ø 10.6 cm).

Detailed description of sputtering process is pre-

sented in our earlier study [21]. Target to substrate

distance was kept constant at 80 mm for all deposi-

tions. The deposition temperature in the process

chamber was about 150 �C. Prior to deposition, the

chamber was evacuated to a low pressure of

6 9 10-4 Pa. The total sputtering (Ar ? N2) gas flow

rate was 100 sccm, which maintained the working

pressure at 0.4 Pa. In order to remove the surface

oxides and to etch the surface, the substrates were

initially cleaned using an argon flow rate of 80 sccm,

a pressure of 0.4 Pa and a bias voltage of -200 V.

Vanadium target was cleaned in Ar using a voltage of

700 V for 10 min to remove the surface oxides and

contaminations.

In order to enhance the VN film-to-substrate

adhesion, a pure vanadium interlayer of * 60 nm

was deposited on the substrates prior to the actual

film deposition by applying a power of 250 W to the

vanadium target for 5 min under a pure argon gas

atmosphere with a flow rate of 50 sccm.

VN thin films were deposited by simultaneously

injecting Ar and N2 into the chamber for 120 min and

the sputtering RF power (bias voltage) for V target

was kept at 550 W (-900 V). Five different configu-

rations of gas mixtures were used with varying

nitrogen flow rates of 5, 10, 15, 20 and 25 sccm.

Film characterization techniques

VN thin films were deposited on the Si (100) wafers

for physicochemical characterizations, determination

of residual stresses, and observation of the surface

morphology and cross section of the films by SEM

and topography by AFM. However, the VN thin films

deposited on the XC100 steel substrates were used for
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the analysis by X-ray diffraction, nanoindentation

measurements and for tribological tests.

The crystalline structure phases of the as-deposited

films were identified by X-ray diffraction (XRD, type

Bruker D8t) with Co-Ka radiation (k = 0.178 nm) at

40 kV and 35 mA. The film spectra were obtained

using (h–2h) angle diffraction by varying 2h between

25� and 80� with a 0.02� scan step. In order to deter-

mine the preferred orientation degree, texture coef-

ficient (Tc) was calculated using the following

formula [22]:

Tc hklð Þ ¼
I hklð Þ

Ibulk hklð Þ
1
NR

I hklð Þ
I0 hklð Þ

ð1Þ

where I(hkl) film is the normalized integral intensity

of the (hkl) diffraction peak, I(hkl)bulk is the integral

intensity of the bulk material peak, N is the number

of consider peaks.

The ratio of (hkl) orientation (%) was calculated

using the following equation:

I hklð Þ/I hklð Þbulk ð2Þ

where I(hkl)film is the normalized intensity of the

(hkl) diffraction peak, which is equal to the top the

(hkl) peak on the XRD pattern; I(hkl)bulk is the

integral intensity of the bulk material peak after

correction.

The crystallite size (D) of the VN thin films was

calculated using Scherrer’s formula [23]:

D ¼ 0:9k
b cos h

ð3Þ

where 0.9 is a dimensionless shape factor, kthe
wavelength of the CoKa incidence, b the width at half-

maximum of the diffraction peak and h the Bragg’s

angle of VN phase.

The lattice strains of the (111) VN plane were cal-

culated using the following equation:

e ¼ Da
abulk

ð4Þ

where e is the lattice strain in the a axis direc-

tion,Da ¼ acoating � abulk
� �

, acoating and abulk present

the cubic VN phase.

The ratio of (hkl) orientation (%) was calculated

using the following equation:

I hklð Þfilm/I hklð Þbulk ð5Þ

where I(hkl)film is the normalized intensity of the

(hkl) diffraction peak, which is equal to the intensity

of (hkl) peak on the XRD pattern; I(hkl)bulk is the

integral intensity of the bulk material peak after

correction.

The binding energy of the VN thin films was

determined by X-ray Photoelectron Spectroscopy

(XPS, Riber SIA 100 spectrometer) with a non-

monochromatic X-ray source (AlKa line of 1486.6 eV),

an applied power of 300 W and a vacuum pressure of

4 9 10–8 Pa. The calibration was done using the line

of C1s of about 284.5 eV and a full width at half-

maximum (FWHM) of 1.1 eV, which was absorbed

on the sample surface [24]. In the XPS analysis, C1s

has made a spectacular referencing due to the fact

that thin C contamination layers, in the form of so-

called adventitious carbon are present on all surfaces

that have been previously exposed to the atmosphere

[4, 24]. Hence, calibrating the XPS scale to the C1s

peak set at 284.5 eV is justified and may lead to

physical results, like a zero density of states at the

Fermi level especially for conducting samples such as

metals, where charging effects can definitely be

excluded [24].The V2p, O1 and N1s spectra were

obtained by Casa XPS software analysis [25].

Cross-sectional images of the films deposited on Si

(100) wafers were observed by a Scanning Electron

Microscope (SEM, JEOL JSM-6400F). The elemental

analysis of the films was determined by Energy

Dispersive Spectroscopy (EDS, Oxford INCA x-act).

The surface roughness and three-dimensional

topographies of the films were characterized by an

Atomic Force Microscopy (AFM, Type 100, APE

research) in a contact mode by applying a constant

force of 0.032 N/m and scanning an area of 3 9 3

lm2.

The residual stresses of the VN thin films were

calculated using the following Stoney’s equation [26]:

r ¼ Es

6 1� tsð Þ �
t2s
tf

1

R
� 1

R0

� �
ð6Þ

where Es is the substrate Young’s modulus, ms the

substrate Poisson’s ratio, ts the substrate thickness, tf
the film thickness, R0 the curvature radius of sample

before deposition and R the curvature radius of the

coated sample measured using an optical

profilometer.

The mechanical properties of the films (hardness

and Young’s modulus) were obtained using a

nanoindenter equipped with a Berkovich diamond

tip (Nanoindenter MTS-XP) by applying a load of 50

mN. The mechanical properties were calculated
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using the Oliver-Pharr method [27]. The hardness

values were determined from the average of 5

indentations. The maximum indenter penetration

was limited to 10% of the total film thickness in order

to avoid the influence of substrate and surface

roughness. The friction and wear performances of the

as-deposited films were tested by a ball-on-disk tri-

bometer using a 100Cr6 ball as a counterpart

(U = 6 mm). The tests were carried out applying a

normal load of 2 N with a sliding speed of 0.05 m/s

for 20 min. The friction coefficient curves were

recorded by software associated with the data

acquisition. The worn wear tracks, depth and wear

rates were determined by means of an optical 3D

profilometer (VEECO, Wyko-NT 1100) [2]. The worn

surfaces were analyzed by using SEM and EDS.

Results and discussion

Structural analysis

Table 1 presents the elemental composition of films

deposited under different nitrogen flow rates. It is

clearly observed that nitrogen content in the VN thin

films significantly increased from 15.4 to 51.3 at.%

with increasing N2 flow rate from 5 to 25 sccm. N/V

ratio increased from 0.18 to 1.10 and the deposition

rate gradually decreased from 10.8 nm/min to

7.5 nm/min (Table 1). Since the deposition rate is

strongly dependent on the number of N and V atoms

arriving upon the substrate surface, low deposition

rate was due to the reduction of V concentration in

the VN thin film that is confirmed by the increasing

of N/V ratio [28]. This is attributed to the target

contamination, which is consistent with the results

reported by Huang et al. [22] showing a similar

decrease in the Ti content in TiN thin films as a

function of increasing nitrogen flow rate. The pres-

ence of oxygen in a low percentage (2–2.8 at.%) is

probably due to the moderate vacuum and the

presence of residual oxygen in the deposition cham-

ber [21].

The XPS core-level spectra in the V2p, N1s and O1s

regions, for the VN thin films deposited under 10 and

20 sccm of nitrogen, are shown in Fig. 1. XPS spectra

indicated that there are not only V-V and N-V bind-

ing energies but also V–O. At 10 sccm, the V2p3/2 has

two peaks (Fig. 1a). The first peak is centered at the

VN binding energy of 514.62 eV [2] while the second

peak is centered at 514.82 eV corresponding to the

V2N binding energy [29]. The V2p1/2 peak is centered

at 522.42 eV corresponding to VN and V2N phases,

respectively [2, 29]. For the N1s (Fig. 1b), the domi-

nant binding energy was around 396.25 eV corre-

sponding to V–N bonds of VN and V2N [30].

The difference in the binding energies (DBE)
between the N1s ± Vp levels was also calculated.

The DBE values between the N1s ± V2p levels were

found to be decreasing with increasing nitrogen

content according to the position of their V2p and N

1 s levels. The chemical shift of the core levels can be

attributed to the change in the charge distribution

providing an indication of the degree of ionicity and

covalency of the bonding [31].

The O1s spectrum becomes wider and less intense,

with one peak at about 530.49 eV consistent with V–

O binding energy (Fig. 1c) [33]. At 20 sccm, the V2p3/

Table 1 Elemental

compositions and structural

properties of VN thin films

N2 flow rate (sccm) 5 10 15 20 25

N (at.%) 15.4 25.8 41.2 49.5 51.3

V (at.%) 82.6 72.0 56.0 48.5 46.6

O (at.%) 2 2.2 2.8 2 2.1

N/V ratio 0.18 0.36 0.73 1.01 1.10

Thickness (nm) 1300 1240 1150 960 900

Deposition rate (nm/min) 10.8 10.3 9.6 8.0 7.5

Lattice Parameter, a (nm) 0.4122 0.4131 0.4137 0.4139 0.4141

Lattice Strain (e�10–5) - 442 - 197 - 499 11 52

Crystallite size (nm) 31 29 28 25 26

Ratio of (111) orientation (%) 10 22 50 75 50

Ratio of (200) orientation (%) 90 78 50 25 50

Deposition conditions: R.F. power = 550 W, Voltage = -900 V, (PAr ? PN2) = 0.4 Pa, Temperature&
150 �C, Deposition time = 120 min

J Mater Sci (2021) 56:17319–17336 17323



2 peak includes two components, corresponding to

nitride VN (513.32 eV) and oxide V2O5(516.03 eV),

respectively (Fig. 1d) [32]. Peak corresponding to

V2N phase disappeared at 20 sccm. The strong N1s

peak is centered at 396.15 eV corresponding to V–N

and V–O-N binding energies (Fig. 1e) [33, 34]. This

indicates that the V–N bond is strongly formed in the

VN thin films after the incorporation of nitrogen

atoms and confirms transformation of V2N into VN

and coexistence of vanadium nitride (VN) and oxide

phases in films deposited at 20 sccm of N2 as shown

later in XRD analysis. N1s peak has a higher intensity

for the film deposited at 20 sccm of N2 than that

obtained at 10 sccm. This difference means, probably,

that nitrogen is rather linked to vanadium during the

film deposition. Generally, the V–O binding energy

observed in the XPS spectra is due to the moderate

vacuum and residual oxygen in deposition chamber.

(a)

(b) (e)

(c) (f)

(d)

Figure 1 V2p, N1s and O1s XPS spectra of VN films deposited at 10 and 20 sccm of N2.

17324 J Mater Sci (2021) 56:17319–17336



Therefore, the binding energy of O1s core level, taken

at 530.50 eV is corresponding toV-O (Fig. 1f) [33].

Figure 2a shows the XRD patterns of VN thin films

deposited at different N2 flow rates of 5, 10, 15, 20

and 25 sccm. At 5sccm, a mixture of fcc-VN and hcp-

V2N phases was obtained. The VN peaks at 36.95�
and 42.08� correspond to (111) and (200) planes,

respectively (JCPDS file 073–0528).The other diffrac-

tion peaks of V2N (111) and (200) at 39.91� and 41.07�,
respectively (JCPDS file 032–1413), were also detec-

ted. With an increasing nitrogen flow to 10 sccm, in

addition to V2N peaks, was noticed the fcc-VN phase

at 43.48� showing a (200) predominate plane with

other peaks at 37.48�, 62.72� and 74.95� corresponding
to (111), (220) and (311) planes, respectively. At the

same time, hcp-V2N phase disappeared which is in

an agreement with XPS observations. The changes in

the intensity were qualitatively estimated in terms of

texture coefficients (TC) calculated from the XRD

peaks by using Eq. (1). Figure 2b shows the (111)

(200) and (220) texture coefficients of VN thin films as

a function of N2 flow rate. At 5 sccm of N2, the texture

coefficient of (111) orientation was 0.43 which corre-

sponds to a random orientation of fcc-VN indicated

in the JCPDS data file. With an increase of N2 flow

rate up to 10 sccm, VN film with (200) dominate

orientation exhibited a higher texture coefficient in

comparison to the (111) orientation. Further rising in

N2 flow to 15 and 20 sccm led to VN films with lower

(200) texture coefficient and higher (111) orientation

texture coefficient, respectively. The significant

increase in the (111) intensity as compared to (200)

plane intensity can be attributed to the competition

between the surface energy and the strain energy

with decreasing film thickness. A high intensity of

(200) plane is observed with TC of 0.99 and a ratio of

78% and its 2h value is well correlated to the (JCPDS

file 073–0528) for the VN thin films. The high inten-

sity of (200) plane of VN thin films is due to the low

lattice strain (e = -0.00197) [28]. The XRD spectra of

VN films produced under further increase in N2 flow

rate (15 and 20 sccm) reveal higher peak intensity of

(111) plane with a maximum value of TC (2.2) and

ratio of 78% and lower peak intensity of (200) plane

(TC = 1.4, ratio of 25%) with a significant shift of 2h
angles was observed of the (220) plane (TC = 1.1),

which despaired at higher nitrogen flow rate

(Fig. 2b). According to Eq. (2), we know that the (111)

and (002) planes were the preferential crystallite ori-

entation for the thin VN films. The TC (h k l) repre-

sents the texture of a particular plane, whose

deviation from unity implies the preferred growth

[28]. The highest TC was in the (111) plane and a

maximum ratio of 75% for thin VN film at 20 sccm

[21]. The highest TC in the (111) plane is the result of

an increasing lattice strain by the insertion of more

nitrogen into the vanadium [28]. Huang et al. repor-

ted the same tendency of texture transition between

(200) and (111) of VN films with increasing nitrogen

partial pressure, which is predicted by the competi-

tive growth theory [20].

As listed in Table 1, the lattice strain in the VN thin

films, deposited under different N2 flow rates, is in

the range from -0.00442 to 0.00052. This has a sig-

nificant effect on the increase in the (111) plane

intensity due to the grown stress, which is associated

with the film thickness. The plane intensity evolution

may also be related to the stoichiometry and chemical

(a) (b)

Figure 2 a XRD spectra, b Texture coefficients of VN films as a function of N2 flow rate.
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composition of the VN film. For the under-stoichio-

metric VN thin film (N/V\ 1), there are fewer V–N

bonds as compared to V-V bonds and hence (200)

orientation. In the case of stoichiometric composition

of VN thin film (N/V& 1), the number of V–N bonds

increased favoring the (111) plane [35].

As shown in Table 1, the increasing of lattice

parameter of VN thin film from 0.41221 to

0.41416 nm with increasing N2 flow rate from 5 to 25

sccm can be clearly noticed. The average lattice

parameter of the stoichiometric VN thin film (de-

posited at 20 sccm of N2) was equal to 0.41396 nm,

which is in a good agreement with the theoretical

value (0.41391 nm) indicated in the JCPDS file

073–0528. Thus, the results reveal an increase in lat-

tice parameter of fcc-VN phase, which is in an

agreement with the literature [36, 37]. According to

our previous work [21], the rising of lattice parameter

may be attributed to the increase of N/V ratio in VN

thin films.

Surface topography and film morphology

The surface and cross-sectional morphology of VN

thin films deposited at 10, 15 and 20 sccm of N2 flow

rates are shown in Fig. 3. As the flow rate is increased

from 5 to 10 sccm (Fig. 3a, b), the film surface mor-

phology shows a faceted and a relatively rough sur-

face (Ra = 25–37 nm). The cross-sectional image

shows a columnar structure (with a film thickness of

1240 nm) as shown in Fig. 3a, b. Figure 3c shows that

increasing nitrogen flow rate to 15 sccm results in are

duction in the grain size separated by voids. Reduc-

tion in both crystallite size and surface roughness is

attributed to the dense structure and the smooth

surface features. At 20 sccm of N2, a completely dif-

ferent evolution was found where a columnar struc-

ture consisted of non-separable grains with

apparently globular-like features (Fig. 3d). Further-

more, the structure was denser with a smoother

surface (Ra = 6 nm) as a result of the fcc-VN phase

stability (N/V&1). According to Zhou et al. [38],

nitrogen plays an important role in the film

smoothening due to the presence of more nuclei. By

increasing nitrogen flow rate, the thickness of the VN

thin film decreased with no significant difference in

the film growth morphology. This is due to the

increasing density of gas molecules with increasing

N2 flow rate that leads to more collisions and con-

sequently a reduction in the film thickness [39].

Furthermore, the sputtering rate of nitrides is

lower than that of metals and the metal nitride by the

poisoning of the target at high nitrogen flow, which

further decreases the sputtering yield of the targets

[38]. The contamination of the vanadium target by

nitrogen can also be another reason for the reduction

in the film thickness [20, 38]. At higher nitrogen flow

rate, the surface roughness slightly increased with an

increase in grain size and a decrease in the film

thickness (Fig. 3e).

Mechanical properties

Residual stress measurements

Figure 4 shows the evolution of residual stress in the

films deposited at different N2 flow rates. In all VN

thin films, a compressive stress state was observed.

By increasing the N2 flow rate from 5 to 15 sccm, the

residual stress increased about three times from -0.54

to-1.7 GPa. This can be related to the high density of

the grain boundaries and defects as well as the

coexistence of VN and V2N phases as confirmed by

XRD and XPS analyses [40, 41]. From Fig. 4, we can

see that, a further increase in the N2 flow rate to 20

sccm did not lead to any changes in the stress state,

which is related to the progressive appearance of

more stable VN phase [42]. The VN film deposited at

25 sccm of N2 presented lower stress where the VN

phase was dominant. This is due to the reduction in

the amount of interstitial defects by the incorporation

of more nitrogen atoms in the vanadium lattice as

well as the decrease of the crystalline size [41].

Hardness and elastic modulus

The hardness (H) and Young’s modulus (E) of the VN

thin films are presented in Fig. 5a. Depending on the

N2 flow rate (the nitrogen content in the films), the

hardness values are in the range of 11–26.2 GPa.

Figure 5c shows clearly the relationship between the

film hardness and residual stress.

It can be noticed that increasing the N2 flow rate

led to an increase the hardness of VN thin films. Its

maximum value of 26.2 GPa was obtained for the film

deposited at 20 sccm of N2. It has been observed

earlier by Caicedo et al. [17], that the lowest hardness

of 11 GPa was obtained for VN films deposited

without bias voltage presenting a N/V ratio equal to

1. With further increase in bias voltage, the N/V ratio

17326 J Mater Sci (2021) 56:17319–17336



Figure 3 SEM and AFM images of the VN thin films deposited at: a 5 sccm, b 10 sccm, c 15 sccm, d 20 sccm and e 25 sccm of N2 flow

rates.
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increased up to 1.14 and the hardness was enhanced

to reach a maximum value of 20 GPa. It is evident

that at 25 sccm of N2, when the N/V ratio was 1.17,

the film hardness slightly decreased to 25 GPa, which

is lower than the value (29 GPa) obtained in our

previous study [21]. According to Korneev et al. [43],

an increase in film hardness is attributed to the solid

solution strengthening by the formation of stoichio-

metric structure, high compressive stress and lattice

distortions related to structural defects. Besides, the

reduction of hardness may be due to the formation of

vanadium oxide phase [21].

Influence of porosity on the measured Young’s

modulus of the VN coatings was observed. Results

suggest that the Young’s modulus of VN thin films is

strongly dependent on the amount of porosity and

type of microstructure. The Young’s modulus of the

dense film at higher nitrogen flow rate is more than

that of the film with a columnar structure. The

decrease in Young’s modulus can be explained by the

fact that the columnar structures become more por-

ous, with feather-like structures and an increased

number of intra-columnar pores in the columns,

which is consistent with several works in the litera-

ture of the bulk materials [44, 45]. Moreover, the

hardness of the VN films a dense structure is more

than that of the film with columnar structures in the

surface regions of the coatings. This distinct

Figure 4 Evolution of residual stress in VN thin films as a

function of N2 flow rate.

(a) (b)

(c) (d)

Figure 5 a Hardness and Young’s modulus, and b (H/E, H3/E2) ratios as a function of N2 flow rate, Hardness as a function of: c residual

stress, and d crystallite size of VN thin films.
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difference in behavior of the hardness and Young’s

modulus with film density in the VN thin films

shows that the columnar structure produces aniso-

tropic mechanical properties that are very different to

those of their dense compact.

According to the literature, (H/E) and (H3/E2) are

very important parameters [21, 47]. The H/E ratio

can be used as an indicator for the elastic behavior of

the surface in contact with external forces and the

plasticity index (H3/E2) is reported to be a close

measure of toughness, which allows the determina-

tion of elastic and plastic deformation resistance and

rank the coatings accordingly [45]. The values of (H/

E) and (H3/E2) calculated from hardness and Young

modulus are shown in Fig. 5b. By increasing the N2

flow rate, the highest values of H/E (0.124) and H3/

E2 (0.474 GPa) ratios were obtained in the film sput-

tered at 20 sccm (Fig. 5b), which indicate a greater

toughness and resistance to abrasion.

The increase in the elasto-plastic index with higher

hardness can be explained by the high dense struc-

ture and the high (111) textured plane due to the

incorporation of nitrogen in the vanadium lattice and

the formation of the VN phase, which is denser in

comparison to the V2N [21, 46]. Moreover, the best

mechanical is due to the high content of V–N binging

energy and solid solution hardening from the nitro-

gen atoms in the VN films as compared to the pure

vanadium, which is consistent with several works in

the literature [46, 47].

Figure 5d shows the variation of hardness of the

VN thin films as a function of the crystallite size of

VN phase. This figure reveals an inverse relationship

between the crystallite size and hardness, suggesting

that a higher crystallite size corresponds to lower

hardness. Hence, it can be inferred that increasing the

nitrogen content helps in the grain refining of the VN

film by the formation of more interfaces which block

the dislocations movement, and thus strengthening

the films, as described by Hall–Petch relationship

[41, 49]. It has been shown by Huang et al. [20] that at

N/V ratio = 1, the crystallite size was about 15 nm

and the texture coefficients were 0.35 (111) and 0.65

(200) corresponding to 30 GPa super hard VN film. In

the present study, the minimum crystallite size of

25 nm was obtained in film containing 49.5 at.% of

nitrogen (N/V ratio close to 1), deposited at 20 sccm

of N2, with a maximum average hardness of 26.2

GPa.

The Young’s modulus of VN thin films was found

to be between 164 and 226 GPa. This is considerably

lower than the value (370 GPa) obtained by Huang

et al. for VN thin film deposited by an unbalanced

magnetron sputtering [20]. This significant difference

may be attributed to the influence of high compres-

sive stress, grain refinement and lower surface

roughness, playing an important role in the nanoin-

dentation measurements [2, 21]. The low Young’s

modulus values can also be explained by the increase

of the fcc-VN phase fraction and the high residual

porosity in the film because of the columnar structure

[50]. According to Leyland et al. [30], the combination

of high hardness and low Young’s modulus enhances

the film adhesion to substrate and provides better

wear resistance.

Friction behavior and wear resistance

Figure 6a illustrates the friction coefficients and wear

rates for all VN thin films deposited on XC100 steel

substrates tested against 100Cr6 balls at room tem-

perature under dry conditions. In the initial stage of

sliding, a low value of friction coefficient (CoF) is

observed, which then rises rapidly to a constant level

after approximately 25 m of sliding distance, repre-

senting a transition pattern of friction for rough sur-

faces. According to our previous study [21], the low

CoF value in the initial stages of the sliding test is due

to the high surface roughness resulting in a small

contact area between the film surface and the ball.

The average friction coefficient of the VN thin film

deposited at 5 sccm of N2 was 0.61. This high value

can be related to the hcp-V2N phase [21]. The VN film

containing 49.5 at.% of nitrogen, deposited at 20 sccm

of N2, presented the lowest friction coefficient of 0.37.

Zhang et al. [50] reported a similar mechanism

obtained during wear testing of sputtered TiN coat-

ings used for synchronizer ring. Change in friction

coefficient might be related to the formation of oxide

phase (V2O5) on the surface of VN coating deposited

at 20 sccm. Presence of this phase on the surface was

confirmed by XPS analysis. V2O5 phase along with

other V–O phases (VnO2n-1 and VnO3n-1) exhibit

remarkable properties including oxidation stability,

low adhesion as well as self-lubrication due to

availability of easy sharable crystallographic defect

planes [32].

The calculated wear rates of the VN thin films are

illustrated in Fig. 6b. The wear rates of all VN thin
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films are lower than those of the VN films deposited

by cathodic arc ion plating method due to the lubri-

cation effect of vanadium oxide formed in VN films

[51]. The wear rate of the VN films decreased with

increasing nitrogen flow rate, signifying an

enhancement in their wear resistance. The lowest

wear rate of 2.72 9 10–5 mm3/N•m was obtained for

the VN film deposited at 20 sccm of N2. In order to

describe the wear characteristics more clearly, SEM

and two-dimensional profilometer images of wear

tracks were acquired (Figs. 7 and 8). For the VN film

deposited at 10 sccm of N2, the wear track was seri-

ously worn and a delamination fracture of the VN

thin film from the XC100 substrate was observed

with a wear track depth of about 0.80 lm, indicating

that the film has undergone severe abrasive wear.

The wear debris produced during this abrasive wear

could have further caused severe three-body wear at

the interface resulting in increased wear (Fig. 7b).

Between 5 and 10 sccm of N2, the SEM images of the

wear tracks show the presence of significant debris

around the edges with a pronounced wear track

depth (Figs. 7a, b, 8a, b). Thus, this may have sig-

nificantly contributed to a noticeable increase in the

friction coefficient value between the surfaces of the

VN film and the 100Cr6 ball [52].

For the films deposited at 15 and 20 sccm of N2, the

wear track depths were about 0.75 and 0.70 lm,

respectively, signifying the fact that increasing

nitrogen content in the films enhances the film wear

resistance [1]. Moreover, the wear tracks revealed a

small amount of debris that indicating an improved

tribological performance of the films with increasing

nitrogen content in the VN thin films (Fig. 7c, d). The

V–N coatings deposited at 15 and 20 sccm of N2

confirm increased wear resistance with lower wear

rates (Fig. 8b, c), which is attributed to their dense

structure, low surface roughness and high hardness

value [21, 52].

EDS analysis was conducted to evaluate the ele-

mental compositions on the wear track after the tests

as shown in Fig. 9. The wear tracks on the VN thin

films deposited at 5, 10 and 25 sccm flow rates of N2

showed the presence of iron peak, corresponding to

the XC100 steel substrate with a small amount V and

N. The high iron concentrations in worm track of the

VN thin films indicate low films/substrate adhesion

due to the low film thicknesses which affect nega-

tively on the wear rate and friction coefficient values.

However, the high V and N were noticed in case of

the VN films deposited at 20 sccm of N2 flow rate,

suggesting a stronger adhesion between the film and

the substrate due to the dense structure and good

mechanical properties of the film.

Improving the mechanical properties in terms of

enhanced hardness, Young’s modulus and H/E and

H3/E2 ratios of the VN films, results in increased

resistance to brittle cracking, which is directly related

to the tribological performance of the films. Hence,

the worn surface of the films deposited at 5 sccm of

N2, with lower H/E and H3/E2 values, shows poor

tribological performance with brittle features (Fig. 8c.

The worn surface of VN thin film at 20 sccm of N2

with higher H/E and H3/E2 shows the lowest wear

rate (Fig. 6c. Moreover, it is also to be noted that

many other variables may influence wear behavior

such as crystal structure, grain refinement and reac-

tivity between the coating and sliding material. The

Hall–Petch strengthening with decrease in grain size

leads to enhanced yield strength of the material and

(a) (b)

Figure 6 a Friction coefficients and b Wear rates of the VN thin films deposited at different N2 flow rates.
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increases the hardness. It also blocks the propagation

of cracks and dislocations and avoids the continuity

of pores or pinholes in the deposited films [21]. Few

studies have recently reported on the beneficial

impact of nitrogen flow rate on crack deflections in

TiN coatings [46].

Conclusions

In the present work, VN thin films were deposited on

XC100 steel substrates and Si wafers by R.F. mag-

netron sputtering technique. The relationship

between residual stress, lattice, grain size, phases and

tribo-mechanical properties was illustrated. With

increasing nitrogen content, coating composition

changed from a mixture of V2N and VN phases to

pure VN. The high intensity of (200) plane was

obtained in films containing low nitrogen concen-

tration, while the high intensity of (111) plane was

Figure 7 Wear depth tracks of VN thin films deposited at different N2. Flow rates.
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remarkable in VN films deposited at higher nitrogen

flow rate, which attributed to increase in the residual

stress, and the film stoichiometry.

All films showed columnar structure. The addition

of nitrogen clearly resulted in the formation of

smooth films with fine grains. The average roughness

of VN film was reduced from 25 to 6 nm with

increasing N2 flow rate. Mechanical and tribological

properties of VN thin films were considerably

improved, and VN film deposited at 20 sccm of N2

Figure 8 a Two-dimensional morphologies of wear tracks of VN thin films deposited under: a 5 sccm, b 10 sccm, c 15 sccm, d 20 sccm

and e 25 sccm of N2.
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had optimized properties. This film presented the

highest hardness, lowest wear rate and a good fric-

tion coefficient of 0.37.
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