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Abstract

Vanadium carbide coatings were deposited by R.F. reactive magnetron sputtering at
different nitrogen partial pressures. The structures and the mechanical and tribological
behaviour of these coatings were studied.

By using a combined approach of EDS and WDS, it has been shown that increasing
nitrogen concentration from 0 to 27 at.% led to decrease the carbon content from 48.50 to
30.50 at.%. All coatings exhibited a dominant fcc-VC structure with additional fractions
of vanadium nitrides, as determined by XRD. Nanoindentation measurements showed
that the highest hardness of 26.1 GPa was obtained for the coating with a (N+C)/(V) ratio
equal to 1.44. The transition in brittleness-ductile failure mode was noticed with
increasing nitrogen content. This adhesive feature can prevent phase separation and
improves the wear resistance of the coatings. Moreover, the nitrogen partial pressure
showed a significant influence on the friction coefficient because of film density and
residual stress effects.

Keywords: V-C-N thin films; Magnetron sputtering; Nitrogen pressure; Microstructure;

Wear; Mechanical properties.
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1. Introduction

In the last few years, transition-metal carbided aitrides have attracted much attention
for technological purposes. They are extremely hbhaying high melting points, good

thermal conductivity, and good corrosion and wessistance [1-3]. Among them,

vanadium nitrides are very well-known materials eWd applied as hard and wear
resistant protective coatings for cutting toolsotiner components [4]. The addition of
nitrogen to vanadium enhances mechanical and agiocdl properties, and significantly

increases oxidation resistance, which is due tdahmation of a dense fcc-VN phase [5].
Sarakinosreportedthe influence of nitrogen on the microstructure-gemy of reactive

magnetron sputtered V-N films [6, 7].

Vanadium carbides present a potential for indusajglications due to their excellent
properties at high temperatures, such as good wesistance and high hardness,
attributed to the very fine grain dispersion inntlilms [8]. Oliveira et al. [9] have
reported the influence of carbon content on the meiclal properties ofvanadium
carbide coatings deposited by the thermo-reactiffestbon method [9]. Also, Wu et al.
[10] studied the effect of carbon content on theclma@ical properties and electronic
structure of various vanadium carbides. Until n@rgvious studies have reported the
elaboration of vanadium carbides by different mdtheuch as: pulsed laser deposition,

magnetron sputtering and electron beam depositibLB].

Despite the vast application potential of vanadrarbide, its structural applications are
limited by its brittleness, which has hinderedus® in contrast to other transition-metal
carbides [9, 10, and 14]. This is especially duthtoexcessive amorphous carbon in the
coatings that does not allow the dislocations teenand consequently a rapid fracture in
the film takes place along the grain boundarie$. [Iberefore, several studies have been
proposed to improve the toughness of vanadium darfiims based on their composition
and microstructure by the introduction of nitrogatoms into the V-C film structure.
According to Khyzhun et al., the introduction ofragen into the carbides system has
been shown to be very promising for the achieveratdifferent properties such as wear
resistance, residual stresses and hardness [1&ctinV-C-N coatings were reported to
possess different properties in comparison to ogatbased on the mixture of V-N and

V-C and exhibit exceptional thermal stability aginer temperatures. The best mechanical



properties may be ascribed to the formation of hafd bonds [9]. V—-C—N thin films are
produced by chemical and physical methods [9, bd, B/]. Therefore, the magnetron
sputtering technique, allowing the production ofefithin films at low temperature (~
300°C) can be used for industrial deposition ofnéil on various substrates. The
elaboration of V-C-N thin films by reaction magwoetrsputtering (in an argon—nitrogen
atmosphere) was performed using V and C targets different VV/C atomic ratios under
a nitrogen atmosphere [14] or with V target and it@ald of carbon and nitrogen
containing reaction gases ¢Hnd N [15,17]. Another feature of the reactive magnetron
sputtering technique is the possibility to produeenary thin films, which offer
interesting properties for industrial applicatiofs8]. Mechanical and tribological
properties of these hard films depend on the philis¢Tompose the material. Vanadium
carbonitride (V-C-N) is a ternary compound that bames the excellent chemical and
wear resistance of V-N [18] and V-C [9], respediveFor these reasons, many
researchers are interested in the ternary vanatlased compounds combining nitrides
and carbides to improve film crystallization ansl jilerformance [19, 20]. Their purpose
was to establish the relationship between the mimroture and the mechanical
properties of vanadium carbonitride. V-C-N coatimgth different carbon contents were
elaborated by Grigore et al. [21]. They observed the film mechanical properties were
improved with additional carbon and nitrogen cobhtam V-C-N multilayers. The
hardness of V-C-N films reached 3380 &t¥ being higher than that of binary VN (2970
HVo.05) and VC (2770 HV.g) films, due to the formation of solid solutionestgthening.
However, limited reports are available about thieat$ of nitrogen on the structural,
mechanical, and tribological properties of V-C-N8{20].

Yu et al. [20] have studied the V-C-N films elakiech by magnetron sputtering using
vanadium and carbon targets and a mixture of nea&r-N> gas. They investigated the
influence of carbon content on the film structugxcellent mechanical properties and
wear resistance were obtained by adding carbonti@d/-N matrix leading to form V-

C-N solid solution. The influence of different (C¥M ratios on structure, mechanical
properties and wear resistance of V-C-N coatings w@mprehensively investigated.
Previous reports on sputtered V-C-N coatings dsedisither the microstructure and
mechanical properties with different nitrogen comt¢l8] or the influence of the

V/(C+N) ratio on the mechanical and tribologicahbeiour without understanding the

chemical bonding structure [20].



Thus, the purpose of the present study is to détertine influence of nitrogen partial
pressure variation (P) during the sputtering process on the structutec@amposition of
the V-C-N coatings and relate it to mechanical props, adhesion and tribological

performance of films.
2. Experimental methods

2.1. Deposition procedure

A series of V-C-N coatings was deposited usingrtdwo frequency (R.F, 13.56 MHz)
magnetron sputtering technique (NORDIKO 3500), pped with two V and C targets
(99.99 % purity, 106 mm in diameter). XC100 stesitl{ a chemical composition of
(0.95t0 1.05) w. % C, (0.5 to 0.8) w. % Mn, 0.25% Si, 0.05 w. % S, 0.035 w. % (P
and S), the balance being Fe) and Si (100) werd asesubstrates [5]. In order to
enhance the quality of substrate surfaces to olataiaverage roughness & about 30
nm (determined by optical profilometry), samplesre polished with Si-C carbide paper
and diamond paste down to in. Then, these samples were cleaned in an ultraseatiic b

with acetone and ethanol (5 minutes per sampledaed in air.

The substrates were placed on the centre of the&raid-holder and its distance from the
targets was fixed at 80 mm. The residual pressure reduced to 2xI0Pa. Prior to
deposition, the targets and substrates were clelye®* ion bombardment for 5 min,

applying a voltage of -700 V and - 500 V, respesiiiv

The working pressure of 0.4 Pa was kept constardlf@xperiments. The coatings were
deposited in a mixture of Ar (discharge gas) andmactive gas) with different 2NAr
ratios of 0/0.4, 0.02/0.38, 0.04/0.36, 0.06/0.3498M.32, and 0.10/0.30 (Table 1). In
order to keep a constant pressure, argon and erirpgrtial pressures were adjusted and
their flow rates were controlled and regulated gsMKS flow meters during the
deposition process.

The V-C-N films with different nitrogen contents rgedeposited for 120 minutes with
constant power (bias voltage) applied to V and r@etis: 550 W (-900 V) and 150 W (-
300 V), respectively. The deposition temperatures waaintained at 150°C and the
sample holder rotation speed was set at 30 rpmrderoto obtain uniform and
homogeneous coatings. The deposition parametershamdical composition of films are

summarized in Table 1.



2.2. Characterizations: XRD, SEM, EDS, XPS, Narentation and Tribotester

The crystallographic structure of the samples wagstigated by X-Ray Diffraction
(XRD) by means of a Siemens D5000 diffractometdRDXanalysis was carried out by
using a Cq radiation line (=1.78 A) and applying 45 kV and 40 mA. The range of
diffraction angles (§) was 25°-75° with a scanning speed of 2°/minUtee average
crystalline size of the coatings was determinedhwie Scherrer formula (Eg. 1) [13]:

0.9 4

D =,8.c055' (1)

where 0.9 is the shape factor,= 0.178 nm represents the X-ray wavelength of the
radiation source, is the peak width (full width half maximum, FWHN) radians and

is the Bragg's angle.

The morphology analysis of surfaces and crossesectof the V-C-N coatings was
carried out by using a Jeol JSM-6400F Scanning tilecMicroscope (SEM). The
chemical composition of the coatings was obtaingddmbining energy and wavelength
dispersive X-ray spectroscopy (EDS, WDS).

The nature of the chemical bonds was investigajeX-bay photoelectron spectroscopy
(Riber SIA 100 XPS, Ky = 1468.68 eV, 300 W). The vacuum in the spectromess 4x
108 Pa. The spectrometer calibration was performedgukinding energy level of £
(284.8 eV), which was absorbed on the surface efsdmples. Then, the corresponding
V2p, Cisand Ns spectra were fitted under a multi-peak fitting hoet by using CasaXPS
Software, and the ratio of Lorentzian to Gaussias 20% [21].

The coating hardness and elastic modulus wererdeted by using a Nano Indenter XP,
MTS Systems Corporation with continuous stiffnessasurement (CSM) provided with
a three-sided pyramidal diamond tip (Berkovich)nbiadentation tests were carried out
by applying a maximum load of 5 mN, 45 Hz of CSMduency and 2 nm of oscillation
amplitude. For each sample, 5 indentations wereeiraditing the maximum indentation
depth by up to 7 % of the coating thickness in pitdeavoid the effect of substrate
stiffness. The residual stresses were calculai@n the sample-curvature radius using
Stoney's formula (Eq. 2) [22, 23].
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Where the subscript S refers to the substratfl 35 GPa) ands(0.29) are the Young'’s
modulus and Poisson ratio of Si (100) substratpeetively. tand t are thicknesses of
film and substrate, respectivelyo Bnd R are the substrate curvature radii of theated
Si wafer and the coated Si wafer, which was deteethiby measuring the curvature of
the silicon wafer before and after film depositiith a three-dimensional (3D)ptical
profilometer(VEECO, Wyko-NT 1100) [5].

The wear resistance of the coatings was investighteusing aTRIBO tester indry
conditions at room temperature. The ball-on-disamtests were performed by sliding
against al00Cr6 ball of 6 mm in diametemder a normal load of 2 N, at constant
sliding speed of 5cnilsandfor a sliding distance of 200.nThe wear loss was quantified
by measuring the profile of the wear tradkhe wear rates (W of the films were
calculated using the following equation (Eqg. 3eaftalculating the wear track area with

an optical profilometer:

Wear volum (3)

WR - e s .
Loadx Sliding distance

The substrate-film adhesion was evaluated by dtréésts using a Scratch Tester
Millennium 200. Measurements were carried out usangonical diamond tip with a

radius of 0.2 mm. The applied load was increaseth f0.01 to 40 N with a constant
loading speed of 0.01 mN/s. The stripping speedamgth were 10 mm/min and 10 mm,

respectively. The worn samples morphologies wesenled by means of a SEM.
3. Results and discussion

3.1. Chemical composition

The influence of nitrogen partial pressure on thencical composition of V-C-N films is
presented in Figure 1 and Table 1. We can seerntraasing this pressure led to increase
the N content gradually from O to 27 at.% and torease both V and C contents down to
38.50 at.% and 30.50 at.%, respectively. This tasuin agreement with Schalk et al.
[24] similarly showing a decrease in Al and Ti cams as a function of increasing
nitrogen partial pressure. The partial pressurestadgen and argon were controlled and
balanced in order to maintain the total pressura aonstant value by using MKS
flowmeters during the films deposition. Increasmtrogen partial pressure caused the
poisoning of targets and the reduction of ionizatleading consequently to a lower



amount of vanadium and carbon during sputterings Tanfirms the gradual decrease of
the V and C deposition rates, with increasing g partial pressure. Consistently, by
increasing the pressure of nitrogen from 0 to &0 the (N+C)/V ratio increased from
0.95 to 1.56. All films contained a small amounteaigen (1.5-3 at.%), which might be

induced by residual oxygen in the deposition chamabd contamination of the targets.

3.2. Microstructure

The evolution of the microstructure of V-C-N coasnwith increasindg’nz is shown in
Figure 2. At low diffraction angles (between 264d&88°) small crystallographic planes
emerge and indicate the presence @Dd/phase (JCPDS card, No. 18-1450) for all
coatings, which the oxygen mainly induced in thendi and partly replaced the nitrogen
and carbon. The diffraction patterns of films sergtl at 0 and 0.02 Pa show fcc-VC
phase (JCPDS card, No. 07-0257) with strong difibacfrom (111), (200) and (101)
crystallographic planes at (43.9°), (47.4°) and.74P respectively. The orthorhombic
VoC phase (JCPDS card, No. 71-1258) was also deteocted202) and (131)
crystallographic planes corresponding to diffracti@q angles of 54.9° and 56°,
respectively. The films sputtered with varying @& between 0.04 and 0.08 Pa
presented a significant reduction inG/and VC phases. Thex® crystallographic plane
is no longer visible and the intensity of (101) \éG/stallographic plane becomes very
low. The gradually weakened peaks indicate the paystallization of vanadium
carbides. However, the XRD diffraction patternswgh® high peak situated at 52.4°,
representing a tetragonal (400) ¥Nphase (JCPDS card, No. 71-1139). Also, the
crystallographic planes at 54.78° assigning to(2@1) reflection of YN was detected
(JCPDS card, No. 71-0618). This is due to vanadaigmificantly exhibiting a more
negative enthalpy when it combines with nitrogen.

The high quantity of nitrogen in film correspondittga partial pressure of 0.10 Pa led to
significantly change the film structure. From figuR, we can see the appearance of
several VN; crystallographic planes and the hexagondll Yhase related to the (101),
(201) and (210) crystallographic planes located839°, 54.9° and 68.2°, respectively. It
should be noted that all films deposited with diéfg (N+C)/V ratios varied between
1.10 and 1.56 presented a dominant tetragonad:¥Nase similar to the tetragonat/
phase reported in reference [20].



Figure 3 presents the variation of intensity, psakt and FWHM as a function of
nitrogen partial pressure for V-C-N coatings. Thessults were obtained for both (400)
VN gi1and (101) VC phases.

Generally, increasing pressure led to increasthefie parameters for both phases except
the intensity of (101) VC phase (Fig. 3). Theseng/es in (101) VC and (400) V&Y
peak intensities, FWHM and positions suggest thatdistortion of the VC lattice occurs
progressively as the nitrogen content in the cgatiereases. Addition of nitrogen led to
a progressive replacement of the vanadium carlidgesrthorhombic vanadium nitride
resulting in a severe decrease in intensity accamedaby an increase in FWHM of the
(101) VC. This is due to the poor crystallizatidnvanadium carbides and the moderate
existence of carbon in the coatings in its amorgtsiate [25]. This is in good agreement
with N. Schalk [24], who reported the decreasingsiméss-free lattice parameters with
increasing nitrogen content in the sputtered titanaluminium nitride coatings. We can
also relate these changes in coating microstrudturhe compressive residual stress
introduced in coatings, during sputtering, by tlenplex nature of the diffusion of

vanadium, nitrogen and carbon atoms [23].

In order to determine the binding state, simultaiseXXPS was carried out on the
coatings. From Figure 4, one can see that thergpatirface mainly consists of V, C, and
N. At 0.01 Pathe high-resolution V2p spectrum shows peaks abthding energies of
the V2p@i2, 12)(513.47 and 515.28 eV, FWHM 1.07 eV). The aforenometd peaks can
be explained with three binding energies (Fig.)4paaks of V2p-(513.52 eV, FWHM
1.02 eV) and V2p»(515.13 eV, FWHM 2.22 eV) which are assigned toWh€ bond of
the VC component [26, 27], while the third peakM#ps> (513.12 eV, FWHM 1.16.4
eV) is assigned to X [27]. Moreover, the Cls peak at the binding epeg283.4 eV
also demonstrates the presence of a C-V bond of ¥ 4. c) [27, 28], which were
supported by the XRD data. The results are sinlahose reported in the literature for
VC phase [29]. For the N1s XPS spectra (397.44FRAVHM 1.56 eV) (Fig. 4. e), the
main peak of N1s corresponds teN/(397.40 eV, FWHM 1.54 eV) [5] and the minor
peak corresponds to UN297.80 eV, FWHM 2.82 eV) [30]. These results méaat
vanadium carbide and nitride coexist in the coatsgshown from the XRD analysis
(Fig. 2).

At 0.06 Pa, we notice a significant decrease inGfis spectra intensity and changes in
the V and N1s spectra. A positive shift from 513uprto 514.21 eV for the peaks of V2p



is observed. The V2p;, 12)(514.21 and 521.61 eV, FWHM 2.25 eV) spectra can be
fitted into four peaks, located at about (513.81 EWHM 1.39 eV), (516.7 eV, FWHM
2.89 eV) (517.31 eV, FWHM 2.36 eV) and (522.079 EWHM 2.46 eV) (Fig. 4. b),
corresponding to VNi, V2N, VC and VQ [5, 31]. The Cls spectrum is located at a
binding energy of 282.86 eV (Fig. 4. d). Throughu&saan fitting analysis, the peaks at
(282.84 eV, FWHM 1.20 eV) and (283.67 eV, FWHM 3&\) correspond to V-C and
C N bonds [26, 32]. This indicates that the C-N dhing is weakly formed in the V-C-N
coatings after incorporation of nitrogen atoms aodfirms the coexistence of vanadium
nitride and carbide phases in the V-C-N systemigtt hitrogen content. However, the
vanadium carbonitrides do not appear in the XROrattion patterns (Fig. 2), showing
that the content of vanadium carbonitride is verw.l The peak size of N1s between
397.36 and 398.78 eV becomes large and asymmeigc4. f). The main peak of N1s
spectra corresponds to WN(397.25, FWHM 2.42 eV) and the minor peak corresiso
to V2N (398.56 eV, FWHM 2.42 eV) [5, 30]. However, tlinrd peak corresponds to N—
C bond (398.39 eV, FWHM 1.60 eV) [32]. The XRD ax¥S analysis results reveal that
V-C-N coatings are an interstitial (V-C, V-N) mix&) which exhibits a crystalline
structure. However, the V-C binding intensity deses gradually while V-N binding
increases. This suggests that V-N and V-C bondsistom the coatings and the content
of VN g1 increases while the VC content decreases witleasing N content.

3.3.Morphology

SEM images showing the cross section and surfagphlmgy of V-C-N coatings are
represented in Figure 5. Figure 6 presents thatwami of film thickness, growth rate and
crystallite size of films deposited at differentragen partial pressures. One can notice
that the surface of coatings sputtered at low pressaried between 0 and 0.04 Pa,
revealing a porous surface with fine grains of bd 42 nm respectively (Fig. 5). The
films deposited aPn2= 0.06 Pa present uniform and fine grains. Increptie pressure
led to decrease the growth rate of V-C-N films (F8y In fact, the addition of nitrogen
led to modify the growth mode of films with the pemce of amorphous carbon. By
increasing the pressure up to 0.08 Pa, significhanges in coating morphology were
observed such as pyramidal like sharp grains (26 imrmsize, Figs. 5 and 6). The

pyramidal grain size increased gradually with iasiag pressure from 0.08 to 0.10 Pa



(Figs. 5 and 6). In our previous study [29], we arpd a similar evolution of the
morphology of V-N coatings deposited by the sanmm@dure, which is a result of the
mutual interference of the intermediate VN andN\phases.

The grain size of V-C-N films sputtered a-P 0.06 Pa clearly increased simultaneously
with decreasing the film thickness. The grain ceeémce, performed with increasing the
N content in films, is due to the reduction of imombardment energy during the reactive
sputtering of V, C and N elements and the re-ntelea the V-N compounds through
film deposition [3].

Cross-sectional SEM images (Fig. 5) show a colummanphology for all coatings with

different column widths. A similar morphology waported by Bondarev et al. [18].

We noticed that a superficial thin oxide layer wgadsequently formed, the thickness of
which depends on the applied nitrogen partial presdts maximum value (0.11 pum)
was measured for the film deposited at 0.04 Pagchvicontained about 3.4 at.% of
oxygen. The formation of this oxide layer is duethe reduction in dense structure
caused by the low kinetic energy of incidence iavisich increased nucleation of oxides
during film growth [33]. From Figure 6, we can dllgasee that growth rate and film
thickness, evaluated by SEM, decrease from 0.0022nin, 2.41 m (at 0 Pa) to 0.0013
m/min, 1.60 m (at 0.10 Pa), respectively. This behaviour cao &l explained by the
pollution of the target and the re-nucleation oé thanadium nitrides through film
deposition. It may also be slightly affected by tbes compact solid solution, which

decreases by increasing nitrogen content as coohpatbe V-C coatings [34, 35].

3.4. Mechanical properties

To investigate the mechanical behaviour of the WGHms sputtered at different
nitrogen partial pressures, nanoindentation measemes were performed. Figure 7(a)
illustrates the typical load-displacement curvesmied from these tests. It can be shown
that these curves are superimposed at low load9G< N, signifying that elastic
deformation is dominant at this stage for all cogdi[29].

The maximum applied load was about 700 mN, whidbwadd achieving maximum
indentation depths (Fig. 7 a, b). With a limit of%@ of total film thickness, it clearly
shows a stiffer plastic response, as is demondtiayethe lower indentation depth and

greater loading curvature.



This response results in a smaller depth with anveéent maximum load than compared
with load-displacement curves without taking a timf 10% of total film thickness.
Suggesting the V-C-N films are more resistant tasfit deformation than a steel
substrate; this qualitative analysis confirmed itnective effect of the substrate on the
hardness values (Figs. 7 a, b). It can also ehsilseen that the load-displacement curves
stabilized as the film thickness increased, whih lse explained by strain gradient effect
or the Hall-Petch effect [36]. Also, the higher th#rogen pressure, the higher the
penetration depth is. This indicates that the @adtformation of vanadium nitrides is

lower than that of vanadium carbides.

Mechanical properties of coatings sputtered ateckfit R2 are summarized in Figure
7(c) and Table 2. The coating hardness (H) andielasdulus (E) increased with an
increase of » up to 0.06 Pa and then, beyond this value, theyedsed gradually. The
H and E values were measured with considering 7%btaf film thickness. For a pure
VC coating, the average hardness value was 15 WP4dind that the V-C-N films have a
significant increase in hardness and elastic magditam (H =17 £+ 2 GPa, E =220 £ 10
GPa) at R.=0.02 Pato (H=26.1+ 1.0 GPa, E =268 £ 10 GIP&.= 0.06 Pa (Fig. 7.
c). This can be explained by the increasing dersity sub-stoichiometric films with a
mixture of vanadium carbide and nitride phases.ofding to XPS analysis, the peak
shift of V2p binding energy suggests that the bogdiharacter changed from V-C to
harder V-N bonds due to the N insertion throughtafres [23, 37].

From Figure 2, the XRD diffraction pattern of thienf sputtered at 0.06 Pa shows a major
(400) VNs: peak indicating the effect of solid solution strémaning of the V-C-N
coating by nitrogen atoms incorporation and grafinement [2, 32]. At a higheng, the
structure was polycrystalline and the (N+C)/V rdtiaher increased and reached 1.56 at
Pn2 = 0.10 Pa. This is considerably higher than tHia¢M.s1 and VC phases, typically
exhibiting a decrease in the hardness and elastidulas, which is consistent with
several works in the literature [19, 38]. It seethat the low hardness of coatings
deposited at #2= 0.10 Pa is due to the large grain size (37 nm, %) and the low film
thickness according to the Hall-Petch relation [1RJirthermore, the V-C-N coating
suffers from significant oxygen contamination whiglpically reacts with vanadium,

forming oxides and affects harmfully the mechanpralperties [5].



The elastoplastic behaviour of coatings can besitiyated by H/E and #=2 ratios. Both
ratios are related to the toughness of the coafBijsvaried similarly. The highest elastic
and plastic strain ratios of 0.097 and 0.224 GPRpaetively, were obtained for the
coating deposited at 0.06 Pa. This is mostly a equesnce of the low elastic modulus
value, as compared to those of other hard films-33%. The addition of nitrogen led to
significantly change the chemical composition, artigular the (N+C)/V ratio (Fig. 1),
and consequently the microstructure of the coat{figs. 2 and 5). The H/E andf/g?
ratios of all V-C-N films, except the film depogitat 0.1 Pa, are higher than that of a
pure VC coating [20].

The values of residual stresses calculated from shmple-curvature radius using
Stoney's formula are shown in Table 2. We found tdmampressive residual stresses
produced during sputtering in pure VC were -2.2 GBwg increasing the nitrogen
pressure, the lowest value of this stress was medisu the film sputtered at 0.06 Pa (0.4
GPa). The drop in residual stress with the addiabmitrogen can be explained by the
changes in film growth due to the incorporatiomafogen in the vanadium lattice. We
found that mechanical properties of V-C-N coatidgposited at 0.06 Pa were close to
those previously reported for V-C-N coatings with\N= 83.01 at.%, and C = 16.89
at.% [20]. Moreover, the drop in the mechanicalpenties can be explained by the
relaxation of residual stress and the formatiorWVel phase at high nitrogen content,

which is less dense as compared to thesMphase [5].
3.5. Tribological properties
3.5.1. Friction

Figure 8 shows the friction coefficient curves loé tV-C-N coatings sputtered at different
nitrogen partial pressures. The friction coeffitgenof all V-C-N coatings are
characterized by two different parts. For V-C-Ne thiiction coefficient (CoF) is not
constant during the test. An initial running-in ipel; during which the CoF rises rapidly
can be observed, which represents a transitioerpatff friction for rough surfaces. This
is followed by a steady-state region which varies test to test, from a minimum of 3

m of the total sliding distance [39].

Surface roughness (RMS) and friction coefficienbRCof V-C-N coatings deposited at

different nitrogen pressures are presented in Tabléhe RMS value of VC film was



close to that of a V-C-N coating deposited at (F@2 From Table 3, we can note that
increasing the nitrogen pressure led to signifiyadiecrease the coating roughness,
which may be due to the competitive growth betweanadium carbides and nitrides
[23]. The low surface roughness can affect fricteomd wear performance during the
sliding test. The CoF average of the V-C-N coatmgasured against a 100Cr6 ball, was
0.42 at 0.06 Pa (Fig. 8) close to the values regddsy Ge et al. [40].

The CoF values for the V-C-N coatings depositedifi¢rent Ri> varying from 0.04 to
0.08 Pa were similar to those previously reportge@bndarev and Yu [18, 20] indicating
a positive influence of nitrogen addition. The VNC<¢oating deposited at 0.10 Pa
unexpectedly demonstrated a high CoF value whichbeaexplained by the decrease in
the VNg1 phase with a significant (N+C)/V ratio = 1.65.f&ct, nitrogen addition causes
surface softness of V-C-N films (H = 14 GPa) legdin increase the contact area and
consequently the friction force during sliding tE39]. Thus, these results are in partial
accordance with a previous study showing a decreagee CoF [18]. According to our
previous study [8], the decrease in the CoF is atdbuted to the contamination of the
V-C—N coating by oxygen and the formation of vanadioxides. These oxides act as a
lubricant between the film surface and the baluitgsg in a low friction coefficient. The
decrease in the surface roughness of V-C-N coativaysng a higher (N+C)/V ratio

indicates the negative influence of a low carbonteot in the coatings [18].
3.5.2. Wear

Micrographs and cross-sectional wear track depdfiles of the V-C-N samples are
presented in Figure 9. The wear rate values arsepted in Table 3. For the films
deposited at a low nitrogen pressur®.04 Pa, the spallation failure mode is observed
and the total delamination of the V-C-N films isedto the low resistance to plastic
deformation (Fig. 7 a) [23]. The V-C-N coatings dsiped at 0.06 and 0.08 Pa confirm an
especially good wear resistance; their wear ratesnathe range of 2.66x10mm?/Nm.

A little abrasion wear is observed in the middlewsar tracks parallel to the sliding
direction, which is attributed to its low surfaceughness and high hardness value [18,
23]. The SEM images of coatings sputtered at 0:0d @10 Pa show a significant
amount of wear debris accumulated on the wear @ackthe wear rate for both films is
4.20x10 mm¥Nm. This result indicates that abrasion is dught® low resistance of

films to plastic strain, which is expected in dlecfilms [18, 41].



3.5.3. Adhesion

Scratch tests were carried out on V-C-N coatingapplying different loads of 5, 20 and
40 N. The scratch tracks were investigated to etalthe influence of nitrogen partial
pressure on the film adhesion and to reveal theadanmature between the coating and
the XC100 substrate. The SEM images of scratclkdrace presented in Figure 10. For
all samples; applying a low charge of 5 N did renise any failure in the scratch track. A
further increase in the applied load to 10 N lednitate and propagate cracks through
coatings. Wear track morphology of V-C-N deposiad.06 Pa was relatively smooth.
We did not observe spallation or delamination ef¢bating. However, some chipping of
layers at the edges of the scratch can be obsefedwear tracks of V-C-N coatings
sputtered at 0 and 0.10 Pa have a very rough surfde track becomes broader and the
conformal cracks along the scratch edge are visibles is a typical brittle-ductile
behaviour in V-C-N coatings [29]. The cohesive Ul of the V-C-N coatings is a
response to the internal stress developed withen dbatings during the test where

cracking occurs in high stress areas [22, 42].

By increasing the applied load up to 40 N, it cansken that the wear resistance of the
very hard V—-C—-N coatings is even higher than thathe V-C coating. This adhesive
feature is confirmed by the characteristics of wear track. For the V-C-N coating
deposited at 0.06 Pa, the wear track reveals fasksr According to Sun et al. [42], the
transition-metal carbonitride coatings become harddien the energy of crack
propagation decreases with the reduction of thborarcontent, which is in agreement
with our results. However, all coatings presenedetation, an obvious delamination and
cracks on track edges of the scratch. The plasforchation along the tracks is caused by

tensile stress behind the sliding stylus [43].

4. Conclusion

In this paper,the effects of nitrogen partial pressure on theicstire, morphology,
mechanical and tribological properties of the Vanadcarbonitride magnetron sputtered
coatings were investigated.
V-C-N coatings sputtered at low pressur8.04 Pa consisted of solid solution of
fcc-VC and hcp-¥C. Increasing the nitrogen partial pressure ledhange the

microstructure of the films to hcpaM and t-VNs:1 phases. This is due to the



incorporation of nitrogen through the vanadiumit¢attHowever, the VC carbide
appeared in low amounts at 0.10 Pa.

It was demonstrated that the porous morphology gésro a dense one with a
pyramid like peak when nitrogen atoms are incorgatanto the vanadium
lattice.

The hardest V-C-N film was sputtered at 0.06 Paitvbgen partial pressumgith

the formation of a vanadium carbide and nitride tome. Its value of 26.1 GPa
was obtained with (N+C)/V = 1.44. This film showad excellent strength to
elastoplastic deformatiorhe mechanical parameters of V-C-N films gradually
decreased with grain coalescence.

The V-C-N film sputtered at 0.06 Pa revealed thveelst friction coefficient (0.42)
and the best wear performanétwever, increasing the nitrogen partial pressure
to more than 0.08 Pa led to a decrease iffilimeresistance to plastic strain and

the total delamination of all the V-C-N coatings.
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Figure 1. Variation of chemical composition for V-C-N coatigs a function of nitrogen partial

pressure.
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Figure 5. SEM images of surface and cross-sections for V-€bétings sputtered at different

nitrogen partial pressures.
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