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A B S T R A C T   

Chromium nitride (CrN) coating is considered as one of the best candidates for wear protection in many forming 
application where adhesive wear and galling dominate. However, its relatively high coefficient of friction against 
soft metals hinders its applicability. Vanadium nitride (VN), on the other hand has attracted increasing interest as 
VN is easily oxidized to form Magneli phase vanadium oxides with easy slipping shear planes, on one hand 
leading to self-lubricating properties but also to deteriorated wear resistance. This can be overcome by forming 
CrVN coatings. However, there is a lack of information how such coatings perform in terms of galling resistance 
and V-concentration in typical forming conditions and against soft metals. 

Therefore, the aim of this work was to study friction properties of nano-layered PVD (Cr,V)N coatings at room 
and elevated temperature and how V-content influences on friction and galling resistance against typical work 
materials. Nanolayered (Cr,V)N coatings with V in concentrations from 15 to 30 % were deposited by industrial 
DC magnetron sputtering system and tested using Load-Scanner against AA2024 aluminum alloy and low-carbon 
steel at room and elevated temperature of 300 ◦C and 600 ◦C, respectively. Results were evaluated in terms of 
coefficient of friction level and stability, critical loads for galling initiation and volume of adhered work material. 
Results show that (Cr,V)N coatings do not necessarily improve galling resistance, being strongly dependent on V 
concentration and contact temperature. For forming Al alloys positive results are obtained with coatings con-
taining 20–25 at.% V and for low-carbon steels above 25 at.%, with marked improvement obtained only at 
elevated temperatures.   

1. Introduction 

Manufacturing, including materials production, machining and 
metal-forming is responsible for about 28 % of global green-house gas 
(GHS) emissions [1] and has a large environmental impact [2]. It is the 
largest material and energy using sector, requiring large amount of en-
ergy at every production step, from the excavation of ore, materials 
production, manufacturing, assembly, recycling and disposal [3]. It 
accounts for approximately 37 % of global GHG emissions associated 
with required energy production [1]. Manufacturing also produces large 
volume of waste, both in production including lubricants, cutting and 
cooling fluids, etc. and at the end-of-life disposal. Due to increase in 
industry demands and society needs the global consumption of mate-
rials, energy needs, emissions and waste are likely to double if the cur-
rent trends continue [4]. In order to move toward green, 
environmentally friendly production, with the metal-forming 

representing a huge part we need to eliminate or at least reduce use of 
hazardous lubricants, improve wear resistance and prolong life-time of 
tools as well as reduce energy consumption by reducing friction. 

Metal-forming, especially hot-forming is a very demanding opera-
tion, with the tools being exposed to a complex combination of cyclic 
thermal, mechanical, chemical, and tribological loads [5], which result 
in different wear mechanisms influenced by a variety of parameters [6]. 
However, tool life in hot-forming is greatly affected by abrasive wear 
and adhesive wear, also known as galling [7]. More than 70 % of tools 
fail due to abrasive wear and galling [5]. Oxide layers formed on the 
work-piece surface and constant flow of “fresh” work-piece material into 
the contact result in the generation of hard abrasive particles and 
abrasive wear while high contact temperatures, which can exceed 
600–700 ◦C affect tool hardness and contact surface reactivity, espe-
cially against soft metals causing galling [8]. Thus, the key factor 
affecting the efficiency of tools and consequently the quality and 
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properties of the produced parts is the thermo-mechanical and tribo-
logical interaction between the tool surface and the work-piece material. 
To overcome abrasive wear, the tool surface should be hard and to 
overcome galling it should be lubricious across a broad temperature 
range. 

Wear resistance of tools is traditionally improved by using tool steels 
with better fracture toughness vs. hardness ratio, more efficient lubri-
cation and better tool design [9]. However, tool wear and galling 
resistance can be further enhanced by different surface engineering 
processes and techniques, including thermo-chemical processes, laser 
surface texturing, deep cryogenic treatment and especially by hard 
coatings [10]. Traditional hard coatings like TiN, TiAlN and CrN, greatly 
outperform tool and high speed steels when it comes to cutting and cold- 
forming, especially under starved lubrication and dry conditions [11]. 
However, at elevated temperatures and against soft metallic materials 
they show a relatively high coefficient of friction and a high tendency for 
galling [12]. In order to move forward, to green, lubricant-free or near- 
lubricant-free production we need different approach. Surfaces with 
high hardness, high temperature resistance and low friction across a 
broad temperature range are required, i.e. high-temperature self-lubri-
cating wear resistant coatings [13]. 

As mentioned, typical hard ceramic coatings show high friction and 
high adhesion tendency against soft metals, which may result in severe 
adhesive wear and galling of coated tool if not lubricated [14]. On the 
other hand, Diamond-Like Carbon (DLC), hard amorphous carbon thin 
films and MoS2-based hard coatings show excellent wear, anti-galling 
and self-lubricating properties in many different machine component, 
machining and cold-forming applications [15]. However, in spite of 
excellent tribological properties at room temperature DLC coatings lose 
their tribological performance at temperatures above 300 ◦C [16], while 
low thermal and thermo-dynamical stability of MoS2 makes the pro-
cessing and stability of self-lubricating MoS2-composites rather difficult 
at high temperatures [17]. Adding a third element to transition metal 
nitride coatings is an effective method to further improve their me-
chanical properties and oxidation resistance [18], but can also affect 
their self-lubricating performance through the formation of high- 
temperature lubricious oxides [19]. In this respect, vanadium nitride 
(VN) has attracted increasing interests as VN is easily oxidized above 
500 ◦C to form Magnéli phase vanadium oxides (V2O5) with easy slip-
ping crystallographic shear planes and a low melting point (around 
670 ◦C), leading to self-lubricating behavior [20]. On the other hand, the 
intensive oxidation of VN and out-diffusion of V at elevated tempera-
tures, combined with tribo-chemical reactions considerably deteriorates 
coating wear resistance [21]. However, combining addition of vana-
dium to CrN coating to form (Cr,V)N [22] and multilayering [23] have 
proven to be an efficient way to simultaneously improve coating’s 
tribological performance and strength at high temperatures. 

Although, quite a few investigations on the effect of nanolayering 
and V content for (Cr,V)N coatings have been carried out in the last 
decade, they are mostly focused on oxidation resistance [19,24] and 
abrasive wear, deermined by a pin-on-disc tribometer against ceramic 
counter-material, either at room temperature [23,25,26] or very high 
temperatures of up to 900 ◦C [22]. There is a lack of information how 
these coatings perform in terms of galling resistance in typical hot- 
forming conditions and against soft metals. Therefore, the aim of this 
work was to study friction properties of nano-layered PVD (Cr,V)N 
coatings at room and elevated temperature range of 300 ◦C to 600 ◦C 
and how V-content influences on friction and galling resistance against a 
typical work material (i.e. aluminum alloy and low-carbon steel). 

2. Experimental details 

2.1. Material and coatings 

Steel used in this investigation as a reference and substrate material 
was commercially available hot work tool steel AISI H11 (wt%, 0.37 % 

C, 1.0 % Si, 0.38 % Mn, 5.15 % Cr, 1.30 % Mo, 0.40 % V) from SIJ Metal 
Ravne d.o.o., Slovenia, commonly used in hot-forming applications. 
From the material delivered in forged and soft annealed condition cy-
lindrical specimens (ϕ10x100 mm) were prepared by turning and 
grinding. Specimens were then vacuum heat treated according to steel 
producer specifications (austenitization @1020 ◦C for 20 min, quenched 
in N2 gas @ 1.05 bar and 3 ◦C/s, and double 2 h tempered @580 ◦C) to 
hardness of 50 HRC (525 HV) and surface polished to average surface 
roughness Ra = 0.15 μm. 

Coatings deposition was performed by DC magnetron sputtering in a 
CC800/9 (CemeCon) industrial unit equipped with four unbalanced 
magnetron sources, arranged in the corners of a chamber. By using one 
chromium, one vanadium and a pair of Cr/V triangular targets (Fig. 1) 
set of four nanolayered CrN/(Cr,V)N/VN coatings with varying Cr and V 
content (varying along the chamber’s vertical axis) were deposited in a 
single process. The chromium and vanadium concentration varied from 
39 to 30 at.% and 16 to 27 at.%, respectively (Table 1). Steel cylinders 
were mounted on a three-fold rotating substrate holder thus assuring 
nanolayered coatings with a uniform layer thickness distribution (~10 
nm). A binary CrN coating was also deposited in the same unit using only 
Cr targets and used as a reference. Prior to the deposition all the samples 
were ultrasonically cleaned and sputter-etched for 75 min (bias 650 V, 
pressure 0.35 Pa, mixed argon and krypton atmosphere, as recom-
mended by the equipment producer to make the process more stable). 
Coating deposition was carried out at the substrate temperature of 
450 ◦C, the total operating pressure of 0.5 Pa, target power 2.5 kW, bias 
120 V, cathode voltage 400 V, and the flow rates of nitrogen and argon 
of 80 and 200 ml/min, respectively. 

In tribological-galling tests two typical work materials in the form of 
cylinders (ϕ10x100 mm) were used as a counter material. First one was 
normalized low carbon steel S235J2 used for welding constructions and 
hot forming with a hardness of 135 HB (142 HV) and average surface 
roughness Ra of about 1 μm. The other was high strength AA2024 
Aluminum alloy in T4 condition with a hardness of 155 HB (163 HV) and 
a similar average surface roughness Ra of 1 μm, which is commonly 
extruded and widely used in aircraft industry. 

2.2. Tribological testing 

Tribological testing was performed under progressively loading dry 
sliding conditions using load scanning test rig (Fig. 2), aimed at simu-
lating galling damage in hot-forming. The test configuration involves 
two crossed cylinders (ϕ10x100 mm) which slide against each other at 
an angle of 45◦ under a constant speed and gradually increasing normal 
load, obtained by spring based system. Through specific setup each point 
along the contact path of both cylinders corresponds to a unique load 
without any pre-loading history and with fresh surfaces constantly 
coming into the contact. This allows analysis of the coefficient of friction 
and wear as a function of the applied load as well as determination of 
critical loads for galling initiation and transfer layer build-up [27]. 

In the current investigation upper coated or uncoated hot-work tool 
steel cylinder was representing stationary tool loaded against a moving 
lower cylinder made out of work material. Sliding speed was set to 0.01 
m/s and load range from 200 to 1400 N, resulting in substantial plastic 
deformation of both work materials. First set of experiments was done at 
room temperature and relative humidity of about 50 %. Second set was 
executed at elevated temperatures. In the case of galling tests against 
S235J2 low-carbon steel, coated cylinder was heated to 150 ◦C, as 
typically used in forming applications and low-carbon steel cylinder to 
600 ◦C by using heating elements installed in the specimen holders. In 
the case of AA2024 alloy, lower Al cylinder was heated to 300 ◦C and 
upper coated one again to 150 ◦C. 

Before testing both specimens were ultrasonically cleaned in ethanol 
and dried in hot air. For each material combination and testing condi-
tions at least three parallel tests on three different specimens were 
performed to obtain statistically relevant data. During testing coefficient 
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of friction, normal load and position were recorded continuously and 
wear tracks analyzed after the completion of the test. 

2.3. Wear tracks analysis 

Wear track analysis involved measurement of the volume of adhered 
work material using optical 3D focus-variation measuring instrument, 
Alicona InfiniteFocus G4 and subtraction method (material above the 
reference plane of unworn coated cylinder). SEM/EDS analysis of the 
wear tracks was performed in FIB-SEM microscope Zeiss Crossbeam 550, 
Germany, equipped with EDS detector (EDAX, Octane Elite). Specific 
sections of the wear track were removed from the coated specimen 
surface by first performing rough removal (30 keV/20 nA) and finishing 
by fine polishing (30 keV/2 nA) in order to perform EDS depth analysis 
and obtain EDS depth maps. The X-ray photoelectron spectroscopy 
(XPS) of the selected wear tracks was performed using a PHI VersaProbe 
XPS spectrometer (Physical Electronics) equipped with a mono-
chromatic Al Kα X-ray source. The XPS spectra were analyzed using the 
CasaXPS [28] software. The spectra were calibrated using the C 1 s peak 
of the adventitious carbon as a reference, and the Shirley background 
subtraction method was used to remove the background signal. The peak 
fitting was performed using a mixed Gaussian-Lorentzian function and 
ref. [29] used to perform deconvolution of the relevant peak 

components. 

3. Results and discussion 

3.1. Coatings characteristics 

Coatings composition determined on the FIB cross-sections using HR- 
EDS, thickness (standard CSEM calotest), average surface roughness 
(Alicona Infinite Focus G4 optical 3D focus-variation instrument), 
adhesion critical load (Revetest Scratch tester) and HV microhardness 
are provided in Table 1. The reference binary CrN coating with a typical 
columnar structure had a thickness of 3.0 μm, hardness of about 1800 
HV, average surface roughness of 0.17 μm and critical load for a rapid 
increase in the scratching force of 94 N. In the case of (Cr,V)N coatings, 
although having nanolayered structure they all show more of a single 
layer character without sharp interfaces and distinctive changes in 
composition between layers (Fig. 3), as shown by HR-EDS mapping and 
line scan analysis (Fig. 4). However, depending on the specimen’s ver-
tical position in the deposition chamber concentration of V and Cr varied 
between the four (Cr,V)N coatings deposited (Table 1). Vanadium con-
tent has been increased from 16 to 27 at.%, corresponding to reduced Cr 
concentration (from 39 to 30 at.%), while nitrogen concentration of 
about 45 at.% was detected in all coatings. (Cr,V)N coating with the 
lowest concentration of V (15.9 at.%; CrVN-1) displays the largest 
thickness of about 3.2 μm, average surface roughness of 0.22 μm and 
microhardness of about 2060 HV. Increase in V concentration on one 
hand results in reduced coating thickness but on the other hand in 
increased coating hardness, as shown in Table 1 and also reported by V. 
Perfiljev et al. [30]. For the highest concentration of V (CrVN-4; 26.7 at. 
%) coating thickness was 1.9 μm, average surface roughness 0.23 μm 
and microhardness almost 2400 HV. The difference in coating thickness 
can be explained by different sputtering yield of Cr and V, being approx. 
2.5 times higher for the chromium (16.7 nm/min) than for the vanadium 

Fig. 1. DC magnetron sputtering targets distribution and deposition layout.  

Table 1 
Characteristics of the deposited (Cr,V)N coatings.  

Coating VEDS [at.%] CrEDS [at.%] t [μm] Ra [μm] Lc [N] HV 

CrN  0  50  3.0  0.168  94  1800 
CrVN-1  15.9  38.9  3.2  0.216  90  2060 
CrVN-2  19.5  35.9  2.9  0.214  88  2120 
CrVN-3  23.1  32.8  2.5  0.208  87  2240 
CrVN-4  26.7  29.8  1.9  0.226  89  2380  

Fig. 2. Load-scanning test configuration.  
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(6.0 nm/min) [19]. However, all (Cr,V)N coatings show acceptable 
adhesion, evaluated by measuring the critical loads for rapid increase in 
the scratching force (Lc ≈ 90 N), similar columnar structure with 
reduced grain size trend and granular surface morphology (Fig. 5), as the 
V-concentration increases. As indicated by XRD analysis (not shown 
here), all (Cr,V)N coatings crystallized in a face-centered-cubic lattice 
with a B1 (NaCl) structure and in the form of solid solution, as also re-
ported by others [19,24,26]. 

3.2. Room temperature tests 

Results for room temperature galling tests are shown in Figs. 6 and 7. 
When tested against low-carbon steel (Fig. 6a) hardened hot-work tool 
steel shows initial friction of about 0.15 at 200 N load, which then 
gradually increases with load up to about 0.25 at the maximum load of 
1400 N. The same is true for the volume of work material adhered to the 
tool steel surface, which is gradually increasing with load (Fig. 6b); from 
6.5⋅102 μm3/mm2 to 7.5⋅102 μm3/mm2. More severe galling, indicated 
by sharp increase in friction is observed at loads above 1150 N. Binary 
CrN coating shows similar friction level and behavior, but higher galling 
tendency, with first signs of severe galling observed at a load of 1000 N 
and volume of adhered material as compared to uncoated tool steel 
being increased for up to 15 %, especially at high loads. CrVN-1 coating, 
containing 16 at.% of V shows much more unstable friction, fluctuating 
between 0.3 and 0.45 and about 20 % increased amount of adhered 
work material. Increased galling tendency is clearly seen for the whole 
load range investigated (Fig. 8b). Increasing V-content from 16 to 23 at. 
% has more or less negative effect, showing very unstable friction and 
increasing amount of adhered work material. However, by increasing V- 

content to 27 at.% (CrVN-4) very stable coefficient of friction between 
0.15 and 0.2 is obtained up to the load of 1200 N and the smallest 
amount of work material adhered to the coated surface in the initial 
stages of sliding (<6.0⋅102 μm3/mm2; Fig. 8c). Although quite high 
loads were used during galling tests (200–1400 N), no coating cracking, 
spallation or flaking were observed within the wear tracks, as shown in 
Fig. 9, regardless of the coating and V-content used. As confirmed by 
Fig. 9, the main wear mechanism is adhesive wear, with low carbon steel 
transfer and adhesion mainly starting at the coating’s imperfection sites. 
Therefore, changes in galling resistance cannot be related to coating 
failure but more to the coating composition, higher hardness and 
especially smoother topography (Fig. 5). 

In the case of room temperature tests against aluminum alloy friction 
behavior among different coatings is more similar, as shown in Fig. 7a. 
For all surfaces coefficient of friction in the investigated load range 
(200–1400 N) is between 0.2 and 0.25. However, while uncoated hot- 
work tool steel shows relatively stable friction and up to 7.5⋅102 μm3/ 
mm2 of adhered work material, binary CrN and especially CrVN-1 
coating with the lowest V-content have more unstable friction and be-
tween 20 % and 40 % higher galling tendency, as indicated by increased 
volume of adhered work material (Fig. 7b). By increasing V-concentra-
tion in the (Cr,V)N coatings galling resistance improves, with V-content 
of 20 at.% (CrVN-2) providing the most stable friction and the least 
amount of aluminum alloy adhered on the coating surface (~6.0⋅102 

μm3/mm2). However, as the V-concentration in the (Cr,V)N coating 
exceeds 25 at.% (CrVN-4) coefficient of friction again gets unstable and 
adhesion of work material picks up, reaching volume as high as 
11.5⋅102 μm3/mm2 (Figs. 7b and 8d). Again no coatings failure in the 
form of cracking, spallation or flaking could be detected (Fig. 10). 

Fig. 3. SEM micrographs of polished (Cr,V)N coatings cross-sections; (a) CrVN-1, (b) CrVN-2, (c) CrVN-3 and (d) CrVN-4.  
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In agreement with work of L. Aissani et al. [31] and V. Perfilyev et al. 
[30] addition of V in high concentrations (~30 at.%) improves anti- 
galling properties of CrN coating at room temperature. This could be 
associated with the formation of some lubricious oxides on the surface. 
However, beside adhered work material and negligible surface oxida-
tion wear track analysis (EDS and XPS) didn’t show formation of any 
lubricious oxides. Therefore improved properties of (Cr,V)N coatings 
can be mainly related to higher hardness, toughness and smoother 

surface of the high V-containing coatings, which result in decreased 
adhesion and consequently to lower static and kinetic friction forces as 
well as the amplitude of the stick-slip behaviouor [30]. Regarding the 
effect of work material, as compared to low-carbon steel, aluminum 
alloy is very prone to galling, it experiences larger plastic deformation 
rates and shows lower strain hardening rate [32]. This resulted in a 
strong adhesion and formation of continuous layer of adhered work 
material on the coating surface (Fig. 10), thus masking the effect of V 

Fig. 4. (a) EDS Line profile and (b) EDS mapping for CrVN-3 coating.  

Fig. 5. Surface structure of (a) CrN, (b) CrVN-1, (c) CrVN-2, (d) CrVN-3 and (e) CrVN-4 coatings.  
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content and shifting optimum combination of properties to medium V- 
concentrations of about 20 at.% (Fig. 7). In this case shearing took place 
within the layer of transferred Al alloy rather than at the coating 
interface, as indicated by smoother wear track of CrVN-2 coating 
(Fig. 10a). 

3.3. High temperature tests 

At elevated temperature galling tests against low-carbon steel 
(600 ◦C) all coatings provide considerably improved galling resistance 
as well as lower and more stable coefficient of friction. In the case of 
uncoated hot-work tool steel coefficient of friction is above 0.9 
(Fig. 11a) and volume of adhered work-material about two orders of 
magnitude larger than for room temperature (3.3–3.5⋅104 μm3/mm2; 
Fig. 11b). With the application of CrN based coatings coefficient of 
friction has been reduced down to about 0.4–0.5 and more or less 
maintained that level for the whole load range investigated, as shown in 
Fig. 11a. Coatings also provided greatly reduced adhesion of work ma-
terial, being at the level of room temperature tests (~10⋅102 μm3/mm2), 

owing to their good high temperature properties, stability and oxidation 
resistance [33]. However, in this case addition and increased concen-
tration of V has strong positive effect, providing more stable friction and 
reduced adhesion of work material. Higher the V-concentration bigger is 
the improvement, especially at high loads and deformation rates, 
reaching as high as 45 % (CrVN-4) compared to binary CrN coating 
(Fig. 11b). Wear track analysis (Fig. 12) also showed that by increasing V 
content the adhesion of work material is predominantly positioned at 
the surface irregularities. 

On the other hand, when tested against Al alloy at 300 ◦C all surfaces 
show quite high and unstable friction (Fig. 13a) and high degree of 
adhered work material (Fig. 13b). As for room temperature tests no 
coating failure was detected (Fig. 14), with the unstable friction and 
high degree of work material adhesion being related to increased 
oxidation and high sticking tendency of Al alloys at elevated tempera-
tures. For uncoated hot-work tool steel initial coefficient of friction at 
low loads is at the level of 0.15 but quickly becomes unstable and at the 
load of 700 N exceeds 0.5 also resulting in a large volume of adhered 
work material (30–40⋅102 μm3/mm2). Binary CrN coating shows similar 

Fig. 6. (a) Coefficient of friction as a function of load and (b) volume of adhered work material for RT tests against low-carbon steel.  

Fig. 7. (a) Coefficient of friction as a function of load and (b) volume of adhered work material for RT tests against AA2024 Al alloy.  
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unstable friction but provides up to three times better galling resistance, 
mainly due to prevented surface oxidation. Addition of V in lower 
concentrations (up to 20 at.%) has negative effect, increasing coefficient 
of friction above 0.6 and amount of adhered material to the level of 
uncoated hot-work tool steel, as shown in Fig. 13. This could be related 
to the reaction between aluminum oxides and vanadium oxides and 
formation of AlVO4 oxide, which is a compound of high coefficient of 
friction [34]. However, as shown by E. Arisi et al. [35], AlVO4 forms 
only at temperatures above 700 ◦C, while testing against AA2024 alloy 
was performed at 300 ◦C. Contact temperatures generated within the 
tribological contact could potentially reach 700 ◦C but would be greatly 
localized, thus having negligible effect. XPS analysis of wear tracks 

(Fig. 17) also didn’t reveal any traces of AlVO4 phase (V5+ component 
between 517.9 eV and 516.7 eV not being present). On the other hand, 
for (Cr,V)N coating with higher V-concentration of 23 at.% (CrVN-3) 
and smoother surface (Fig. 5, Table 1) very stable coefficient of friction 
was established in the whole load range investigated. Although friction 
is at a relatively high level of 0.5, this results in the lowest amount of 
adhered work material (15–30 % lower than CrN) and the best anti- 
galling properties. Further increase in V-content somehow deteriorates 
coating’s properties, causing less stable friction and increase in tendency 
to pick-up work material (Fig. 12). In agreement with surface topog-
raphy and roughness results, the best anti-galling behavior against Al 
alloy at elevated temperature shows CrVN-3 coating with the smoothest 

Fig. 8. Wear tracks on coated tool steel for room temperature tests: (a) binary CrN coating against low carbon steel, (b) CrVN-1 coating against low carbon steel, (c) 
CrVN-4 coating against low carbon steel and (d) CrVN-4 coating against Al alloy at three different loads (1–400 N, 2–800 N and 3–1200 N); arrow indicates direction 
of sliding. 
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surface. 
In the case of high temperature galling tests against low-carbon steel 

clear trend of improved tribological behavior of (Cr,V)N coatings with 
increased V-concentration can also be related to more intense formation 
of lubricious V-type oxides (VO2 and V2O5) as indicated by the EDS 
analysis of the wear track cross-sections and increased concentration of 
oxygen (Fig. 15). According to N. Fateh et al. [36] and V. Perfilyev et al. 

[30] easy sheared VO2 and V2O5 oxides are formed on the surface of VN 
and (Cr,V)N coatings around 500 ◦C thus providing good lubricity and 
reduced stick-slip effect. XPS analysis of the wear track shown in Fig. 16 
confirmed formation of VO2 and V2O5, as indicated by small peak be-
tween 517 and 516 eV [37] and peak fitting with three components, 
corresponding to nitride and two oxide states of vanadium (V4+
516.8–515.9 eV and V5+ 517.9–516.7 eV). Further TEM analyses are 

Fig. 9. SEM micrographs of room temperature wear tracks against low carbon steel at the load of 800 N; (a) CrVN-2 and (b) CrVN-4.  

Fig. 10. SEM micrographs of room temperature wear tracks against AL alloy at the load of 800 N; (a) CrVN-2 and (b) CrVN-4.  
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Fig. 11. (a) Coefficient of friction as a function of load and (b) volume of adhered work material for high temperature tests against low-carbon steel (600 ◦C).  

Fig. 12. SEM micrographs of high temperature (600 ◦C) wear tracks against low carbon steel at the load of 800 N; (a) CrVN-1 and (b) CrVN-4.  

Fig. 13. (a) Coefficient of friction as a function of load and (b) volume of adhered work material for high temperature tests against Al alloy (300 ◦C).  
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planned for detailed analysis and identification of oxides formed locally 
in different areas of the wear track. Improved friction properties are thus 
mainly attributed to formation and easy interface shearing of these oxide 
layers in the wear track during deformation and plastic smearing. 

On the other hand, for high temperature tests against Al alloy 

performed at 300 ◦C, temperature is in general too low to allow direct 
formation of lubricious oxides [20]. However, as indicated by XPS 
analysis (Fig. 17) VO2 oxides (peak at 515.9 eV) are present within the 
contact zone. In this case improvement in friction and galling properties 
is down to combined effect of increased hardness and change in surface 

Fig. 14. SEM micrographs of high temperature (300 ◦C) wear tracks against Al alloy at the load of 800 N; (a) CrVN-1 and (b) CrVN-3.  

Fig. 15. SEM/EDS line analysis of high temperature wear track (CrVN-4/S235J2 @600 ◦C, FN = 800 N).  
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morphology of (Cr,V)N coatings, and local micro-formation of some 
lubricious oxides due to high contact pressures, material shearing and 
elevated contact temperatures. At low V-concentrations (< 20 at.%) 
formation of lubricious oxides is suppressed while at high concentra-
tions (> 25 at.%) increase in coating roughness and hardness will again 
promote work material transfer and galling. V-content also has a direct 
effect on lubricious oxides formation in tribo-contact with Al, and higher 
the V/Al ratio (i.e. higher V-content) higher is the possibility for some 
localized micro lubricious oxides formation [20]. 

4. Conclusions 

Results of this investigation focused on the effect of V-concentration 
on the galling resistance of nanolayered (Cr,V)N coatings under room 
and elevated temperature conditions can be summarized in the 
following conclusions:  

– At room temperature and against low-C steel binary CrN coating 
provides similar friction behavior and galling resistance as hardened 
hot-work tool steel. Addition of vanadium in general has negative 
effect, resulting in higher and more unstable friction, as well as 
increased adhesion of work material to the coating surface. However, 
at high V-concentrations above 25 at.%, combination of increased 
hardness and finer coating structure provides more stable friction up 
to the load of 1200 N and improved galling resistance.  

– In the case of AA2024 aluminum alloy optimum V-concentration 
providing smoother friction and improved galling resistance is be-
tween 20 and 25 at.%, although not being considerably different as 
compared to uncoated hot-work tool steel and binary CrN coating. 
Shift in best V-concentration toward lower concentrations can be 
related to aluminum alloy showing larger degree of plastic defor-
mation and being more prone to galling, thus shearing taking place 
within the layer of transferred material instead at the coating 
interface. 

Fig. 16. V 2p XPS peak and peak fitting of the CrVN-4/S235J2 @600 ◦C wear track (FN = 800 N; as-received and sputtered for 5, 10, 15, 20 & 25 min @2 kV Ar 
+ ions). 

Fig. 17. V 2p XPS peak and peak fitting of the CrVN-3/AA2024 @300 ◦C wear track (FN = 800 N; as-received and sputtered for 5, 10, 15, 20 & 25 min @2 kV Ar 
+ ions). 
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– For high temperature conditions of 600 ◦C, coatings with high tem-
perature and oxidation stability provide two to three times better 
galling resistance, as well as lower and smoother friction. Addition of 
V results in further, up to 45 % improvement with the increased V- 
content having straight-forward positive effect obtained through 
smoother coating surface and intensified micro formations of lubri-
cious oxides on the coating’s contact surface.  

– Testing against Al alloy at 300 ◦C turned out to represent the most 
demanding contact conditions, characterized by very unstable fric-
tion and high degree of galling and work material transfer. Binary 
CrN coating improves situation by about 50 % due too high tem-
perature oxidation stability. Addition of V in general gives smoother 
friction but at higher level and thus results in an increased work 
material transfer. However, at 23 at.% optimum combination of 
increased surface hardness, smooth surface morphology and local-
ized formation of some lubricious oxides resulted in the best tribo-
logical performance and galling resistance. 
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