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Research Highlights 

 

 V is placed in solid solution in the fcc phase of low temperature deposited films. 

 

 Regardless on V content, hardness and Young’s modulus of TiSi(V)N films are 

similar 

 

 Independently of Si content, V decreases the oxidation onset of films down to 500 
0
C. 

 

 Outwards diffusion of V and formation of α-V2O5 oxide is the cause of low oxidation 

resistance. 

*Highlights (for review)
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Abstract 

 

In the last years, vanadium rich films have been introduced as possible candidates for 

self-lubrication at high temperatures, based on the formation of V2O5 oxide. The aim of 

this investigation was to study the effect of V additions on the structure, mechanical 

properties and oxidation resistance of Ti-Si-V-N coatings deposited by DC reactive 

magnetron sputtering. The results achieved for TiSiVN films were compared and 

discussed in relation to TiN and TiSiN films prepared as reference. All coatings 

presented a fcc NaCl-type structure. A shift of the diffraction peaks to higher angles 

with increasing Si and V contents suggested the formation of a substitutional solid 

solution in TiN phase. Hardness and Young’s modulus of the coatings were similar 

regardless on V content. The onset of oxidation of the films decreased significantly 
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to 500 °C when V was added into the films; this behaviour was independent of the 

Si and V contents. The thermogravimetric isothermal curves of TiSiVN coatings 

oxidized at temperatures below the melting point of α-V2O5 (~685 °C) showed two 

stages: at an early stage, the weight increase over time is linear, whilst, in the second 

stage, a parabolic evolution can be fitted to the experimental data. At higher 

temperatures only a parabolic evolution was fitted. α-V2O5 was the main phase detected 

at the oxidized surface of the coatings. Reduction of α-V2O5 to β-V2O5 phase occurred 

for temperatures above its melting point. 

 

Keywords: TiSi(V)N films, Structure, Mechanical properties, Oxidation resistance, 

Vanadium oxide 

 

1 Introduction 

 

High-speed cutting and dry machining processes without the use of 

environmental harmful lubrication requires milling tools capable to withstand severe 

conditions of wear, friction, oxidation and corrosion [1, 2]. Solid lubricants coatings, 

such as WC/C, MoS2, diamond-like carbon (DLC), hex-BN as well as their 

combinations in nanocrystaline or multilayer structures, have been successfully applied 

in such parts in order to increase their lifetime and performance for various tribological 

applications. However, considerable degradation of the tribological effectiveness of 

these coatings at elevated temperature has been reported due to their low resistance to 

oxidation [3-5]. To overcome this shortcoming, a new concept of lubrication based on 

the formation of lubricious oxides has been proposed. This is the case of the so-called 

Magnéli oxide phases based on Ti, Si, Mo, W and V, which have easy shear able 
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planes [3, 6]. Among these elements, particular attention has been given to the 

vanadium-containing coatings (Magnéli phases VnO3n-1), which showed interesting 

tribological properties in the temperature range 500-700 0C [3, 7-12]. Dissimilar 

series of V-based hard coatings have been developed, such as ternary CrVN [13], 

(V,Ti)N [14], multilayer AlN/VN [15] and quaternary single layer or multilayered 

CrAlVN [16, 17] and TiAlVN [2, 8, 18, 19]. However, since other ternary coatings 

systems, based on (TiX)N with X = B, Cr, Al, Si, Cr, etc, have been attractive for 

advanced hard coating materials, the effect of vanadium doping to these systems 

should also be considered. 

Among those ternary systems, most of the research works have been focused 

on TiSiN coatings deposited by CVD and/or PVD techniques [20, 21]. Depending on 

the deposition conditions, these coatings could be deposited with a nanocomposite 

structure, consisting of nano-sized TiN crystallites surrounded by an amorphous matrix 

of Si3N4 displaying very high hardness values [22], compared to any other ternary 

(TiX)N compound, with extremely good oxidation resistance [23, 24]. In other 

deposition conditions, substitutional solid solution of Si in TiN structure (not predicted 

by the Ti-Si-N phase diagram) could be achieved [22, 25, 26]. Relatively to the friction 

coefficient of Ti-Si-N coatings, the studies have reported values in the range [0.6 - 1.3] 

at room and high temperatures [27-29]. Since the addition of V successfully decreased 

the friction coefficient of binary and ternary systems (down to reported values of 0.2-

0.3 at temperatures between 550-700 0C), similar studies on the effect of V-addition 

should be performed on TiSiN coatings exhibiting unique mechanical properties and 

oxidation resistance.  

This paper reports the first results on the effect of increasing vanadium content 

to Ti-Si-V-N films deposited by DC reactive magnetron sputtering. It is focused on 
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coating structure, mechanical properties and oxidation resistance. Comparison of the 

results with those achieved for reference TiN and TiSiN coatings is presented. The 

results of this study will support further research aimed at the tribological behavior of 

the coatings at high temperatures. 

 

2 Experimental Procedure 

 

Three series of TiSiN films with different Si contents, each series with 

increasing V contents (TiSiVN coatings), were deposited in a d.c. reactive magnetron 

sputtering machine equipped with two rectangular (100×200 mm) magnetron cathodes 

working in unbalanced mode. A high purity Ti (99.9%) target, with 18 holes of 10 mm 

in diameter (uniformly distributed throughout the preferential erosion zone of the 

target), and a high purity TiSi2 (99.9%) composite target were used in the depositions. 

The different silicon contents were achieved by changing the power density applied to 

each target. The V content was varied by changing the number of high purity rods of Ti 

and V (with 10 mm in diameter) placed in the holes of the Ti target. 4, 8 and 12 

cylindrical pieces of vanadium were used. In all the cases the total power applied to the 

targets was set to 1500 W. To serve as reference, a stoichiometric TiN coating was 

deposited from the Ti target. Hereinafter the coatings will be designated as Sx-y, where 

x is related to the specific power applied to the TiSi2 target (see Table 1), and 

therefore associated to the Si content on the coatings, and y the number of V rods 

used in the depositions, giving an indication of V content in each series of TiSiVN 

films. Thus, denomination S2-0, S2-4, S2-8 and S2-12 represents coatings from the 

same series, i.e. with identical Si content (TiSi2 target power 1.5 W/cm2), with 
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increasing V content from 0 up to a maximum content achieved for the coating 

produced using 12 vanadium pellets embedded into the Ti target. 

Polished high-speed steel (AISI M2) (Ø 20 x 3 mm, for mechanical properties 

measurements), FeCrAl alloy and alumina substrates (10 x 10 x 1 mm, for oxidation 

tests and structural analysis), stainless steel discs (Ø 20 × 1 mm, for residual stress 

measurements) and (111) silicon samples (10 x 10 x 0.8 mm, for thickness 

measurements and chemical composition evaluation) were used as substrates. Prior to 

the depositions, all the substrates were ultrasonically cleaned in acetone for 15 min and 

alcohol for 10 min. The substrates were mounted in a substrate holder (which revolved 

with 18 rev/min around the center axis) giving a target to substrate distance of 175 

mm. Prior to deposition, the chamber was evacuated down to 8.7 × 10-4 Pa and the 

substrates were etched with Ar ion sputtering during 1h with a bias voltage of -650 V 

to remove any surface contaminants. In order to enhance the adhesion of the coatings, 

Ti and TiN adhesion layers of approximately 0.24 and 0.45 µm, respectively, were 

deposited on the substrates before TiSi(V)N coatings. In all the depositions, the total 

working gas pressure was kept constant at 0.3 Pa, using approximately 30 sccm of Ar 

and 17 sccm of N2. The depositions were performed with a negative substrate bias of 

50 V. The deposition time was set in order to obtain films with approximately 2.5 µm 

of total thickness (including interlayers). The deposition parameters are shown in 

Table 1. 

The chemical composition of the coatings was evaluated by electron probe 

microanalysis (EPMA - Cameca SX 50). Crystallographic structure was investigated 

by X-ray diffraction (X’ Pert Pro MPD diffractometer) using a grazing incidence angle 

of 10 and Cu Kα1 radiation (λ = 1.54060 Å). The XRD spectra were fitted by using a 

pseudo-Voigt function to calculate either the full width at half maximum (FWHM) 
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and the peak position (2Ɵ). The fracture cross-section morphology and the thickness 

of the films were investigated by scanning electron microscopy (SEM). Further, 

profilometer was used to confirm coating thickness and to evaluate surface roughness. 

The hardness and Young’s modulus of films were measured in a nano-

indentation equipment (Micro Materials NanoTest) using a Berkovich diamond 

pyramid indenter. In order to avoid the effect of the substrate, the applied load (10 

mN) was selected to keep the indentation depth less than 10% of the coating´s 

thickness. 32 measurements were performed in each sample. The level of residual 

stresses was calculated through the Stoney equation [30] by measuring the bulk 

deflection of the film-substrate body. 

The oxidation resistance of the coatings was evaluated by thermogravimetric 

analysis (TGA) using industrial air (99.99% purity). The films deposited on alumina 

substrates were firstly heated with a constant temperature ramp of 20 0C/min from room 

temperature up to 1200 0C, in order to determine the onset point of oxidation. Then, 

coated specimens of FeCrAl alloy were subjected to isothermal tests at different 

selected temperatures and time. The weight gain of the samples was evaluated at regular 

2 s intervals using a microbalance with an accuracy of 0.01 mg. The air flux used was 

50 ml/min and the heating rate up to the isothermal temperature was 20 0C/min. After 

oxidation tests, the surface morphology of the specimens was examined by scanning 

electron microscopy with energy dispersive x-ray spectroscopy (SEM-EDS) and their 

structure was evaluated by XRD diffraction. The oxide products on the surface were 

characterized by Raman spectroscopy. 
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3 Results and Discussion 

 

3.1 Coatings Characterization 

 

3.1.1 Chemical composition and microstructure 

 

The elemental chemical composition of the coatings determined by EPMA is 

shown in Table 2. As could be expected, the simultaneous decrease in the power 

density of Ti target and increase in the power density of TiSi2 target gave rise to higher 

Si content in the coatings. Only insignificant variations were detected on the Si / Ti 

ratios with incorporation of V in the Ti target. The nitrogen content of the coatings 

was close to 50 at.% regardless of Si and V. 

The corresponding X-ray diffraction patterns of the as-deposited coatings are 

displayed in Figure 1. The influence of increasing V content on TiSiN coatings is 

shown in Figure 1 b) for the film with lower Si content, as representative of all 

series containing vanadium. In all graphs TiN film pattern is shown as a reference. In 

all cases, the diffraction peaks could be generally assigned to the fcc NaCl-type 

crystalline TiN phase. The XRD pattern of the TiN reference coating reveals that all 

peaks are shifted to lower diffraction angles in relation to the standard ICDD card of 

TiN, probably indicating residual compressive stresses [31]. For TiSiN coatings with 

3.8 and 6.7 at.% of Si, (200) peak vanishes and the sharpening of the peaks suggests 

larger grain size. Based on Scherrer´s equation, grain sizes of 16 nm and 24 nm were 

calculated for TiN and coatings with low Si content, respectively. With further 

increase of the Si content (12.6 at.% of Si) a strong decrease of the peaks intensity, as 

well as their significant broadening (a grain size of 6 nm was calculated), are observed 
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suggesting a decrease of crystallinity. With increasing Si content, the fcc peaks are 

shifted to higher angles, behaviour associated to a smaller unit cell. This can be 

explained by the presence of Si in solid solution, since its smaller atomic radius 

promotes the contraction of the TiN lattice. Therefore, in this case the stoichiometric 

phases (TiN + Si3N4) do not segregate and nanocomposite structure is not formed. 

Such behaviour could be explained by the low deposition temperature together with 

low substrate ion bombardment, which do not provide the necessary mobility of the 

species for the nanocomposite formation [22]. This observation is in agreement with 

the results from the literature, where similar solid solutions and changes in the film 

orientation have been observed with silicon incorporation [21, 25, 32]. 

The coatings with V display similar XRD patterns and peaks to TiSiN. No 

significant changes in the peaks intensities or widths were observed, except for the 

highest Si content films where a small improvement in the crystallinity was detected. 

All the vanadium containing films had the XRD peaks shifted to higher angles, 

behaviour, once again, related to a smaller unit cell due to the substitution of Ti by the 

smaller V atoms. Similar trend was observed by Pfeiler et al [2] for the TiAlVN 

system. 

Figure 2 displays typical surface and fracture cross section-micrographs of 

TiSiVN coatings. All coatings showed a typical columnar structure. As Si content was 

increased (see Figure 2 b) for coating S1-0), the columns size and the surface 

roughness were firstly reduced, for silicon contents of 3.8 and 6.7 at.%, and then 

increased for the highest silicon content, which is an opposite trend than that observed 

for the grain size. The addition of V did not change the global type of columnar 

morphology and the coating cross-section was similar. The only exception was the 
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strong increase of the size of the columns as well as the surface roughness (see Figure 

2 c) for coating S1-12) for low silicon content coatings. 

 

3.1.2 Hardness, Young’s modulus and residual stresses 

 

The dependence of the hardness and Young´s modulus on the Si and V content 

is shown in Figure 3. As the silicon content in the TiSiN films increases, the hardness 

of coatings reached a maximum value of 27 GPa at a Si content of 6.7 at.%; then it 

dropped with further increasing Si content to a lower value than the reference TiN. 

Although the grain grow is observed with increasing Si additions up to 6.7 at.% of Si, 

the hardening of coatings is mostly result of the nitride lattice distortion, which 

improves the resistance to plastic deformation (solid solution hardening). Residual 

stresses should not be a factor of hardness differentiation between the coatings, since 

all films have approximately the same level of compressive residual stresses, with any 

Si addition (~ 3 GPa). This result also supports what was stated above that the shift of 

the peaks to the right with Si additions is exclusively due to substitutional solid 

solution. The decrease in hardness with further Si addition is due to the loss of 

crystallinity associated with the lower degree of phase nitriding regardless on the lower 

grain size [26]. Young’s modulus progressively decreases with increasing Si content, 

which is related to changes in the binding energy between ions due to Si 

incorporations. Similar hardness and Young’s modulus evolution as a function of Si 

content has been reported in Refs [25, 33]. 

Concerning the effect of V addition on the hardness and Young´s modulus, 

similar evolution was observed for all films (see e.g. Figure 3 b) for S1-y films). 

Although the variations are very small and often within the error bars of the hardness 
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values, general trend is a slight increase in hardness followed by drop for the highest 

vanadium content. Coatings with the higher silicon content and with vanadium 

additions displayed lower hardness and Young’s modulus values as compared to the 

other V rich coatings. The hardness enhance with V additions is probably due to the 

presence of V in solid solution. In fact, the similar level of residual stresses as function 

of V content measured, which revealed to be from the range of 3 – 4 GPa, and the 

observed shift of peaks to higher angles with V incorporation, supports the previous 

affirmation. 

 

3.2 Continuous and Isothermal oxidation in air 

 

The effect of increasing Si and V content on the onset point of oxidation of the 

TiN and TiSiN systems, respectively, are shown in Figure 4. Silicon incorporation 

strongly improved the onset of oxidation of the coatings, with the highest silicon 

content (S3-0) showing the highest oxidation resistance. Kacsich et al. [34, 35] 

reported that the high oxidation resistance of these coatings was due to the 

presence of a protective silicon-rich oxide layer. This layer acted as an efficient 

diffusion barrier against oxygen and metal ions diffusion; thus, it protected the 

coating from further oxidation . Our results showed that the onset point of oxidation of 

films decreased significantly down to a temperature of approximately 500 0C (lower 

than TiN) for all coatings containing vanadium. Interestingly, this behaviour was 

independent of Si content of the films and, therefore, the vanadium incorporation 

interfered with the diffusion of silicon and the consequent formation of a 

continuous protective silicon oxide layer. Furthermore, all V-containing coatings were 

completely oxidized at a lower temperature than TiN film. Lewis et al. [7], Zhou et al. 
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[36], and Franz et al. [37], who studied the effect of V doping on the oxidation behavior 

of multilayered TiAlN/VN and CrAlVN coatings, respectively, also observed a similar 

decrease in the onset point of oxidation. In order to better characterize the oxidation 

behaviour of the V rich coatings, isothermal oxidation tests were conducted at selected 

temperatures using S2-8 coating deposited onto FeCrAl alloy substrates. The isothermal 

curves were compared with those of TiSiN coating with similar Si content and with TiN 

(see Figure 5). 

Comparing the mass gain of the coatings and taking into account the testing 

temperature in each case, it is possible to conclude that V-free TiSiN coating (S2-0 

tested at 900 0C) is much more resistant to oxidation. This coating exhibits a typical 

parabolic oxidation weight gain as a function of time indicating the formation of 

protective silicon-rich oxide layer, as referred to above. Similar type of evolution is 

exhibited by TiN coating; however, in this case the titanium oxide scale does not 

protect the coatings and, thus, it is effective only at low isothermal temperature [38]. It 

should be remarked that during continuous oxidation test up to 1200 ºC, at 900 ºC TiN 

coatings was already half consumed. Regarding the isothermal curves of TiSiN coating 

with V additions (S2-8), it can be concluded that, independently of the isothermal 

temperature and time of exposure, their mass gain is always much higher than TiN and 

V-free TiSiN coatings (S2-0). The isothermal curves tested at 550 and 600 0C showed 

two steps: at an early stage, the weight gain is rapidly increasing almost linearly up to 

approximately 0.1 mg/cm2 (particularly at 600 0C), whereas in the second stage, a 

parabolic evolution can be fitted. Isothermal annealing of S2-8 at 700 0C shows 

significant increase of mass gain following the parabolic evolution. 
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3.2.1 Surface structure  

 

As it would be expected, both TiN annealed at 600 0C and S2-0 coating 

annealed at 900 0C exhibited several intense peaks belonging to the (110), (101), 

(200), (111) and (210) of a tetragonal phase related to rutile/TiO2 (ICDD card 76-

0649) (not shown here). Weak peaks assigned to TiN (ICDD card 87-0628) were 

observed in the XRD spectra of the S2-0 coating, which was in a good agreement 

with its annealing curve, since only partial oxidation of the film was expected. 

Moreover, diffraction peaks associated with Si oxide were not detected on the 

oxidized surface of S2-0 film suggesting an amorphous character of the protective 

oxide layer. This result is in agreement with literature, where similar observation 

was reported [34, 35]. 

XRD patterns of S2-8 oxidized coatings in isothermal tests are shown in Figure 

6. The main phases detected by XRD were Ti-V-O and V-O oxides; however, 

depending on the isothermal temperature and time, different orientations and peaks 

assigned to V-O were perceived. After annealing at 550 0C during 1 h, the following 

phases could be identified: Ti(V)O2 (ICDD card 77-0332) and α-V2O5 (ICDD card 72-

0433) with a preferred orientation following the (001) plane (peak at 20.3º), together 

with the f.c.c. nitride from the coating. The same phases were detected at 600 0C during 

10 min, however, α-V2O5 phase showed random orientation. Further increase in 

isothermal time (annealing at 600 0C during 30 min) resulted in loss of TiN peaks and 

the orientation of the α-V2O5 phase is again following (001) plane. The absence of TiN 

peaks is in good agreement with the isothermal curve shown in Figure 5. Progressive 

oxidation is demonstrated in the intensity of (001) reflection after 30 min of annealing, 

where the amount of α-V2O5 is clearly higher. These changes in phase proportion and 



Page 14 of 46

Acc
ep

te
d 

M
an

us
cr

ip
t

13 

 

orientation have already been observed by several authors during the oxidation of 

TiAlN/VN multilayer and TiAlVN single layered coatings [1, 7, 8, 36]. Increasing the 

heat treatment to 700 0C, which is temperature higher than the melting point of α-V2O5 

(~685 0C [10, 36]), resulted in the random orientation of this phase; moreover, a sharp 

peak at 2θ = 12.80 identified as β-V2O5 (ICDD card 45-1074) with (002) preferential 

orientation appearing [39]. β-V2O5 phase is a result of loss of O from α-V2O5, due to a 

reduction process [40]. We should emphasize here that vanadium oxides observed 

on the oxidized surface are optimal from the tribological point of view. Vanadium 

oxide could acts as low-friction solid lubricant or, for higher temperatures, as 

liquid lubricant. Therefore the drop in onset oxidation temperature should not be 

considered as a significant drawback of TiSiVN coatings.  

 

3.2.2 Surface morphology and characterization 

 

Typical SEM surface micrographs of the S2-0 and V-rich coating (S2-8) 

isothermally oxidized at different temperatures and times are shown in Figure 7 and 8, 

respectively. EDS and Raman analyses were carried out on the oxidized surface of 

the coatings to identify their composition. On the oxidized surface of the S2-0 film, 

two different zones could be detected, a dark grey phase evenly distributed 

throughout the surface and white islands. EDS analysis showed that the white 

oxide was rich in Ti (crystals of TiO2), and the dark grey phase composed mainly 

by Si and Ti. The Raman spectra of these zones are plotted in Figure 9. As can be 

observed the light grey phase displays Raman active modes at 152, 253, 454 and 610 

cm-1 [3, 23] assigned to rutile, confirming its presence in the oxidized coating detected 

by XRD. The same phase, with much less intensity, was detected for the dark grey 
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phase; however, strong additional peaks assigned to anatase (TiO2) were observed. This 

finding corroborates the report of Pilloud et al. [23], who showed that anatase Raman 

bands increased with the silicon content in TiSiN films, whereas that of rutile decreased. 

As only strong peaks of rutile were detected by XRD, this indicates that the amount of 

anatase should be small and, therefore, not detectable by XRD diffraction. Since 

Raman penetration depth is relatively limited, the absence of silicon oxide in 

Raman spectra indicated that Si-O was below theTiO2 phase identified by XRD. 

This finding corroborates the results of Kacsich et al. [34, 35]; they observed 

titanium oxide layer formed at outmost surface and silicon oxide sublayer (TiSiN 

coatings). 

The analysis of the oxidized surface of S2-8 coating reveals that the surface 

oxide morphology is different from that of coating S2-0. It displays a floret-like 

structure formed by light and dark grey zones. At 550 ºC these phases are tiny 

distributed throughout the surface, being difficult to clearly identify the boundaries 

between them. At a temperature of 600 0C, the separation between both zones is evident 

with the shape of darker zone suggesting some type of dendritic growth. With the 

increase of the isothermal time, an increase in the area covered by the grey dark phase 

was observed. The temperature 700 0C led to a different oxide morphology, i.e. the 

appearance of a black zone in some rosettes and the segregation of a white phase to the 

boundaries of the floret-like structure. This change in the microstructure can be 

associated to the melting of α-V2O5, which originates a smoother surface (Figure 8 d)). 

Figure 10 shows examples of EDS spectra of points identified in Figure 8 (phases 1 

and 2). As can be observed, Ti Kβ peak (4.931 keV) overlaps the V Kα peak (4.952 

keV) and, therefore, V Kβ peak should be taken in consideration for analyzing V 

importance. In order to identify the different oxide phases marked in Figure 8, the 
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ratio between the peaks intensities of V Kβ (Si Kα) and Ti Kα from EDS analyses 

are summarized in Table 3. To a relative increase in this ratio corresponds the 

preferential formation of the oxide of that element. EDS analyses of points 1 and 2 

reveal similar compositions for the grey light and dark zones, suggesting the presence of 

oxides containing Ti, Si and V. However, darker phase has clearly a higher V 

content (see Table 3). The Raman spectrum taken at grey dark phase (see Figure 11) 

shows the presence of intense peaks assigned to α-V2O5 [3, 8, 10] and small peaks 

related to rutile (TiO2). On light grey phase the spectrum is much less defined, with 

broader bands. α-V2O5 peaks almost vanished whereas rutile bands are enhanced. Low 

crystallized Ti-O phases give very similar Raman spectra, which evolve, after 

annealing, either as anatase or rutile [41, 42] phases. In summary, the dark grey phase 

can be assigned mainly to α-V2O5, and small quantities of TiO2, probably as a bilayer 

with α-V2O5 on the top and TiO2 underneath, as suggested by EDS measurements. In 

fact, the high ratio of V/Ti of point 3 marked in Figure 8, allows identifying a V-

rich oxide, on the surrounding regions of the dark grey phase. The light grey phase 

should be attributed to low crystallized Ti(V)O2. These results agree to the XRD results 

acquired on the oxidized surface of the films where both TiO2 and α-V2O5 phases were 

indexed. When the isothermal time was prolonged from 10 to 30 min at 600 ºC, the 

increase of the intensity of the α-V2O5 peak observed in the XRD patterns was is in a 

good agreement with a higher amount of grey dark phase observed on the oxidized 

surface morphology. 

Similarly to S2-0 coating signals from Si-O oxide were neither detected by 

XRD nor by Raman spectroscopy. However, according to EDS analysis this oxide 

should be present. As these signals are coming from a sub-surface layer, an oxide layer 
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rich in Ti and Si should coexist with a global chemical composition similar to that of 

light grey phase. 

From the three different morphological zones of sample annealed at 700 0C for 

10 min (Figure 8 d), EDS analysis showed that the two grey phases were mainly rich in 

vanadium and oxygen. Signals of elements from the substrate were detected in the 

dark phase, particularly Al, which in conjunction with XR D results, allowed 

identifying it as β-V2O5. In fact, it is well known, that the loss of O from α-V2O5, due 

to a reduction process, leads to its transformation in β-V2O5 [40, 43]. The presence of 

highly oxygen reactive elements, such as aluminum, in the substrate can reduce the 

molten α-V2O5, subtracting O and promoting the formation of β-V2O5. The Raman 

spectra of the dark and light grey phases plotted in Figure 12 show similar Raman 

patterns with peaks related to V2O5. Both α- and β-V2O5 display similar Raman spectra 

[44]. The segregated white areas located at the boundaries of the grey phase (see 

ratio Si/Ti of point 5) were rich in Si and Ti, suggesting to be silicon and titanium 

oxides. 

A good correlation was found between the isothermal oxidation curve, XRD 

measurements and surface morphology of S2-8 coating. At temperatures below the 

melting point of α-V2O5, the isothermal oxidation curve starts with a linear increase in 

the mass gain and then changes to a parabolic law. The XRD spectra of specimen S2-8 

oxidized during 10 min at 600 0C, in the first stage of the oxidation process, revealed 

the presence of intense peaks of α-V2O5. Further increase in isothermal time to 30 min 

showed an increased amount of α-V2O5, as confirmed by the increase of the grey dark 

phase, above attributed to V-rich zones. XRD pattern for this sample also showed an 

increase in TiO2 peaks intensity suggesting a thickening of the oxide scale. Therefore, 

the first linear part of the isothermal curve is due to the oxidation of both titanium and 
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vanadium to form Ti(V)O2 and α-V2O5, respectively. α-V2O5 is a non-protective oxide 

and TiO2 is still not in enough amounts to form a continuous protective scale, reason 

why a linear oxidation rate is observed. For longer oxidation times, the progressive 

thickening of the Ti-rich oxide scale will make difficult the oxygen diffusion inward 

retarding the reaction and promoting the parabolic behaviour. However, the protection 

is not so efficient as in TiN and/or Ti-Si-N samples (see Figures 5) due to the 

disruption induced by the outward/lateral diffusion of V ions through the oxide scale. 

In any condition the protective Si-O layer could be also formed. Similar isothermal 

evolution was reported by Zhou et al. [36], which during isothermal oxidation of 

multilayered TiAlN/VN coatings have detected α-V2O5 at the initial stage of oxidation. 

In their system, the mass gain curves also showed initially a linear evolution, followed 

by a parabolic growth, similar to what was observed here for TiSiVN films. Keller and 

Douglass [45] also showed that pure vanadium oxidizes linearly, whereas the addition 

of different elements (Al, Cr, Ti) could transform the initial linear mass gain for a 

parabolic one due to the modification of the formed oxide layer. 

At 700 0C, temperature higher than the melting point of α-V2O5, very high 

oxidation rates were measured and high amounts of V-oxides were detected by XRD. 

The extremely high parabolic evolution suggests a very high diffusion rate of the 

reactive ions through the oxide scales. 

A comparison between TiSiVN with CrAlVN and TiAlVN (in single layered or 

multilayered configuration) coatings, reveals a lower onset point of oxidation of 

approximately 100 0C. In CrAlVN and TiAlVN coatings the onset point of oxidation 

was close to ~600 0C [8, 36, 37]. In the case of the TiAlVN films, signals of lubricious 

α-V2O5 were detected as soon as the oxidation started, while at high temperatures only 

AlVO4 and TiO2 were identified [8]. For CrAlVN coatings, AlVO4, (Al, Cr, V)2O3 as 
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well as α-V2O5 oxides were observed for an annealing temperature of 700 0C [37]. In 

these studies, the lower onset point of oxidation displayed by the V-containing coatings 

was explained by the reactions occurring between protective oxides and vanadium 

(such as formation of Al-V-O phases). In the present TiSiVN system combination of V 

with titanium or silicon oxide was not detected. Therefore, we suggest that the loss of 

oxidation resistance of TiSiVN coatings is due to the rapid oxidation of V and the 

outwards diffusion of its ions through the Ti-rich oxide scale. Further work is needed to 

understand the mechanisms involved during the oxidation deterioration of TiSiN 

coatings with V additions and their corresponding oxide scale formation. The 

performance of solid solution coatings for high temperature sliding application should 

be investigated in further work. Rapid formation of vanadium oxide could indeed 

reduce friction at temperatures higher than 500 0C; nonetheless, the wear resistance of 

the coating can be significantly compromised by low oxidation resistance. In future 

research, we propose to deposit nanocomposite structure of TiSiVN combining 

nanograins of c-TiVN embedded into amorphous Si-N matrix, to control the outwards 

diffusion of vanadium. 

 

4. Conclusion 

 

This investigation concerned the influence of V additions on the structure, mechanical 

properties and oxidation resistance of Ti-Si-V-N coatings deposited by DC reactive 

magnetron sputtering. These coatings were compared to TiN and TiSiN films. 

According to XRD analyses, all coatings showed an fcc NaCl-type structure assigned to 

crystalline TiN. A shift of the peaks to the right was observed with Si and V additions, 

indicative of a substitutional solid solution. Hardness and Young modulus of TiSiN 
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coatings was insignificantly changed with increasing V content. The onset of oxidation 

of the coatings decreased with V additions down to temperatures as low as 500 0C, 

independently of the Si and V content in the coatings. TiN and TiSiN coating exhibits a 

typical parabolic oxidation weight gain as a function of time, while a different 

evolution is displayed by TiSiVN films. At temperatures below the melting point of α-

V2O5 (~685 0C) two stages were exhibited: at an early stage, the weight increase over 

time is linear, whilst, in a second stage a parabolic evolution could be fitted to the 

experimental data; on the other hand, at high temperatures only a parabolic evolution 

was fitted. α-V2O5 showed to be the main phase present at the oxidized surface of 

coatings. Reduction of this phase occurred for temperatures above their melting point. 

The relative amounts of V2O5 detected at the oxidized surface of V rich films are 

promising to achieve the envisaged good tribological properties; however it can be 

significantly compromised by their low oxidation resistance. 
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Figure Captions 

 

Figure 1 – XRD patterns of: a) TiSiN coatings with Si content ranging from 0 to 12.6 

at.%. b) coating S1-0 with V additions. 

 

Figure 2 - SEM fracture cross section micrographs of: a) coating TiN, b) coating S1-0, 

c) coating S1-12. 

 

Figure 3 – a) Effect of Si content on hardness and Young’s modulus for the TiN 

system. b) Effect of V content on hardness and Young’s modulus for coating S1-0. 

 

Figure 4 – Thermal gravimetric oxidation rate of coatings deposited on Al2O3 

substrates using the linear-temperature ramp (RT to 1200 0C at 20 0C/min). 

 

Figure 5 - Thermo gravimetric isothermal analysis of coatings exposed at different 

temperatures. 

 

Figure 6 – X-ray diffraction patterns of oxidized surface of: coating S2-8 annealed at 

temperatures ranging 550 to 700 0C. 

 

Figure 7 – SEM observation of surface morphology of coating S2-0, after 1h oxidation 

at 900 0C. 
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Figure 8 – Typical surface morphology of oxidized coatings: a) coating S2-8 exposed 

to 550 0C during 1h, b) coating S2-8 exposed to 600 0C during 10 min, c) coating S2-8 

exposed to 600 0C during 30 min, d) coating S2-8 exposed to 700 0C during 10 min. 

 

Figure 9 – Raman spectra of dark and light grey phases identified in Figure 7. 

 

Figure 10 - Energy dispersive X-ray analysis (EDAX) of points 1 and 2 identified in 

Figure 8. 

 

Figure 11 - Raman spectra of phase 1 and 2 identified in Figure 8. 

 

Figure 12 - Raman spectra of phase 4 and 5 identified in Figure 8. 
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Fig 1 a)
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Fig 1 b)
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Fig 2 a)
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Fig 2 b)
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Fig 2 c)
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Fig 3 a)
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Fig 3 b)
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Fig 4
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Fig 5

http://ees.elsevier.com/apsusc/download.aspx?id=1116522&guid=b68848a7-2722-4e2d-a084-a2796ba713bd&scheme=1


Page 36 of 46

Acc
ep

te
d 

M
an

us
cr

ip
t

Fig 6
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Fig 7
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Fig 8

http://ees.elsevier.com/apsusc/download.aspx?id=1116525&guid=43d2a6b9-f3d1-4f6c-85bb-df967fa861b9&scheme=1


Page 39 of 46

Acc
ep

te
d 

M
an

us
cr

ip
t

Fig 9
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Fig 10 a)
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Fig 10 b)
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Fig 11
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Fig 12
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Table 1 – Sample designation and deposition parameters of the coatings. 

 

 

Sample 

Target power density 

(W/cm2) 

Deposition time 

(min) 

Pellets of V at the Ti 

target 

 Ti TiSi2   

 Interlayer Ti 

10 

- 5 - 

 Interlayer 

TiN 
- 15 

- 

TiSiN S1-0 

6.5 1 210 

0 

TiSiVN 

S1-4 4 

S1-8 8 

S1-12 12 

TiSiN S2-0 

6 1.5 193 

0 

TiSiVN 

S2-4 4 

S2-8 8 

S2-12 12 

TiSiN S3-0 

5 2.5 153 

0 

TiSiVN 

S3-4 4 

S3-8 8 

S3-12 12 

 TiN 10 - 73 - 
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Table 2 – Chemical composition of the dissimilar coatings in at.%. 

 

 
  At.% 

 
 Coating N O Si Ti V 

 
TiN 49.8 ± 0.1 0.4 ± 0.1 - 49.6 ± 0.4 - 

TiSiN S1-0 51.1 ± 0.6 0.4 ± 0.1 3.8 ± 0.0 44.7 ± 0.7 - 

TiSiVN 

S1-4 51.4 ± 0.4 1.5 ± 0.3 3.1 ± 0.0 43.0 ± 0.7 1.1 ± 0.1 

S1-8 51.5 ± 0.2 1.2 ± 0.1 2.9 ± 0.0 37.1 ± 0.3 7.3 ± 0.1 

S1-12 49.7 ± 0.3 1.8 ± 0.1 2.8 ± 0.0 33.8 ± 0.3 12.0 ± 0.1 

TiSiN S2-0 51.5 ± 0.2 0.6 ± 0.1 6.7 ± 0.0 41.3 ± 0.3 - 

TiSiVN 

S2-4 52.1 ± 0.2 1.2 ± 0.1 5.7 ± 0.0 39.3 ± 0.4 1.6 ± 0.2 

S2-8 51.7 ± 0.1 1.4 ± 0.1 5.6 ± 0.1 33.6 ± 0.3 7.6 ± 0.2 

S2-12 51.1 ± 0.6 1.9 ± 0.2 5.3 ± 0.0 30.5 ± 0.6 11.3 ± 0.1 

TiSiN S3-0 51.4 ± 0.4 1.8 ± 0.1 12.6 ± 0.1 34.2 ± 0.5 - 

TiSiVN 

S3-4 52.9 ± 0.1 1.5 ± 0.1 10.7 ± 0.0 32.1 ± 0.2 2.7 ± 0.1 

S3-8 52.8 ± 0.2 2.0 ± 0.1 10.7 ± 0.1 27.2 ± 0.2 7.3 ± 0.1 

S3-12 52.4 ± 0.3 2.1 ± 0.2 10.3 ± 0,1 24.9 ± 0.9 10.4 ± 0.1 
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Table 3 - Ratio between the peaks intensities of V Kβ (Si Kα) and Ti Kα from EDS 

analyses of points marked in Figure 8. 

 

 

  Points 

 
 

1 2 3 4 5 6 

R
at

io
s V Kβ/Ti Kα 0.04 0.1 0.15 0.63 0.01 0.68 

Si Kα/Ti Kα 0.77 0.99 0.19 0.58 0.49 1.00 

 

 

 




