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INTRODUCTION

During the operation of parts of machines and cut-
ting tool surface layers experience the strongest
mechanical and chemical impact; thus, the modifica-
tion of working surfaces of parts seems to be the most
probable. The required results can be achieved by
applying multifunctional coatings to working surfaces,
which combine high hardness, wear, and thermal
resistance [1–7]. 

The concept of creating a new class of coatings
based on multicomponent materials in which high-
entropy alloys are used as evaporated materials [8–
11]. As a result of intensive mixing, the entropy contri-
bution increases, which stabilizes the formation of a
solid solution with a simple structure [12]. The stabil-
ity of the structure and the composition under high
temperatures and the high operating characteristics of
multicomponent systems enable the development of
nitride and carbide coatings with ability of high micro-
structure dispersion. The structure and composition
stability under high temperatures and high operating
characteristics of multicomponent systems make it
possible to develop nitride and carbide coatings with a

high disperse ability of the microstructure (average
size of crystals is 5–7 nm [13]) and operating charac-
teristics. 

The high wear resistance of multicomponent coat-
ings is associated with an increase in hardness and
higher resistance to plastic deformation. Thus, the
creation of these systems in a form of coatings and
investigation of their tribotechnical characteristics
[14–16] is of high interest. 

The aim of the work is to determine the effectiveness
of the method of vacuum-arc deposition for obtaining
materials with high mechanical properties from com-
positions containing strong nitride forming compo-
nents during their deposition under various pressures
(0.4 and 0.09 Pa) in the nitrogen atmosphere [17].

MATERIALS AND METHODS 
OF INVESTIGATION

In this paper, transition metals (Ti, Zr, Hf, V, Nb,
and Ta) with high heat of nitrides formation [8, 9] are
used as the basic elements of high-entropy alloys. 
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Coatings were deposited using the vacuum-arc
method with the evaporation of the cathode from
TiZr–Hf–V–Nb–Ta high-entropy alloy in the
atmosphere of a nitrogen reacting gas. Parameters of
deposition are presented in Table 1, where Ia is the arc

current, Ub is the constant bias potential on the sub-

strate, P is the pressure of nitrogen during deposition.
Based on preliminary studies, the values of Ub were set

equal to –70 and –150 V (see, e.g., [9]) to obtain opti-
mal mechanical properties of coatings. Substrates
were made of R6M5 (HRC = 62) steel with diameters
of 45 mm, thicknesses of 4.0 mm, and surface rough-
ness of Ra = 0.08 µm. The thickness of coatings was

8 µm and roughness was Ra = 0.36 µm. 

The investigation of the wear resistance of multi-
component coatings was conducted using tribometry
methods using an automated friction machine (Tri-
bometer CSM Instruments). An Al2O3 ball with a diam-

eter of 6.0 mm was used as a counterbody. Using optical
and raster scanning microscopy (NanoScan 450), the
nature of the wear of the sample and the counterbody
was investigated. The measurement of the vertical sec-
tion of wear grooves on the sample were performed
using a profilometer in four diametrically and orthog-
onally opposite regions, and the mean values of groove
section area and depth were determined. The element
composition of coatings was analyzed using the energy
dispersion method.

The hardness of coatings was studied using DM-8
hardness meter. In order to reduce the influence of the
drop fraction (roughness), as well as for more precise
measurements, some of the coatings were polished
after deposition. Studies of the structure and phase
were performed using a DRON-3M diffraction meter
in CuK

α radiation. A graphite monochromator was

installed at the secondary beam (in front of the detec-

tor) for the monochromation of the recorded radia-
tion. Studies of the phase composition and structure,
including the texture and subtextures, were performed
using traditional techniques of X-ray diffraction anal-
ysis by analyzing the position, intensity, and shape of
profiles of diffraction reflections. 

RESULTS AND DISCUSSION

Important factors that determine the functional
characteristics of coatings include the element and
phase compositions and their structure. The results of an
elementary analysis of the coatings (TiZrHfVNbTa)N
are shown in Table 2. As shown in Table 2, the rela-
tively low bias potential of –70 V results in the less
effective formation of nitride (less nitrogen is bonded
in the coating under low pressure, series no. 3).

An analysis of diffraction spectra shows that coat-
ings obtained under a low pressure of nitrogen of
0.09 Pa and relatively high of 0.4 Pa are characterized
by nitride with a face-centered cubic metal sublattice
(NaCl structural type) as a basic phase and the low
concentration (up to 7 vol %) of a component with
body centered cubic crystal sublattice apparently
related to presence of a drop fraction in the coating.

As in case of Ub = –70 V and Ub = –150 V, coat-

ings obtained at a low pressure of 0.09 Pa are charac-
terized by an almost nontexturized structure (Fig. 1,
spectrum 1). Increased up to (0.4–0.5) Pa pressure of
nitrogen results in appearance of a texture with [111]
axis in case of Ub = –70 V and bi-texture structure with

axial texture with [111] and [110] axes at Ub = –150 V

(Fig. 1, spectrum 2). 

Studies using the approximation method of sub-
structure characteristics showed that, under the low-
pressure impingement of a growing coating by charged
accelerated particles that hardly impact each other,
the development of high microdeformation reaches a
value of 1.09% at a small average size of crystals of
around 10 nm at Ub = –150 V and a value of 0.83% at

an average size of crystals of 47 nm at Ub = –70 V.

An in crease in pressure to 0.4–0.5 Pa defines the
large loss of energy for impacts in the space between
electrons and results in a decrease in the microdefor-
mation in formed crystals to 0.88% at an average crys-
tal size of 80 nm for Ub = –150 V and a decrease to

0.63% at an average crystal size at an average crystallite
size of 95 nm at at Ub = –70 V in condensable coatings. 

Table 1. Physicotechnological parameters of coating depo-
sition

Series no. Ia, A Ub P, Pa

1 110 150 0.4

2 110 150 0.09

3 95 70 0.09

4 95 70 0.5

Table 2. Element composition of multicomponent coatings (at %)

Series no.  N Zr Nb Ti V Hf Ta

1 55.48 8.13 7.73 7.85 6.32 9.53 4.96

2 52.75 8.49 8.1 9.77 6.59 9.47 4.83

3 36.41 11.77 10.84 14.52 7.91 10.71 6.84

4 54.72 7.74 8.44 10.82 5.91 8.09 4.28
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One of the most universal characteristics for the
express analysis of mechanical properties is hardness.
The measured hardness of coatings (TiZrHfVNbTa)N
was HV0.2 = 51 GPa at P = 0.4 Pa, HV0.2 = 38 GPa at

P = 0.09 Pa. for coatings obtained at Ub = –150 V and

average size HV0.2 = 40 GPa for coatings obtained at

Ub = –70 V.

An analysis of images of wear tracks (Fig. 2) and the
results of an element analysis (Table 3) show that, after
the entire attrition process, coatings do not lack integ-
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Fig. 1. Diffraction spectra of multicomponent coatings based on (TiZrHfVNbTa)N deposited under different partial pressures of
nitrogen reacting gas and negative bias potential 150 V: (1) P = 0.09 Pa (series no. 2); (2) 0.4 Pa (series no. 1).

(a) 500 µm (b) 500 µm

(c) 500 µm

Fig. 2. Images of tracks of coatings wear: (a) P = 0.4 Pa; (b) P = 0.09 Pa (Ub = –150 V), (c) P = 0.09 Pa (Ub = –70 V).
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rity and do not wear down to substrates. Comparison
with results of element analysis show that, in the pro-
cess of friction, oxidation-mechanical wear takes
place under the influence of the ambient atmosphere
and dynamic effects between contacting materials
[18–20].

During wear on the surface of friction tracks an oxi-
dation film may form, which is indicated by results of
X-ray energy disperse analysis of wear products
(Fig. 3, Table 4).

Results of the element analysis of wear products are
presented in Table 4 and the image of the wear prod-
ucts in Fig. 3. 

The obtained results show that, in coatings
obtained using lower bias potential (–70 V), stronger
contamination of surface by oxygen takes place,
which, in this case, can be associated with the lower
value of microdeformation that develops. 

These products of wear protect friction surface
against wear, as well as the formation of oxides with

metals such as Ti, Nb, and Hf products of oxidation
wear, may have high hardness and result in abrasive
wear. In connection with this, important data of
mechanical properties is the coefficient of friction and
wear resistance compared to the wear of substrates and
removal of counterbody material.

Values of the coefficient of friction µ and wear
resistance obtained during tests of coating
(TiZrHfVNbTa)N–Al2O3 are shown in Table 5.

For all samples, the coefficient of friction is ~0.9.
These high values can be explained by the drop frac-
tion that is inherent to coatings obtained from the
plasma beam. Based on the obtained results, it can be
noted that, under the conditions of friction realized in
our experiments, multicomponent coatings based on
(TiZrHfVNbTa)N have higher wear resistance. The
highest wear resistance is achieved in coatings
obtained at P = 0.09 Pa and Ub = –150 V, for which the

absence of a dominant orientation of crystallite grains
and the highest value of microdeformation are typical.

Table 3. Element composition of surface of friction tracks of coatings (at %)

Series no.  N O Zr Nb Ti V Hf Ta

1 51.48 2.49 8.48 8.17 8.11 6.64 9.39 5.2

2 50.63 1.97 8.73 8.18 10.23 7.03 8.67 4.54

3 34.81 15.73 10.26 10.42 15.36 4.8 4.1 4.52

(a) 30 µm (b) 30 µm

Fig. 3. Image of (TiZrHfVNbTa)N coatings wear products: (a) coatings of series no. 1; (b) coatings of series no. 2.

Table 4. Element analysis of wear products (at %)

Series no. N O Al Hf Zr Nb Ti V Ta Fe

1 27.26 49.07 2.98 3.4 3.76 3.65 3.57 2.93 2.91 0.47

2 23.01 51.67 8.85 2.59 2.97 2.86 3.2 2.24 2.18 0.43

3 – 75.76 6.72 – 4.72 4.51 8.28 – – –

4 17.92 37.28 9.93 4.69 5.58 5.81 9.37 – – 9.42
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In the case of Ub = –70 V, this tendency remains,

although, for a higher degree of wear, which in this
case can also be associated to a lower (in absolute
value) degree of microdeformation. 

CONCLUSIONS

(1) The influence of the pressure of the nitrogen
atmosphere during the deposition of nitride coatings
based on high-entropy Ti–Zr–Hf–V–Nb–Ta alloys
on their hardness, coefficient of friction, and wear
resistance is analyzed.

(2) It was determined that, when pressure
increased from 0.09 to 0.4 Pa, in addition to appear-
ance of bitexture structure [111] and [110] axes, the
hardness increased from 38 to 51 GPa.

(3) Based on an analysis of the nature of the wear, it
was defined that, during friction, the nitrogen is par-
tially removed from the combination and replaced by
oxygen. This process was accompanied by the enrich-
ment of the contacting surface by atoms of Ti, Nb, and
Ta with high heat of oxides formation. 

(4) Oxidation-mechanical wear results in the dom-
ination of oxide components in wear products. 

(5) The highest resistance to wear is attributed to
coatings (TiZrHfVNbTa)N obtained under a pressure
of 0.09 Pa. In this case, the coating is characterized by
high microdeformation, the absence of texture, and
corresponding anisotropy of properties. 
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