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Abstract
In present work, the microstructures, mechanical and tribological properties of VN and VN/Ag nanocomposite films depos-
ited by pulsed laser deposition (PLD) technique were investigated and compared. The results indicate that both types of films 
display homogeneous and compact microstructures, and constitute stoichiometric polycrystals. Owing to the incorporation 
of Ag, the VN/Ag nanocomposite film exhibits a stronger texture along the [200] direction and a larger grain size of 16.5 nm 
as compared to that of the VN film (9.7 nm). Both types of films presented the same trend of decreasing friction coefficients 
with increasing temperature in wear tests. The oxidation of VN at elevated temperatures resulted in the formation of a series 
of vanadium oxides, such as V2O5, V3O7, V6O11, and V6O13, which significantly improved the tribological properties of the 
film. The VN/Ag nanocomposite films showed superior lubrication properties as compared to the VN films over the ertire 
range of the investigated temperatures. The metallic Ag provided lubrication to reduce friction at low temperatures. The lubri-
cant vanadium oxides and silver vanadates (such as Ag3VO4, AgVO3) with a layered structure formed at higher temperatures 
were beneficial for enhancing the lubrication effect. The lowest friction coefficient of 0.08 at 900 °C is realized for VN/Ag 
nanocomposite films. The decrease in the friction coefficient with increasing temperature for VN films can be attributed to 
the formation of vanadium oxides on the worn surfaces at elevated temperatures. In case of VN/Ag nanocomposite films, 
apart from the vanadium oxides, silver vanadates with a layered structure played a critical role in improving the lubrication 
properties at higher temperatures.

1  Introduction

As a transition metal nitride, vanadium nitride (VN) has 
been studied extensively, such as VN hard films, TiAlN/VN 
multilayer hard films, and VN/V2O5 films [1–5]. In particu-
lar, there has been focus on vanadium nitride in the form 
of thin films in high-temperature protective and lubrication 
applications [1, 3, 6–12] owing to the generation of lubri-
cious vanadium oxides that significantly influence the tribo-
logical properties during friction at elevated temperatures. 
In addition, the noble metal silver has been widely used in 
various anti-wear and lubrication materials such as YSZ/Ag/

Mo [13, 14], NiCrAlY/Ag/Mo [15], Cr2O3/Ag [16], TiAl/
Ag [17, 18], NiAl/Ag [19–21], MoCN/Ag [22], TaN/Ag/Au 
[23, 24], NbN/Ag [25], and VN/Ag [12], where silver, and 
of its derivatives such as AgxMoyOz, AgxTayOz, AgxNbyOz, 
and AgxVyOz play the role of a lubricant over a broad range 
of temperature. However, in the aforementioned studies, 
silver was applied in films deposited by unbalanced magne-
tron sputtering and plasma spraying method, or solid bulk 
materials prepared by powder metallurgy and spark plasma 
sintering methods. However, research studies on VN/Ag 
nanocomposite films fabricated individually by pulsed laser 
deposition (PLD) technique for high-temperature lubrication 
application are indeed rare.

The objective of the present study was to fabricate VN 
and VN/Ag nanocomposite films by PLD technique, and sys-
tematically compare their microstructures, and mechanical 
and tribological properties and thereby confirm the advan-
tage of adding silver in films for lubrication over a wide 
temperature range. Moreover, the lubrication mechanism of 
VN and VN/Ag nanocomposite films were investigated and 
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analysed comprehensively, so as to provide guidance refer-
ence to the tribological application in a wide temperature.

2 � Experimental details

2.1 � Preparation of the films

Vanadium oxides and VN/Ag nanocomposite films were 
deposited on mechanically polished Inconel 718 substrates 
by the PLD technique using a KrF excimer laser (ComP-
exPro 205, λ = 248 nm, pulse duration = 25 ns) at the sub-
strate temperature of 200 °C. An individual VN target with 
the dimension of Φ60 mm × 5 mm and 99.99% purity was 
employed to fabricate the VN films. For the VN/Ag nano-
composite films, the individual VN and Ag targets with the 
same dimension (Φ60 mm × 5 mm) were cut into eight-equal 
sections, and six sections of VN and two sections of Ag 
were set symmetrically in the target holder. Energy disper-
sive X-ray (EDS) analysis revealed the content of silver in 
the as-prepared VN/Ag nanocomposite films to be 31 at.%. 
The details of the deposition process have been reported 
elsewhere [26]. Briefly, pulsed laser energy of 300 mJ (The 
laser energy density was about 4.9 J/cm2.) was used to irra-
diate the target at a frequency of 10 Hz; the pulse number 
was set at 36,000 for each sample and all the films were 
obtained with a thickness of 2.0 ± 0.1 µm. The target was 
placed parallel to the substrate and the distance between 
them was fixed at approximately 50 mm. Before deposition, 
the vacuum chamber was evacuated to 6.0 × 10− 5 Pa and 
high-purity N2 at the flow rate of 90 ml/min was introduced 
into the chamber, and the working gas pressure was main-
tained at 0.3 Pa.

2.2 � Characterization of the fims

The phase composition of the films before and after the 
wear test were determined by X-ray diffraction measure-
ments (λ = 0.15 nm) using Cu Kα radiation in the 2θ range 
of 15–80° at the grazing incidence angle of 1°. The results 

were analysed based on standard ICSD pattern (89/54378) 
data files using the Jade6.0 software. The crystallite size of 
the films was calculated by the Williamson–Hall plot method 
[27]. The surface morphologies of the films and the wear 
track were characterized using a scanning electron micro-
scope (SEM) equipped with an energy dispersive X-ray 
detector.

The micro-hardness and elastic modulus of the films were 
evaluated using an in situ nanomechanical testing system 
(TI950, Hysitron TriboIndenter, USA) with a cube-corner 
diamond tip and set to perform five indents on each sample. 
To exclude the influence of the substrate, the experiments 
were performed in displacement control with a contact depth 
reaching up to 200 nm. The hardness and elastic modulus 
were determined from the load–displacement data following 
the model of Oliver and Pharr [28].

The tribological behaviours of the films were evaluated 
by a ball-on-disk tribometer (UMT-3, Bruker) against alu-
mina ball with a diameter of 10 mm in ambient atmosphere 
(relative humidity of 40 ± 5%). The investigated tempera-
tures are room temperature (RT ~ 23), 300, 500, 700, and 
900 °C. The rotation tests were run at a rotating velocity of 
200 rpm with the rotating radius of 3 mm under a normal 
load of 10 N. The tests were performed thrice to reduce the 
error and at a fixed period of 20 min at different tempera-
tures. The tribochemical reactions and the structural changes 
in the wear products during the tests were investigated by 
Raman spectroscopy (Horiba Raman microscope, 532 nm 
He–Ne laser).

3 � Results and discussion

3.1 � Microstructures

The surface morphologies of VN and VN/Ag nanocompos-
ite films are shown in Fig. 1. It is clear that the VN film 
surface is very compact and without almost any larger par-
ticles on the surface. In the case of VN/Ag nanocomposite 
film, bright Ag particles with similar sizes are distributed 

Fig. 1   SEM images of the VN 
and VN/Ag nanocomposite 
films
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homogeneously in the dark grey VN matrix. It might be 
concluded that both the VN and VN/Ag nanocomposite 
films deposited by the PLD technique at 200 °C are very 
homogeneous and compact.

Figure 2 shows the grazing incidence X-ray diffraction 
(GIXRD) patterns of the VN and VN/Ag nanocomposite 
films. In the GIXRD pattern of the VN film, all the peaks 
could be indexed to polycrystalline fcc-structured vanadium 
nitride (JCPDS card No. 73-2038), indicating good crystal-
linity and stoichiometry of VN [6, 7]. The VN film shows 
a slight preference for growth along the [200] orientation. 
For the VN/Ag nanocomposite film, the [200] peak is the 
strongest and narrowest among the diffraction peaks, imply-
ing that the film is strongly textured at [200] direction. In 
addition, all the peak positions shift to lower diffraction 
angles relative to those of the VN films, suggesting a larger 
lattice parameter, which might be the result of increased 
metallic Ag atom flux during the deposition, considering the 
the ion-to-atom ratio. This is also in accordance with results 
reported by other authors for unbalanced magnetron sputter-
ing of VN/Ag films [12] and ion-assisted growth of YSZ–Ag 
films [14]. Concerning the changes in the peak intensities 
and widths, a more careful analysis was conducted on the 
data presented in Fig. 2 by the Jade 6.0 software based on 
Williamson–Hall plot. The calculated lattice parameter, 
grain size and micro-strain are tabulated in Table 1. The lat-
tice parameter of the VN/Ag nanocomposite film is higher 
than that of the VN film, because of the distribution of silver 
particles in the VN matrix during the deposition process 
(as shown in Fig. 1), and this results in high micro-strain in 
the VN/Ag nanocomposite film. Furthermore, the VN/Ag 
nanocomposite film exhibits a larger grain size of 16.5 nm 
as compared to that of the VN film (9.7 nm), which is much 
smaller than the grain size of the magnetron-sputtered VN 
films of 36 nm [12].

3.2 � Mechanical properties

The results of the nanoindentation measurements on VN 
and VN/Ag nanocomposite films are presented in Fig. 3. 
It is obvious that the hardness and elastic modulus of the 
VN films (21.5 and 256.8 GPa, respectively) are higher 
than those of the VN/Ag nanocomposite films (15.6 and 
196.6 GPa, respectively). Moreover, these values are higher 
than those of the magnetron-sputtered VN films whose the 
hardness and elastic modulus are 11 and 187 GPa [29], 
respectively. The mechanical properties of the films are 
directly related to their microstructures. The VN films dis-
play a dense microstructure and smaller grain size, which 
may contribute significantly to the higher hardness and elas-
tic modulus [30, 31]. For the VN/Ag nanocomposite films, 
the reduced hardness and elastic modulus can be attributed 
to the added silver. It has been previously verified in the 
reports by Muratore [14] and Voevodin [32] that the incor-
poration of a soft metal to the matrix could increase the duc-
tility of the matrix. In the load–displacement curves (consid-
ering only one for example) shown in Fig. 3, it can be clearly 
observed that the VN/Ag nanocomposite film show a larger 
residual plastic deformation depth of 100 nm as compared 
to that of the VN film (60 nm), according to measurements 
conducted at a fixed depth of 200 nm.

Fig. 2   GIXRD patterns of the VN and VN/Ag nanocomposite films

Table 1   Structural parameters of the VN and VN/Ag nanocomposite 
films

Samples Lattice param-
eter (nm)

Grain size (nm) Micro-strain (%)

VN 0.4116 9.7 (± 0.3) 0.549 (± 0.08)
VN/Ag 0.4605 16.5 (± 0.6) 1.561 (± 0.13)

Fig. 3   Load–displacement curves of the VN and VN/Ag nanocom-
posite films
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Figure 4 presents the steady-state friction coefficients of 
VN and VN/Ag nanocomposite films at different tempera-
tures. Apparently, an identical trend is observed for both 
films with the friction coefficient decreasing with an increase 
in the test temperature. The friction coefficient of the VN 
film decreases gradually from 0.47 at RT to 0.21 at 900 °C, 
and that of the VN/Ag nanocomposite film decreases from 
~ 0.38 at RT to 0.08 at 900 °C. Furthermore, the friction 
coefficient values of VN/Ag nanocomposite films are slightly 
lower than those of unbalanced magnetron-sputtered VN/Ag 
films reported by Aouadi [12], who conducted the friction 
behaviour tests from room temperature to 1000 °C using a 
load of 2 N against Si3N4 balls (6 mm in diameter) in humid 
air (relative humidity of 60 ± 5%). In addition, the VN/Ag 
nanocomposite films show improved lubrication properties 

as compared to the VN films over the investigated tempera-
ture range, and especially display a large decline in lubrica-
tion above 300 °C.

In order to explain the phenomenon of decrease in the 
friction coefficient with increasing temperatures and to 
understand the lubrication mechanism, the films were char-
acterised by GIXRD analysis after carrying out the tribologi-
cal tests, to identify the newly formed phases. According to 
the GIXRD results of VN films (as shown in Fig. 5), it is 
obvious that no new phase is generated at room temperature 
and 300 °C. A number of new peaks appear in the patterns 
at temperatures above 500 °C, implying the generation of 
various oxides, which could be assigned to the lubricious 
Magnéli oxide series [6, 7, 11], such as V2O5, VO2, V6O11, 
and V6O13. When the temperature is increased to 700 and 
900 °C, many more vanadium oxides such as V3O7, V3O5, 
V4O7, V6O11, and V6O13 could also be identified. Further-
more, only very weak signals corresponding to VN peaks 
are detected in this temperature range, indicating that most 
of vanadium nitride has transformed into the easily sheared 
vanadium oxides, which could form lubricious layer in the 
tribo-contact area to reduce the friction during the tribology 
process. Moreover, the liquid self-lubrication often occurs in 
the contact area due to the melting of V2O5 (with its melting 
point of ∼ 680 °C) at temperatures above 700 °C [6]. In view 
of this, the lubrication due to the vanadium oxides gener-
ated by VN oxidation might be responsible for the decreased 
friction coefficient with increasing temperature. In case of 
VN/Ag nanocomposite films, it is clear that the VN and Ag 
phases are stable at room temperature and 300 °C, whereas 
various vanadium oxides and silver oxide are generated 
above 500 °C, which could be identified as VxOy, AgxOy, 
AgxVyOz, and AlVO4. At room temperature, the lubrication 
depends on the soft metal Ag, and the friction coefficient 

Fig. 4   Temperature dependence of the friction coefficient for VN and 
VN/Ag nanocomposite films

Fig. 5   GIXRD patterns of the VN and VN/Ag nanocomposite film after tribological test at different temperatures
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is lower as compared to that of the VN film. As the tem-
perature is increased to 300 °C, metallic Ag could migrate 
to the sliding surface and act as a lubricant, leading to a 
sharp decrease in the friction coefficient from 0.38 at RT to 
0.27 at 300 °C. The worn surface rich in silver as revealed by 
the EDS analysis is shown in Fig. 6. When the temperature 
increases to 500 °C, VN in the film is oxidized and abundant 
amounts of V2O5 and Ag3VO4 phases predominate in the 
films as revealed by the GIXRD patterns. These phases can 
exert a critical lubrication effect in the contact area during 
the friction process. Moreover, a series of silver vanadates 
(Ag3VO4, AgVO3) might be generated by the combination 
of vanadium and Ag through tribochemical reactions, and 
these have a layered atomic structure with weak and eas-
ily sheared interplanar bonds [33]. As illustrated in Fig. 6 
− 500 °C, a layer of the lubrication film is formed in the 
contact area. This can be significantly contribute to the 
lowing of the friction coefficient at elevated temperatures, 
and the friction coefficient decreases sequentially to 0.18. 
For the test temperature above 700 °C, a new AlVO4 phase 
could be detected on the worn surface apart from the vana-
dium oxide and silver vanadates. AlVO4 is assumed to be 
formed through a tribochemical reaction between the gener-
ated V2O5 and the alumina counterpart during friction [6]. 
Figure 7 displays the wear track morphology of the VN/
Ag nanocomposite film after the wear test at 700 °C. The 
worn surface possesses is flat and smooth, and shows some 
trip debris spread on the edge of the wear track, indicating 
the existence of a liquid phase during friction. According to 
the elemental distribution mapping and EDS results of the 
wear track (Fig. 7), V and Ag are still the major elements, 
implying that the film is not worn out after the tribological 
test. Only a small quantity of N is observed, suggesting that 

vanadium nitride is largely oxidized, which is also consistent 
with the GIXRD results that only very weak signals corre-
sponding to VN peaks can be detected at this temperature. 
Additionally, the detected Al element indicates the transfer 
of Al from the friction pair during the test. Similar results 
are obtained for the VN/Ag nanocomposite film after the test 
at 900 °C and this can be understood by the EDS results of 
the wear track presented in Fig. 8. Thus, phase transforma-
tions and a protective lubricious oxide layer formed in the 
wear track during the tests, combined with liquid lubrication 
in the contact area, could account for the decrease in the 
friction coefficient with increasing temperature [6–8, 11].

To confirm the new phases generated on the worn sur-
faces after tribological tests at different temperatures, micro-
Raman analysis was conducted, and the spectra are shown 
in Fig. 9. It can be apparently seen that there is no change 
in the Raman signal between RT and 300 °C, indicating 
that there was no oxidation and lubrication in both films 
was mainly reliant on primitive materials at these tempera-
tures. New peaks appear for the first time at 500 °C, sug-
gesting ongoing tribochemical reactions during the test, the 
resulting products could be identified as vanadium oxides 
(VnO2n±1) for both types of films, and these are known to be 
V3O7, V4O7, V6O11, and V6O13 [6, 11]. Increased amounts 
of silver vanadates (Ag3VO4 and AgVO3) are detected on the 
wear track at 700 and 900 °C for the VN/Ag nanocomposite 
films. In addition, the AlVO4 phase is also observed on the 
worn surfaces of both types of films, as shown in Fig. 9. The 
Raman results mainly agree with the GIXRD results and 
the findings reported in Refs. [12, 34], where VO2, V2O5 
and Ag3VO4 were detected at 375 °C and silver vanadates 
(Ag3VO4 and AgVO3) became the predominant phase after 
heating to 900 °C.

Fig. 6   Worn surface of a VN/
Ag nanocomposite film after 
tribological tests
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4 � Conclusions

The VN and VN/Ag nanocomposite films were deposited 
by a PLD technique, and their microstructures, mechanical 
properties, as well as wear behaviours at elevated tempera-
tures were investigated and discussed. The following main 
conclusions can be drawn:

(1)	 Both types of films possess homogeneous and com-
pact microstructures, and constitute stoichiometric 
polycrystals. Owing to the addition of Ag, the VN/Ag 
nanocomposite film showed a stronger texture along 
the [200] direction and a larger grain size of 16.5 nm 
as compared to that of the VN film (9.7 nm).

(2)	 The VN/Ag nanocomposite film exhibited lower hard-
ness and elastic modulus than the VN film, which 
might be attributed to incorporation of the soft metal 
Ag to the VN matrix which increases the ductility of 
the film.

(3)	 Both types of films displayed decreased friction coef-
ficients with increasing temperatures in the tribologi-

Fig. 7   Elemental distribution 
mappings and EDS of the worn 
surface of VN/Ag nanocompos-
ite film after the tribological test 
at 700 °C

Fig. 8   Raman spectra of the worn surfaces of VN and VN/Ag nano-
composite films after tribological tests at different temperatures
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cal tests. The VN/Ag nanocomposite films exhibited 
improved lubrication properties as compared to the VN 
films and registered decreased friction coefficient val-
ues from 0.38 at RT to 0.08 at 900 °C.

(4)	 A series of vanadium oxides formed on the worn sur-
faces of VN films at elevated temperatures contributed 
to the decrease in the friction coefficient with increas-
ing temperature. In case of the VN/Ag nanocomposite 
film, the combination of metallic Ag, with lubricant 
vanadium oxides as well as silver vanadates with a lay-
ered structure formed through the tribochemical reac-
tions play a critical role in the improving lubrication 
properties of the film over a wide range of tempera-
tures.
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