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Abstract: In the last decades, vanadium alloyed coatings have been introduced as potential candidates for self-lubrication due to their perfect
tribological properties. In this work, the influence of V incorporation on the wear performance and oxidation resistance of TiSiN/CrN film
coatings deposited by direct current (DC) reactive magnetron sputtering is investigated. The results show that vanadium incorporation signific-
antly decreases the oxidation resistance of the coatings. In general, two layers are formed during the oxidation process: i) Ti(V)O2 on top, fol-
lowed by a protective layer, which is subdivided into two layers, Cr2O3 and Si–O. ii) The diffusion of V controls the oxidation of V-containing
coatings. The addition of vanadium improves the wear resistance of coatings, and the wear rate decreases with increasing V content in the coat-
ings; however, the friction coefficient is independent of the chemical composition of the coatings. The wear of the V-containing coatings is
driven by polishing wear.
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 1. Introduction

Physical vapor deposition (PVD), chemical vapor depos-
ition, and thermal spraying processes are some common sur-
face  modification  techniques  used  in  coating  deposition
[1–3]. In recent years, there has been considerable interest in
the PVD technique, as it easily screens the chemical compos-
ition  of  the  coatings  and  the  deposition  of  more  compact/
dense  coatings  with  improved  mechanical,  thermal,  oxida-
tion,  corrosion,  and  tribological  properties  [4].  Transition
metal nitrides produced by this technique have been widely
applied as hard protective coatings in several industrial fields
such  as  stamping,  machining,  aerospace,  automotive,  and
other  industrial  sectors  where  components  are  used  under
severe conditions (high loading, corrosive environments, and
high  temperatures)  [5–7].  Although  the  first  binary  nitride
coatings (TiN and CrN) had somewhat succeeded for some
decades in extending the service life of different components,
including  machining  tools,  currently,  they  have  limited  use
due to the increasing solicitation conditions. TiN coatings ex-
hibit  excellent  mechanical  properties  and  thermal  stability.
Nevertheless, they tend to have a relatively elevated friction
coefficient,  and  importantly,  their  resistance  to  oxidation  is
highly limited (onset point of oxidation of 500°C) [8–9]. The

low oxidation resistance of this coating system has been at-
tributed to the formation of a porous and nonprotective TiO2

oxide scale on the top surface of the coating, which fails to
prevent/block  the  diffusion  of  ions  outward  and  O ions  in-
ward at high temperatures [9–10]. The limited oxidation res-
istance  of  TiN  coatings  renders  them  unsuitable  for  use  in
high-speed dry machining processes, where temperatures can
reach up to 1000°C [10–11]. In contrast, the thermal stability
of CrN films has been extensively studied [12–13]. Research
has shown that CrN films undergo rapid oxidation upon ex-
posure  to  temperatures  exceeding  700°C,  resulting  in  the
formation of a Cr2O3 phase and a reduction of nitrogen in the
films,  thereby  deteriorating  its  mechanical  properties
[14–16]. At high temperatures,  Cr3+ diffuses outward to the
film surface, while oxygen diffuses inward, creating a dense
Cr2O3 layer.  This  oxide layer  serves  as  an effective barrier,
impeding  the  inward  diffusion  of  oxygen  [17].  In  addition,
the phase transformation from Cr2N to CrN at elevated tem-
peratures induces a porous and noncolumnar morphology of
the  Cr2N  coatings,  resulting  in  poorer  oxidation  resistance
compared to CrN coatings [18].

In  the  last  decades,  novel  ternary,  quaternary,  and  other
coating  systems  deposited  either  as  nanocomposite,  mono-
layered, or multilayered architectures have been investigated 
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to extend the service life of components at high temperatures
[19–20]. Many studies have shown that the addition of ele-
ments such as Si, Al, Mo, and Zr has yielded coatings with
superior  mechanical,  thermal,  oxidation,  and  tribological
properties  [21–25].  For  example,  the  addition  of  Si  to  TiN
can significantly affect their oxidation resistance [26–27]. In-
deed, the formation of a continuous Si–O layer during the ox-
idation  of  those  coatings  limits  the  diffusion  of  the  inward
oxygen  and  outward  metallic  elements,  thus  improving  the
oxidation  resistance  [28–30].  Ternary  Cr–Me–N  coatings,
where Me represents one of the alloying elements, have been
investigated to enhance several properties of CrN coatings. V
has been mainly used to improve the mechanical and tribolo-
gical properties of the coatings. Aissani et al. [31] studied the
effect of vanadium incorporation on the tribological proper-
ties  of  CrN  coatings.  The  results  showed  that  the  friction
coefficient decreases from 0.53 for CrN coating to 0.42 for
CrN coating with 26% of V. Xu et al. [32] investigated the
effect of vanadium incorporation on the tribological behavi-
or of Cr–V–N coating. Authors reported that increasing the V
amount  slightly  increases  the  average  friction  coefficient
(COF) from 0.26 to 0.36 and the wear rate from 2.4 × 10−7 to
8.7 × 10−7 mm3∙N−1∙m−1. The hardness of coatings is not the
only parameter controlling the friction property, and the sur-
face  roughness  (Ra),  along  with  the  crystallinity,  is  also  of
great importance. Qiu et al. reported that alternating the CrN
and VN coatings led to an increased hardness from 16.7 GPa
for the CrN monolayer to 25 GPa for the CrN multilayer, and
the corresponding friction coefficient decreased from 0.4 to
0.2 [33]. Fu et al. [34] studied the effect of current applied on
the TiV target (70, 80, and 90 A) on the hardness, wear res-
istance, and corrosion resistance of the TiAlN/TiVN coating
system.  They  reported  that  among  the  three  coatings,  the
coating deposited by 90 A current exhibits the highest hard-
ness,  lower  wear  rate,  and  best  corrosion  resistance.
However,  following  common  problems  were  found  in  the
works studying the influence of V addition on different coat-
ing systems: i) huge decrease in the onset temperature of ox-
idation  and  oxidation  resistance  of  the  coatings  and  ii)  fast
diffusion of V to the leading surface, after a critical time, to
the total depletion of V from the entire volume of the coat-
ings and consequently, to the deterioration of the tribological
properties  [35–37].  As  highlighted  in  several  studies,  the
challenge is to adequately control the V transport/diffusion to
allow both low friction and wear over a long term and high
oxidation resistance.

In  our  previous  study,  we  proposed  a  coating  design  to
control  the V ion diffusion through a multilayered arrange-
ment,  altering  high-oxidation-resistance  TiSiN  layers  with
VN layers [37].  The results showed that the increase in the
TiSiN layer thickness on the multilayer architecture success-
fully improves the onset point of oxidation and oxidation res-
istance of coatings due to the formation of a more efficient
and  thicker  Ti–Si–O  layer.  However,  despite  these  results,
the oxidation resistance of the coatings was still far from the
temperatures needed for high-temperature applications (ran-
ging from 700 to 1000°C). To improve the oxidation resist-
ance of such coatings, their architecture was redesigned. The

strategy was to replace the pure VN layer in the multilayer ar-
chitecture  with  a  high  oxidation  resistance  layer  (CrN)  al-
loyed  with  different  V  concentrations.  Thus,  the  study  was
focused on the influence of V addition on the morphology,
structure,  thermal  stability,  and  onset  point  of  oxidation  of
multilayered TiSiN/CrVxN coatings [38]. The results showed
that all deposited coatings exhibited a cubic B1 structure, ir-
respective of the chemical composition. Reportedly, all coat-
ings  exhibited  a  substoichiometric  composition  with  the  N
concentration  in  the  range  of  47at%–48at%.  The  substoi-
chiometry occurred in  the  CrxVyN layer  as  Ti  reacted more
easily with nitrogen than with Cr, thereby causing less incor-
poration  of  N  in  the  Cr-rich  layer  compared  to  the  Ti-rich
one. In addition, V alloying showed an insignificant effect on
the  adhesion  resistance  and  the  residual  stress  of  mul-
tilayered  TiSiN/CrVxN  coating.  Dynamic  oxidation  results
(heating from room temperature (RT) up to 1200°C at a con-
stant rate of temperature increase of 20°C/min) showed that
the  onset  point  of  oxidation  was  decreased  from  850  to
750°C as soon as 2at% and 4at% of V were added to the ref-
erence  multilayered  TiSiN/Cr(V)N  coating.  8at%  of  V  re-
duced the onset  temperature of  oxidation of  the coatings to
700°C. All  dynamic oxidation curves also revealed that  the
oxidation  resistance  of  coatings  was  degraded;  however,
those  tests  did  not  consider  the  oxidation kinetic  and oxide
scale growth, since a continuous changing of the kinetics dif-
fusion occurred with temperature.  In  this  investigation,  iso-
thermal oxidation tests were conducted to understand the ox-
ide scale growth and kinetics of ion diffusion responsible for
the degradation of the oxidation resistance of the multilayer
TiSiN/Cr(V)N coatings. In addition, the effect of vanadium
alloying  on  the  tribological  behavior  at  room  temperature
was also investigated.

 2. Experimental

TiSiN/CrVxN coatings,  with  different  vanadium concen-
trations, were deposited on alumina (for oxidation resistance
tests) and M2 steel (for wear tests) substrates by a direct cur-
rent  (DC)  reactive  magnetron  sputtering  machine  operating
in an unbalanced mode equipped with two rectangular (150 ×
150 mm) Ti (99.9%) and Cr (99.9%) magnetron cathodes po-
sitioned at  90° in relation to each other  (each target  has 20
holes of 10-mm diameter). TiSiN was obtained by inserting
seven pellets of silicon (ϕ10 mm) at the preferential erosion
zone  of  the  Ti  target  while  the  remaining  holes  were  filled
with Ti rods. However, V incorporation in the coatings was
assessed by successively increasing the number of V pellets
(ϕ10  mm)  at  the  preferential  erosion  zone  of  the  Cr  target,
i.e.,  5, 10, and 20 pellets. A V-free TiSiN/CrN coating was
deposited to serve as a reference coating. Substrates were ul-
trasonically  cleaned  in  acetone  and  ethanol  for  15  and
10  min,  respectively.  Then,  they  were  mounted  on  a  sub-
strate holder, which can rotate around the center axis in front
of  the  two  targets.  Before  the  deposition,  the  chamber  was
pumped to the pressure of 5 × 10−4 Pa. First, the samples were
etched in Ar+ ion bombardment for 30 min (under a pulsed
bias of −270 V and pressure of 0.5 Pa). This was conducted
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in parallel with the cleaning of the two targets by applying a
power of 1.3 W/cm2 for 15 min on each target. Then, TiSi ad-
hesive and TiSiN gradient layers were deposited by applying
a power of 5.3 W/cm2 at the TiSi target with the substrate bi-
as of −70 V. TiSi adhesive layer was produced at 0.5 Pa for 5
min using 22 sccm of Ar, and the TiSiN gradient layer was
produced by rising the N flow progressively up to 80 sccm
during 5 min with the corresponding total pressure. The rota-
tion  speed  was  maintained  constant  at  23  r/min.  Sub-
sequently, the main multilayer structure was produced by ap-
plying 7.0 W/cm2 to the TiSi target and 5.3 W/cm2 to the Cr
target, using 17 sccm of Ar and 80 sccm of N, with a work-
ing gas pressure of 0.3 Pa under a pulsed bias of −70 V, and
the substrate rotation speed was reduced to 1.5 r/min to pro-

duce multilayer coatings with a period thickness of ~60 nm.
For all depositions, the deposition time was 60 min, and the
deposition temperature was under 150°C. A summary of the
deposition  conditions,  chemical  composition,  and  the  main
properties of the coatings are summarized in Table 1 [38].

To investigate the effect of vanadium alloying on the iso-
thermal oxidation resistance of the coatings, a thermogravi-
metric equipment (SETARAM Setsys Ev 1750, France)) was
used. Isothermal oxidation tests were conducted in air for 2 h
at 700, 900, and/or 1000°C depending on the chemical com-
position of the coatings, as summarized in Table 1 [38]. The
sample  weight  gain  was  registered  continuously  during  the
test  every  2  s  using  a  microbalance  with  an  accuracy  of
0.01 mg.

 
Table 1.    Chemical composition and the main properties of elaborated coatings [38]

Sample

Chemical composition / at%
Thickness /

µm

Residual
stress /

GPa

Hardness /
GPa

Young’s
modulus /

GPa

Onset
oxidation

temperature /
°C

Isothermal
oxidation

temperatures /
°C

N Ti Cr Si V

C0 47.8 ± 0.1 14.5 ± 0.2 34.0 ± 0.3 3.8 ± 0.1 0 3.3 −0.83 23 ± 3 306 ± 13 850 900/1000
C2 47.1 ± 0.3 14.5 ± 0.2 32.4 ± 0.3 4.0 ± 0.1 2.1 ± 0.2 3.4 −0.72 28 ± 3 329 ± 14 750 900
C4 47.9 ± 0.2 15.1 ± 0.3 28.9 ± 0.3 4.1 ± 0.1 4.1 ± 0.1 3.5 −0.67 28 ± 3 331 ± 15 750 900
C8 47.9 ± 0.2 14.9 ± 0.3 24.8 ± 0.3 3.9 ± 0.1 8.4 ± 0.2 3.3 −0.74 31 ± 3 348 ± 17 700 700/900

 

After  the oxidation,  the surface and cross-sectional  mor-
phology of the oxidized coatings were characterized by scan-
ning  electron  microscopy  (SEM;  ZEISS  Merlin  Gemini2,
Germany),  and  the  phases  formed  were  characterized  by
XRD using  a  PANalytical  X’Pert  Pro  diffractometer  work-
ing in conventional mode. Spectra were acquired in the range
of 20° to 70°.

Wear  tests  were  conducted  in  a  pin-on-disc  equipment
against Al2O3 balls. The samples and balls were sized 20 and
6 mm in diameter, respectively. The tests were performed by
applying a normal load of 10 N, linear sliding speed of 0.1
m/s,  duration  of  15000  cycles,  and  relative  humidity  of
30%–40%  at  room  temperature.  During  the  wear  tests,  the
variation in the friction coefficient vs. number of cycles was
continuously recorded. A Mitutoyo SURFTEST SJ-500 pro-
filometer was used to calculate the volume loss due to wear,
and then Archard’s law was applied to evaluate the specific
wear rate [39]. To examine the obtained worn surfaces of the
tested coating samples and the counterpart balls, two instru-
ments were used: SEM and LEICA optical microscope. For
the desired regions,  chemical  analyses were also conducted
using  the  attached  energy  dispersive  X-ray  spectroscopy
(EDS)  to  investigate  the  eventual  chemical  changes  in  the
worn surfaces.

 3. Results and discussion
 3.1. Isothermal oxidation

The oxidation resistance of coatings strongly depends on
their  chemical  composition and the  isothermal  temperature,
as shown in Fig. 1. The reference TiSiN/CrN coating oxid-

ized  at  900°C  exhibited  an  excellent  oxidation  resistance
showing  negligible  oxidation  weight  gain,  suggesting  the
formation of a protective oxide scales. At 1000°C, although
the coating displayed a higher mass gain (0.06 mg/cm2), the
parabolic evolution of the curve still suggests the formation
of a protective oxide scale. When 2at% and 4at% of V were
added to the reference coating, the oxidation weight gain at
900°C increased to 0.09 and 0.17 mg/cm2, respectively. The
higher the V concentration on the coatings, the higher the ox-
idation weight gain, corroborating with the previous dynam-
ic oxidation results [38], wherein a decrease in oxidation res-
istance was also noticed.

The C8 coating with the highest vanadium content (8at%)
was oxidized at two different temperatures of 700 and 900°C,
respectively.  The  results  showed  that  the  isothermal  oxida-
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tion at 700°C also followed a parabolic law, suggesting that
the diffusion of oxygen and metal cations is controlled by the
formation of a protective layer. The mass gain at this temper-
ature  was  lower  than  that  for  C2 and  C4 coatings  tested  at
900°C, which agreed well with the lower kinetics of ion dif-
fusion expected at this temperature. However, the oxidation
of the C8 coating at 900°C dramatically increased. The oxida-
tion curve at this temperature displayed a strong increase in
the mass gain, and then, a plateau was observed until the end
of the experiment, indicating complete oxidation of the coat-
ing, as shown later.

Based on the isothermal oxidation curves, the higher the V
concentration in the coatings, the lower the oxidation resist-
ance. To further explore the composition and structure of the
oxide scale, the as-produced coatings were characterized by
XRD, SEM, and EDS.

The XRD diffractograms of the isothermal oxidized coat-
ings are presented in Fig. 2. The oxide scale formed after ox-
idation of C0 at 900°C was mainly composed of Cr2O3 (IC-
CD: 038-1479); however, a few weak peaks related to TiO2

(ICCD: 076-0649) were revealed via XRD. According to the
EDS elemental map distribution (Fig. 3) and elemental line
profile (Fig. S1 in supplementary material) of C0 oxidized at
900°C, the formed oxide scale is  a mixture of TiO2,  Cr2O3,

and Si–O phases. However, the coating oxidized at 1000°C
exhibited two different oxide layers: a Ti–O rich layer corres-
ponding  to  the  TiO2 phase  on  the  top,  followed  by  a
mixture/compact layer mainly composed of Cr–O and Si–O
oxides.  Si–O  could  not  be  detected  by  XRD  due  to  its
amorphous character,  which agrees  well  with  the  literature,
where similar observation was reported [40–41].
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Fig. 3.    Cross-section (a, c), surface morphology (b, d), and corresponding EDS elemental maps of C0 oxidized at 900°C (e–h) and
1000°C (i–l).
 

Additionally, for both oxidation temperatures (900°C and
1000°C), the XRD analysis revealed peaks belonging to the
remaining coating, confirming that the coating was not totally
oxidized,  corroborating  well  with  the  cross-sectional  mor-
phology presented in Fig. 3. Nevertheless, the entire surface
of C0 oxidized at 1000°C was covered with rutile (TiO2) crys-

tallites (Fig. 3). The elemental map of C0 oxidized at 1000°C
(Fig. 3) showed the formation of a titanium-depleted zone be-
neath the surface layer containing titanium oxides,  possibly
resulting from the migration of titanium to form oxides on the
surface. Thus, titanium oxide displayed a higher growth rate
than chromium and silicon oxide but was far less protective.
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The high growth rate of titanium oxide further leads to cracks
and  pore  formation.  Moreover,  reportedly,  compact  Cr2O3

and Si–O oxide scales are considered protective [29,42] and
act  as  an efficient  barrier  to  ion diffusion when their  thick-
ness is sufficient. Consequently, the coating is protected from
further  oxidation.  However,  the  formation  of  TiO2 is  con-
trolled by the inward diffusion of O2− and the outward diffu-
sion of Ti4+ through the formed protective layer. The signals
of  Al2O3 (Al2O3,  ICCD:  046-1212)  coming  from  the  sub-
strate were detected via XRD analysis.

Based on the SEM analysis of oxidized C2, C4, and C8 at
900°C  (Fig.  4),  the  addition  of  vanadium  clearly  signific-
antly affects the oxidation resistance of coatings. Evidently,
the  thickness  of  the  oxide  scale  formed on the  coating sur-
face increased with the increasing V content. The results con-
firmed that a small percentage of vanadium (2at%) is suffi-
cient to disrupt the oxidation resistance of the coating, as sug-
gested by the weight gain curves in Fig. 1, where the weight
gain increases from 0.09 mg/cm2 for C2 to 0.25 mg/cm2 for C8

oxidized at 900°C. Cross-sectional morphology also showed
incomplete oxidation of C2 and C4, while C8 was fully oxid-
ized,  corroborating  with  the  oxidation  weight  gain  curves
shown in Fig. 1.

As  evident  from  the  XRD  analysis,  two  main  products

were  formed  during  the  isothermal  oxidation  of  V-doped
coatings:  TiO2 (ICCD:  076-0649)  and  Cr2O3 (ICCD:  038-
1479). Similar to C0, the signals of Al2O3 (ICCD: 046-1212)
emanating from the substrate could be detected. Additionally,
peaks belonging to the remaining coatings were detected via
XRD for C2 and C4, confirming the results discussed above.

Based on the EDS elemental maps (Fig. 5) and elemental
line  distribution  (Fig.  S2  in  supplementary  material)  of  C2,
C4,  and  C8,  the  following  results  could  be  distinguished.  i)
Amorphous Si–O phase should exist for C2, C4, and C8 simil-
ar to C0 coating. ii) the oxide scale of C2 oxidized at 900°C
primarily  consists  of  two  oxide  layers  (Fig.  5(a)  and  Fig.
S2(a) in supplementary material): on top Ti–O rich layer cor-
responding to TiO2 followed by a second layer consisting of
porous and/or discontinuous layer, which is divided into two
sublayers, an intermediate Cr2O3 layer followed by Si–O lay-
er; iii) increasing V to 4at% shows a slight modification on
the distribution of oxides layers. As seen from Fig. 5(b) and
Fig.  S2(b),  the  formed  oxide  scale  is  mainly  composed  of
three layers: (Ti,V)–O rich layer on top followed by the Si–O
rich layer, and finally, a mixture of Cr–O and Si–O layer. The
diffusion of vanadium to the surface is clearly visible by the
increasing V signals in the near-surface region, giving rise to
a V-depleted zone in the lower layers due to the outward dif-
fusion of vanadium. The same type of oxides as identified for
the C2 coating could be indexed for the C4 coating. However,
the intensity of the TiO2 diffraction peak positioned at 27.5°
increases  significantly,  suggesting a  thicker  oxide scale.  iv)
Literature shows that it  is possible that V–O formed during
oxidation  might  dissolve  into  TiO2,  and  knowing  the  high
solubility  of  V with  Ti,  a  Ti(V)O2 phase  with  V in  a  solid
solution could be formed [43]. This phase has already been
reported to be formed in our previous work and on other ox-
idized TiN-based coatings containing V [35]. v) Due to the
outward migration of  Ti4+ ions to the surface during oxida-
tion, a Ti-depleted zone is also observed, as shown in the ele-
mental  maps  distribution.  vi)  The  cross-sectional  morpho-
logy of the coating with high V concentration displayed the
formation of a highly open/porous microstructure. However,
elemental map distribution (Fig. 5(c)) and XRD analysis re-
veal  that  the  formed  oxide  scale  is  a  mixture  of  all  the
products  discussed above.  Consequently,  the higher  the va-
nadium concentration,  the higher the oxidation rate and the
easier the disruption of the formation of the protective con-
tinuous oxide layers. This could be explained by the occupa-
tion of the sites of Ti4+ ions by V2+ and/or V3+ ions,  the in-
crease of defect concentrations (oxygen ion vacancies) in the
TiO2 phase that maintain the electroneutrality condition, and
their  increased  speed  relative  to  the  growth  of  oxides.  The
substitution for Ti4+ with the valence of +4 by V ions with the
valence of +2 or +3 decreases the electrons of 2e− or 1e− from
the  concentration  of  conduction  electrons  [43].  Similar  res-
ults were found by Ref. [21], where the substitution of Ti4+ by
V3+ ions in the TiO2 lattice would increase the concentration
of interstitial  metallic  Ti4+ ions and decrease the number of
excess electrons, consequently increasing the oxidation rate.
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Strong  signals  of  Al  were  detected  by  the  EDS  analysis
through the coating C8, suggesting that Al diffuses out from
the substrate through the coating. Based on the XRD analys-
is,  a  new  phase  of  Cr2O3 with  Al  in  solid  solution  (ICDD
card: 084-0315) is indexed in the case of C2, C4,and C8 [38].

Notably, this coating (C8) was tested at a lower temperat-
ure  (700°C).  SEM  analysis  showed  that  the  coating  is  not
totally oxidized (Fig. S3 and Fig. S4) and displays similar ox-
ide  scale  as  C2 but  with  a  good  oxidation  resistance  trans-
lated by the lowest  weight  gain (0.04 mg/cm2, Fig.  1).  The
oxide scale of C8 oxidized at 700°C was typically composed
of Ti(V)O2 layer on the top surface followed by a layer com-
posed of Cr2O3 and Si–O oxides.

 3.2. Tribology

 3.2.1. Friction coefficient
Literature reports that the friction coefficient is related to

several parameters, such as applied loads, temperatures, and
friction  pair  material  [44–45]. Fig.  6 presents  the  friction
coefficient  of  the coatings tested against  Al2O3 balls  at  RT.
The evolution of the friction coefficient is registered continu-
ously  as  a  function  of  the  total  number  of  cycles  (15000
cycles). All friction curves present two stages: running-in and
steady-state stages. The friction coefficient at the running-in
stage increases steeply from the initial value of 0.2–0.6 in the
first 400 cycles. The increase in the COF values is mainly due

to the initial contact interaction and contact stresses of irregu-
lar asperities from both the film and ball. Then, the value de-
creases until the contact starts to adapt, establishing a stable
wear mechanism and, consequently, a stable COF. The COF
curve of the C0 sample at the steady-state stage is relatively
smooth and constant. However, when vanadium is added to
the coatings, an oscillation of the friction coefficient curves is
observed before reaching the steady state. This behavior may
be attributed to the plastic deformation during the wear tests
and the variation in the coating’s roughness due to V incor-
poration  [38].  After  12200  cycles,  the  COF curves  became
smooth and constant.

Conclusively,  alloying  the  coating  with  vanadium  does
not  affect  the  friction  coefficient,  and  the  values  are  in  the
range of 0.39–0.42, relatively lower than other V-containing
coatings [5,45–46]. This result agrees well with the work of
Qiu et  al. [47],  who  studied  the  tribological  behavior  of
CrVN/VN  with  different  period  thicknesses.  The  results
showed  that  all  multilayer  coatings  have  a  similar  friction
coefficient  of  around  0.23,  considerably  lower  than  CrVN
and VN monolayers. Moreover, Rapoport et al. [48] reported
that  the  presence  of  vanadium  does  not  show  any  distinct
influence  on  the  friction  coefficient  evolution  at  RT  when
studying the CrVxN monolayer. Yang et al. [45] studied the
effect of periodic thickness on the mechanical and tribologic-
al properties of TiSiN/CrN. The results showed that COF de-
creases  with  periodic  thickness.  A  similar  value  of  COF
0.35–0.5  was  obtained  for  the  periodic  thickness  equal  to
6.2 nm.
 3.2.2. Wear rate

Fig.  7 shows  the  specific  wear  rate  of  the  coatings  and
Al2O3 balls tested at RT, showing that the reference C0 dis-
plays the highest wear rate of the coating, as well as the low-
est  one  of  the  counterpart.  With  the  increasing  vanadium
content  in  the  coating  system,  an  improvement  in  the  wear
rate is clearly observed for the coatings, and the wear rate of
the ball increases in good agreement with the hardness trend
presented  in Table  1.  Several  studies  have  highlighted  that
the addition of V to Cr-based coatings in solid solution signi-
ficantly improves their wear resistance [47,49]. From the 2D
wear track profiles of the coatings shown in Fig. 8, with the
increasing  vanadium content,  the  wear  tracks  became  shal-
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low, indicating the positive effects of V alloying on the wear
resistance of these coatings.
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 3.2.3. Wear mechanism
Fig. 9 shows the worn surfaces of C0, C4, and C8 and their

respective EDS analyses. The wear of the reference coating
was  governed  by  abrasion,  wherein  the  formation  of  deep
grooves  on  the  wear  track  is  evident.  The  grooves  were
formed due to the penetration of the hard Al2O3 balls into the
coating,  resulting  in  the  removal  of  materials  through  mi-
cromachining.  EDS  point  analysis  performed  on  the  wear
tracks of the coating revealed no signals of O, suggesting the
good oxidation resistance of the film as confirmed by the iso-
thermal  oxidation  test.  Moreover,  no  signals  from  the  sub-
strate were detected. In contrast, when the vanadium amount
increased in the coating system (C4 and C8), the wear mech-
anism  was  completely  changed  into  the  polishing  wear
mechanism,  as  demonstrated  by  the  smooth,  worn  surface
(Fig.  9).  The  black,  well-adhered,  so-called  fish-like  debris
was  distributed  through  the  wear  track.  EDS  analysis  per-
formed on the fish-like wear debris revealed that they were
mainly composed of  O and V and traces  of  Ti,  Cr,  and Si,
suggesting the formation of V–O, Ti–O, Cr–O, and Si–O ox-
ide phases in small  scales still  insufficient  in producing the
V-oxide  lubricious  agent  at  RT.  Notably,  the  EDS analysis
showed that the other zones of the wear tracks were identical
to the deposit coatings. Fish-like wear debris is formed due to
the plastic deformation of the film induced by the ball sliding
against the coating [50–51]. Due to the sliding of the counter-

part on the coating, the asperities will be detached, producing
free wear particles from either the film or the ball. The con-
tinuous  sliding  movement  of  the  ball  will  drag  the  wear
debris against the coating surface, giving rise to their oxida-
tion and contributing to the continuous removal of the coat-
ing. Moreover, Al signals were detected corresponding to the
material detached from the ball.

 4. Conclusions

In  this  study,  the  influence  of  vanadium addition  on  the
oxidation  process  and  vanadium  diffusion  during  the  iso-
thermal annealing of TiSiN/CrVxN coatings deposited by DC
reactive magnetron sputtering is investigated. The oxidation
of the reference coating at 900 and 1000°C is controlled by
the formation of a protective oxide layer. The oxide scale of
this coating mainly consisted of two layers: TiO2 on the top,
followed  by  a  continuous  layer,  subdivided  into  Cr2O3 and
Si–O layers.  The existence of vanadium cations with lower
oxidation states in the TiO2 scale during the oxidation of V-
alloyed coatings is the main factor influencing the oxidation
resistance and disrupts the formation of continuous protect-
ive  oxides.  A new phase  related  to  Cr2(Al)O3 was  detected
because of the Al diffusion from the substrate toward the ox-
ide scale.

The results from the wear resistance showed that adding
vanadium to the TiSiN/CrN system does not affect the coef-
ficient  of  friction,  around 0.4;  thus,  V incorporation clearly
enhances  the  wear  resistance  of  the  coatings  due  to  the  in-
crease in hardness. Moreover, the wear of the reference coat-
ing is governed by abrasion, wherein the formation of deep
grooves is observed on the wear track. However, when vana-
dium is added to the coatings, the wear is driven by polishing,
and the black, well-adhered, so-called fish-like debris is de-
tected. The EDS analysis performed on the debris reveals that
the coatings are mainly composed of O and V and traces of
Ti, Cr, and Si, suggesting the formation of a complex oxide
phase.
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