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A B S T R A C T   

Enhancing the tribological properties of hard ceramic coatings for high temperature applications is one of the hot 
topics in the solid lubricant field. In this paper, a series of Nb–V–N coatings with different V concentrations were 
deposited using RF magnetron sputtering system, and the crystalline structure, mechanical and tribological 
properties were investigated. Results showed that the Nb–V–N coatings regardless of V concentrations exhibited 
two phase fcc-NbN with V in solid solution and hcp-NbN phase. The hardness and elastic modulus of the coatings 
were enhanced by adding 5.3 at.% of V. The room temperature tribological properties of the coatings were 
improved by the addition of V well due to the enhanced mechanical properties and the nature excellent self- 
lubricant characteristics. The evaluation of main tribophase from the wear track at elevated temperatures 
from the self-lubricant V2O3 at 400 ◦C to the V2O5 at 800 ◦C, contributed to the stable and excellent anti- 
frictional properties of the coating with a V concentration of 12.4 at.%. However, the wear rate of the coat
ings drops gradually with the increase of V concentrations due to the large amount of soft but lubricant tribo
phases at elevated temperatures.   

1. Introduction 

Transition metal nitrides, such as NbN, are widely used in the field of 
tooling due to their excellent mechanical and thermal stability [1]. 
However, the high friction coefficient and wear rate of these coatings 
limit their application in industry [2]. In the past decade, V has become 
one of the hot research elements to develop self-lubricant coatings for 
high temperature applications, where low friction in the absence of 
liquid lubrication is required [3,4]. For example, adding V into CrN 
coating by magnetron sputtering can significantly improve the friction 
and wear properties of the coating at room temperature, which is caused 
by the presence of V–O phases on the contact [5]. In the Ti–V–N coatings 
results showed that the addition of V element can markedly improve the 
mechanical properties and the friction and wear properties under room 

temperature and high temperature environment [6]. Moreover, the 
TiSiN/CrVxN was deposited using the magnetron sputtering system, and 
the effect of the V on the oxidation resistance and tribological properties 
were investigated. Results showed that the V ions in the films could 
diffusion towards to the surface of the film and form the layered V-based 
oxide phase [7]. NbN coating has excellent mechanical properties, while 
their tribological properties at room temperature are not ideal [8–10]. 
Furthermore, previous studies have shown that the high-temperature 
friction coefficient and wear properties of NbN coating also need to be 
further improved [11–13]. In this work, the influence of V additions on 
the properties of a NbN coating was investigated. The crystal structure, 
mechanical and tribological properties were accessed. 
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2. Experiment part 

A series of Nb–V–N composite coatings with various V content was 
synthesized by RF magnetron sputtering system using targets of Nb 
(99.9%) and V (99%) with a diameter of 75 mm and Ar: N2(50:1.6) gas 
mixture. The coatings were deposited silicon wafer with (100) prefer
ential orientation and mirror-finished W18Cr4V high speed steel. All of 
the substrates were ultrasonically cleaned in alcohol and acetone for 15 
min respectively, then hot air dried. The substrates were placed on the 
substrate holder in the chamber. The detailed deposition parameters are 
as follows: (1) the base pressure was below 6 × 10− 4 Pa, (2) a Nb 
transition layer having a thickness of about 0.2 μm was deposited on the 
substrates under pure Ar gas to improve the adhesion of the coatings, (3) 
Nb (99.9%) and V (99.9%) target power was fixed at 250w, (4) rotate 
speed of substrate holder was 4 rpm, (5) substrate heating and bias 
voltage were 100 ◦C and 80V, respectively, (6) deposition pressure was 
0.3 Pa. 

Energy Dispersive Spectrometer (EDS, Oxford, UK) was used to 
analyze the elementary composition of the Nb–V–N coatings. X-ray 
diffractometer (XRD, Shimazu-6000, and Japan) was used to investi
gating microstructure of coatings. Detailed parameters of XRD are 
following: Cu Kα radiation, operated at 40 kV and 35 mA, scanning 
speed of 4◦/min.A nano-indentation system (CPX + NHT2+MST, 
Switzerland) was used to measuring hardness of the coating. The 
detailed paraments are the following: (1) the constant loading force of 
the first five points were 3 mN, and the final four points were 5 mN. (2) 
the constant loading force held 10s. A ball-plate wear instrument (UMT- 
2, USA) using alumina ball counterpart with a diameter of 9.4 mm was 
used to investigate RT tribology properties of the coatings. The relative 
humidity was ~55%, the rotation speed was 50 rpm, the load was 3 N 
and the test duration was 30 min. The elevated temperature (400, 600 
and 800 ◦C) tribological testing was also carried out using the same 
experimental parameters as the RT ones. Three wear tests were carried 
on each sample to ensure repeatability of experiments, and use the 
average value of the long-term steady state in the friction curve as the 
coating’s average COF. The tribophases on the wear track surface was 
evaluated using the X-ray photoelectron spectroscopy (XPS, ESCA
LAB250XI, Thermo Fisher, USA) to investigate the chemical state of the 
elements. The experimental parameters could be summarized as follows: 
(i) the base pressure during the spectra acquisition was below 2 × 10− 9 

mbr, (ii) Al target operated at 72 W with the hv of 1486.60 eV was 
chosen as the excitation source and the Au (4f 7/2, 83.96 eV) was chosen 
as reference to calibrate, (iii) The recorded spectra include valence band 
and the total acquisition time was 54.2 s, (iv) The spot size of 400 μm 
was applied during the measurement, (v) Ion beam etching Ar+ with a 
primary energy and the angle of 800 eV and 70◦, respectively, was 
carried out for 30 s to remove the surface contaminants, (vi) The fermi 
level cut-off occurred at 0 eV from the valence band measurements for 
the sample according to Refs. [14–16]. The deconvolution of spectra was 
performed using the XPS CASA software, in which an adjustment of the 
peaks was performed using peak fitting with Gaussian–Lorentzian peak 
shape and Shirley type background subtraction. The wear rate was ob
tained by measuring the average cross section area of wear tracks using 
the 3D Profiler (Dektak-XT, Germany) and combining calculation for
mula, as follows: 

WS =
C × S
F × L  

where: 

WS-wear rate(mm3•N− 1•mm− 1); 
C-wear mark perimeter(mm); 
S-average area of wear track(mm2); 
F-normal load(N); 
L-sliding distance(mm). 

3. Results and discussion 

Table 1 illustrates the elemental compositions of the Nb–V–N coat
ings deposited by different V target power. Results confirms that the V 
content linearly increases with a increase of the V target power, and the 
corresponding Nb content in the coatings drops gradually. However, the 
V target power exhibits the slight influence on both the O and N content, 
with a value remains of ~43 and ~4 at.% respectively. The residual gas 
in the chamber and absorbed in the wall of the chamber could react with 
the V or Nb during the deposition and results in the exist of O in the 
coatings. Besides this, the ratio of V/(Nb + V) also increases gradually 
with the increase of V target power. The ratio of V/(Nb + V) is defined as 
V content in the following content of this paper. 

Fig. 1 shows the XRD spectra of Nb–V–N coatings with different V 
contents. As is shown in the figure, there are seven diffraction peaks in 
the scanning range of the reference NbN coating, which correspond to 
fcc-NbN (111), hcp-NbN (101), fcc-NbN (200), fcc-NbN (220), single 
crystal Si substrate, fcc-NbN (311) and fcc-NbN (222) [17–19]. There
fore, the reference NbN coating is composed by fcc-NbN and hcp-NbN 
[20,21]. Similar phases are detected when V is added at the reference 
coatings, however, the fcc diffraction peaks shift to higher angles in the 
direction of the position of the VN phase. This shift is progressive with 
progressive V concentration, suggesting that V is being incorporated in 
solid solution in the NbN fcc phase. Similar results were observed for 
other coatings systems. 

TEM was applied to investigate the microstructure of the Nb–V–N 
coatings, and its image of the cross-sectional coating is shown in Fig. 2. A 
classic columnar structure of the coating with a V concentration of 12.4 
at.% is detected in Fig. 2(a). Its corresponding selected area electron 
diffraction (SAED) pattern is also presented in Fig. 2(a) as an insert, the 
result confirms a dual-phase of fcc and hcp NbN co-exists in the coatings, 
since two kind of diffraction rings appear in the SEAD pattern [22]. 
Fig. 2(b) illustrates the HRTEM image of the Nb–V–N coating, and the 
lattice fringe with a spacing of 0.2201 nm is detected. This fringe refers 
to the fcc-NbN(200). Besides this, obvious dislocations could be 
observed in the HRTEM due to the solid solution of V into the NbN 
lattice [23,24]. 

Fig. 3 shows the hardness and Young’s modulus of Nb–N coatings 
with increasing V content. It can be seen from the figure that with the 
increase of V content, the hardness of the coating increases firstly and 
then decreases gradually. When V content is 5.3 at.%, the hardness is the 
highest, with the highest value of 32 GPa. The change trend of the elastic 
modulus of the coating is consistent with the hardness, which also rea
ches the highest value when the V content is 5.3 at.%, and its value is 
about 410 GPa. 

The initial increase of hardness is caused by the solution strength
ening of V solid solution in NbN lattice [25–27]. The solid solution of O 
into the Nb–V–N coatings also induces the solution strengthening, and 
attributes to the enhancement on the hardness. The further decrease in 
hardness is explained by the presence of high amounts of bonding 

Table 1 
Elemental compositions of the Nb–V–N coatings as a function of V target powers.  

V target power 
(W) 

Elemental composition (at.%) 

V/(Nb +
V) 

Nb V N O 

0 0 52.3 ±
2.6 

0 43.5 ±
2.2 

4.2 ±
0.2 

30 5.3 ± 0.2 50.6 ±
2.5 

2.8 ± 0.1 42.8 ±
2.2 

3.8 ±
0.2 

60 12.4 ±
1.0 

46.1 ±
2.3 

6.5 ± 0.3 43.1 ±
2.2 

4.3 ±
0.2 

90 17.8 ±
1.0 

43.2 ±
2.1 

9.4 ± 0.5 43.9 ±
2.2 

3.5 ±
0.2 

120 25.3 ±
1.0 

37.1 ±
1.9 

12.6 ±
0.6 

45.9 ±
2.2 

4.4 ±
0.2  
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between V–N which are weaker than Nb–N [28,29]. For the elastic 
modulus, due to the appearance of Nb–V–N replacement solid solution, 
the lattice constant of NbN is reduced, and the length of each chemical 
bond is shortened, resulting in the increase of the elastic modulus of 
Nb–V–N coating with V content of 5.3 at.%. With the further increase of 
V content, the relative amount of V–N bonds (elastic modulus of 280 
GPa) in the coating increases, resulting in the decrease of the overall 
elastic modulus of the coating. 

Fig. 4 shows the average friction coefficient (COF) and wear rate 
(WR) of Nb–V–N coating with different V content at room temperature. 
It can be seen from the figure that the COF and WR of binary NbN 
coating are 0.67 and 2.3 × 10− 7mm3/mmN respectively. The COF and 
WR of ternary Nb–V–N coating decreased first and then increased with 
the increase of V content. When the V content was 12.4 at.%, the above 
two values reached the lowest, with the lowest values of 0.53 and 8.9 ×
10− 8mm3/mmN respectively. 

In the process of friction, V can react with oxygen and/or water 
vapor in the environment under the action of friction pairs to generate 
VOx friction phase with lubricating effect, which can obviously improve 
the lubrication performance of the coating [30–32]. Therefore, when the 
V content in the coating is lower than 12.4 at.%, COF decreases grad
ually with the increase of V content [33,34]. The existing of O in the 
as-deposited coatings also attributes to the enhancement on the 

anti-friction performance, due to the formation of V–O bonds. In addi
tion, at this time, the coating has high hardness and excellent bearing 
capacity, which can effectively resist the load on the grinding pair, so the 
WR also gradually decreases with the increase of V content. However, 
when the V content in the coating is further increased, the hardness of 
the coating will be greatly reduced, and a large number of V forms wear 

Fig. 1. XRD diffraction patterns of Nb–V–N coatings as a function of V 
concentrations. 

Fig. 2. Cross-sectional TEM image and its corresponding SAED pattern (a), HRTEM and IFFT pattern (b) of the Nb–V–N coating with a V concentration of 12.4 at.%.  

Fig. 3. Hardness and elastic modulus of Nb–V–N coatings as a function of V 
concentrations. 

Fig. 4. Average friction coefficient (COF) and wear rate (WR) of the Nb–V–N 
coatings as a function of V concentrations at room temperature. 

M. Athmani et al.                                                                                                                                                                                                                               



Vacuum 219 (2024) 112657

4

debris due to the physical and chemical reaction of friction and adheres 
to the surface of the wear scar, which hinders the sliding of the wear 
pair, and finally leads to the gradual increase of COF and WR with the 
increase of V content [35–37]. 

Fig. 5 shows the COF and WR of Nb–V–N coating with a V concen
tration of 12.4 at.% at different testing temperatures. The average fric
tion coefficient of the coating drops gradually from ~0.43 at 400 ◦C to 
~0.30 at 800 ◦C, whilst the corresponding wear rate increases gradually. 

EDS analysis conducted at the wear debris presented on the wear 
track surface and ball counterpart, revealed that they are mainly V and O 
rich, with some traces of Nb [38]. This suggests that V–O and Nb–O 
phases are formed in the contact [39,40]. The V–O tribophase has been 
widely reported to bean excellent self-lubricant material protecting the 
coating in the contact during tribological experiments, especially at 
elevated temperatures [41,42]. Therefore, the formation of V–O phase 
on the wear track surface during the wear test could enhance the 
tribological performance of coatings. 

Thus, due to the presence of V–O phases in the wear track of coatings, 
the COF values will be lower than the reference NbN coating. However, 
the wear debris on the wear track could be easily removed from the 
contact due to the movement of the ball, resulting in the gradual in
crease of WR as a function of testing temperatures [44–46]. 

XPS was applied to investigate the tribophase evaluation at different 
testing temperatures, and the results is shown in Fig. 6. Nb, V, N and O 
could be detected in the survey spectra for all sample after the wear test 
at RT, 400, 600 and 800 ◦C according to the survey spectra in Fig. 6(a). 
Besides this, C 1s also appears in this figure, due to the residual gas in the 
chamber or the adsorbed gas on the sample surface. Four peaks at 
~204.1 (Nb–N) [47], ~206.4 (Nb–N) [48], ~207.8 (Nb–O) [49] and 
~209.4 eV (Nb–O) [49] appear in the Nb 3d spectra, respectively. Fig. 6 
(c) illustrates the V 2p spectrum of the wear track of the film after the RT 
wear test, and two obvious XPS peaks at ~513 and ~521 eV could be 
detected in this spectrum, which refers to the V–N bonds [50]. The so
lution of V into the NbN lattice result in the formation of V–N bonds in 
the film, and this result is also in agreement with that from the XRD 
patterns. The XPS spectrum from the wear track of the film after the 
wear test at 400 ◦C exhibits there are four XPS peaks: the peaks at ~513 
and ~521 eV correspond to the V–N bonds from the as-deposited film, 
whilst the peak at ~515 eV also appears in the spectrum, referring to the 
V–O bonds in the V2O3 phase [51,52]. Besides this, other peak with a 
low intensity at ~517 eV is also detected in this spectrum, and this peak 
could be assigned to the V–O bonds in the V2O5 phase [53]. This result 
confirms that the complex tribochemical reaction under the counterpart, 
forms the tribophase of V2O3 and V2O5 during the wear test at 400 ◦C. 
But the V2O3 could be considered as the dominant one based on its 

intensity. Four obvious XPS peaks co-exist in the spectrum from the wear 
track at 600 ◦C, and the two peaks at ~513 and ~521 eV could be 
defined as the V–N bonds from the as-deposited phase. The peak at 
~515 eV, referring to the V–O bonds in the V2O3 phase, is also detected 
in this figure. Moreover, the intensity of the peak at ~517 eV, corre
sponding to the V–O bonds in the V2O5 phase [53], becomes stronger, 
compared as the one from 400 ◦C. This conforms that the tribophase of 
V2O3 gradually transfers to the V2O5 phase as the testing temperature 
increases from 400 ◦C to 600 ◦C. As for the spectrum of the wear track at 
800 ◦C, the two XPS peaks corresponding to V–N from as-deposited 
phase is still detected, whilst the peak at ~515 eV, referring to the 
V–O bonds in the V2O3 phase disappears totally. The peak corresponding 
to V–O bonds in the V2O5 phase could be detected. This suggests the 
more tribophase of V2O3 was transferred to the V2O5 during the wear 
test at 800 ◦C. Fig. 6(d) illustrates the N 1s spectra of the sample after the 
wear test at different testing temperatures, and two peaks at ~398.9 and 
~402.1 eV could be detected, referring to N–V [54] and N–Nb [55] 
respectively. The intensity of above two peaks decreases gradually with 
the increase of the testing temperatures, suggesting that the content of 
the as-deposited phase of nitride-based phase of NbN decreases, with a 
corresponding of the increase of oxide based tribophases. As for the O 1s 
spectra in Fig. 6(e), a single peak at ~530.8 (O–Nb in Nb2O3) could be 
detected for the surface of the wear track at RT. But other two peaks at 
~530.0 (O–V in V2O5) [51], and ~531.9 eV (O–V in V2O3) [51] appear 
in the spectra of the wear track at 400, 600 and 800 ◦C. 

The lubricity of oxide based tribophase could be checked using the 
principle named crystal chemistry, which was proposed by A. Erdemir 
for quantitatively evaluating the lubricant capacity of the self-lubricant 
tribophase using its corresponding ionization potential (Φ). Based on the 
principle of crystal chemistry, the oxide based tribophase with a higher 
value of ionic potential usually exhibits a better anti-frictional property. 
The ionization potential could be calculated by the following formula:  

Φ = Z/r                                                                                               

Where: 

Z—cationvalence 
r—cationradius 

The value of Z of V2O5and V2O3 is 10.2 and 6.1 respectively, and, 
hereby the V2O5tribophase exhibits a lower friction coefficient during 
the wear test. 

Based on above XPS results, the evaluation of tribophase from the 
wear track at elevated temperatures from the self-lubricant V2O3 at 
400 ◦C to the mix-phase of V2O3+V2O5 at 600 ◦C, and finally then totally 
changing to the V2O5 at 800 ◦C, contributed to the stable and excellent 
anti-fricitional properties of the coating with a V concentration of 12.4 
at.%. However, the wear rate of the coatings drops gradually with the 
increase of V concentrations due to the large amount of soft but lubricant 
tribophases at elevated temperatures. 

4. Conclusion 

A series of Nb–V–N coatings with different V concentrations were 
deposited using RF magnetron sputtering system, and the influence of V 
on the crystalline structure, mechanical and tribological properties were 
investigated. The main conclusion could be summarized as follows:  

(1) Adding V into the NbN coating produced a substitutional solid 
solution where V replaces the positions of Nb in the fcc lattice.  

(2) The solid solution strengthening induced by the adding V into the 
NbN lattice enhanced the hardness of the Nb–V–N coatings from 
~28 GPa for NbN coating to ~32 GPa at 5.3 at.% V.  

(3) The tribological properties of the coating exhibited a significant 
dependence on the testing temperatures, which influenced the Fig. 5. Average friction coefficient (COF) and wear rate (WR) of the Nb–V–N 

coating with a V concentration of 12.4 at.% at 400, 600 and 800 ◦C. 
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tribophase evaluation on the wear track surface. The evaluation 
of tribophase from the wear track at elevated temperatures from 
the self-lubricant V2O3 at 400 ◦C to the mix-phase of V2O3+V2O5 
at 600 ◦C, and finally then totally changing to the V2O5 at 800 ◦C, 
contributed to the stable and excellent anti-fricitional properties 
of the coating with a V concentration of 12.4 at.%. However, the 
wear rate of the coatings drops gradually with the increase of V 
concentrations due to the large amount of soft but lubricant tri
bophases at elevated temperatures. 
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