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Abstract—The results of studies aimed at synthesizing coatings of ceramic high-entropy alloys by the vacuum-
arc plasma-assisted method with simultaneous evaporation of several cathodes are presented. The optimal
regimes for deposition a nitride coating of the (NbMoCrTiAl)N composition were revealed. To determine the
contribution of the ion current of each arc evaporator, the azimuthal characteristics of the ion current density
of the arc evaporators and the PINK-P gas plasma generator were measured. It is shown that the formed coat-
ing had a non-equiatomic composition, and the concentration of metal atoms in the coating varied from
6.6 at % up to 13.9 at %. It was established that the coating was multilayer with a layer thickness of (23–27) nm.
Layers enriched in titanium atoms, alternating with layers enriched in chromium, molybdenum, and niobium
atoms, were revealed. It was suggested that one of the reasons for the observed layering of the coating in terms
of elemental composition was the difference in the types of crystal lattices of those elements. X-ray phase
analysis was performed using synchrotron radiation, and the results of transmission electron microscopy
showed that the synthesized coating had a columnar nanocrystalline structure. The transverse size of the col-
umns varied from 20 to 170 nm, and the longitudinal size varied from 115 to 700 nm. The average crystallite
size was 2.5–6 nm. The hardness of the resulting coating was 43 GPa, the friction coefficient was 0.5, and the
wear parameter (a value inversely proportional to wear resistance) was 7 × 10–6 mm3 N–1 m–1.
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INTRODUCTION
The first studies on the synthesis and properties of

high-entropy alloys (HEAs) appeared in 2004 [1–3].
Since then, increasing interest has been shown in
materials composed of five and more equiatomic ele-
ments. The composition of HEAs is widely variable,
and, hence, the range of their unique properties is also
wide. In particular, such alloys are resistant to corro-
sion [4–6], high temperatures, and oxidation [7–11],
and also they have incredible mechanical characteris-
tics [12, 13], excellent fatigue and fracture strength
[12–15], and high tensile strength [16, 17].

The deposition of thin (about 1–10 μm) coatings
on materials is an efficient way of improving their
characteristics [18]. By now, numerous studies are
available on the synthesis and deposition of thin metal
and hard nitride coatings based on HEAs – HEN
(high-entropy nitride). Thin coatings can be synthe-

sized by different methods; however, the most f lexible
among them is plasma-assisted vacuum arc deposi-
tion, which allows one to widely vary the coating com-
position by varying the ion current density [19]. This
plasma-assisted deposition can provide coatings with
different phase states, and, thus, with different proper-
ties [20].

Our study aims to determine the optimum modes
of plasma-assisted vacuum arc deposition of a
(NbMoCrTiAl)N coating and to analyze its phase
state, structure, and properties by different methods,
including those that use synchrotron radiation.

MATERIALS AND RESEARCH TECHNIQUES
The material under study was (NbMoCrTiAl)N

deposited on AISI 321 stainless steel, commercially
pure Ti-Grade2 titanium, commercially pure tung-
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sten, and WC-8%Co hard alloy. The gas-metal plasma
for HEA nitride formation was produced by several
different plasma generators operating at a time: a
PINK-P gas-plasma generator based on a non-self-
sustained arc discharge with thermionic and hollow
cathodes and four arc evaporators with Nb (99.8 wt %),
TiAl (50 wt % Al), Mo (99.96 wt %), and Cr (99.9 wt %)
cathodes with a diameter of 80, 100, and 100 mm
(DI80, DI100, and DI100 evaporators) and dimen-
sions of 400 × 80 mm (DP400 evaporator), respec-
tively. The DI100 evaporators with TiAl and Mo cath-
odes had improved water cooling of the cathode back
surface. All plasma generators, except for the evapora-
tor with TiAl, were located on the chamber walls
around a table with “planetary satellites” at equal dis-
tances from the chamber center. The arc evaporator
with TiAl was located at the top of the chamber per-
pendicular to the other generators.

The substrates were fixed in a holder at 45° to the
satellite rotation axis for their uniform exposure to gas-
metal plasmas from all generators. A detailed descrip-
tion of the experiment can be found elsewhere [21].
The working gas was argon and a mixture of argon with
nitrogen in equal proportions; the pressure in all
experiments was 0.3 Pa. Studied in the experiment
were the coating growth rate and the plasma parame-
ters provided by the separate and joint operation of the
plasma sources.

The elemental composition, phase state, and defect
substructure of the coatings were analyzed on a Philips
SEM-515 scanning electron microscope with an
EDAX ECON IV analyzer and on a JEOL JEM-2100F
transmission electron microscope. Their phase state
and structure were also examined on a Shimadzu
XRD-6000 diffractometer (Japan) in CuKα radiation
and on the VEPP-3 storage ring in synchrotron radia-
tion (INP SB RAS, Novosibirsk) under normal condi-
tions (W substrate, radiation wavelength of λ =
0.15401 nm, and diffraction angles of 2θ = 20°–80°).
The software was MAUD (structural analysis) and
Fityk v.1.3.1 (data processing). The hardness of the
coatings was measured on a PMT-3 device by the
Vickers method at an indenter load of 0.5 N. Their tri-
bological properties were studied using a pin-on-disk
tribometer and oscillating TRIBOtester (TRIBOtech-
nic, France) with a WC-8%Co ball with a diameter of
6 mm at a load of 2 N (wear track radius of 2 mm, track
length of 50 m, and ball velocity of 25 mm/s). The wear
degree was determined from wear track profilometry.

RESULTS AND DISCUSSION
The contribution of the ion current of each arc

evaporator was determined by measuring the azi-
muthal characteristics of ion current density from the
evaporators and PINK-P generator (Fig. 1). The col-
lector was located on a planetary satellite moving
along the perimeter of the working chamber so that its
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spacing from each generator was the same. The mini-
mum distance between the collector and generator exit
aperture was 16 cm, and its maximum value was
52 cm. In all experiments, the pressure of the gas mix-
ture of argon with nitrogen was 0.3 Pa, while the par-
tial pressure of nitrogen was 0.15 Pa.

The measurements show that when each plasma
generator operates separately, the ion current density
decreases monotonically with distance from the gen-
erator exit aperture irrespective of the discharge cur-
rent (Figs. 1a–1e). During such operation, the ion
current from each generator is present even at the most
distant point.

From the azimuthal ion current density distribu-
tion measured with separately operating plasma gener-
ators (Figs. 1a–1e), we determined the arc parameters
at which the average densities of the ion current from
all evaporators to the collector were were the same and
were 2.45 mA/cm2. This provides the most uniform
ion current density over the chamber during the simul-
taneous operation of the generators. Thus, the dis-
charge currents of the plasma generators for the depo-
sition of high-entropy nitride (HEN) coatings were
the following: ITiAl = 180 A, IMo = 90 A, ICr = 150 A,
INb = 120 A, and IPINK = 50 A.

The azimuthal distribution of the ion current den-
sity during the simultaneous operation of all plasma
generators (Fig. 1f) demonstrates that its value mea-
sured is 6.3–10 mA/cm2 depending on the position of
the collector in the chamber and the distance from the
PINK-P generator. During the joint operation of the
generators, compared to their separate operation, the
density of the ion current to the substrates is more uni-
form, and this provides a constant temperature
throughout the deposition and a uniform HEA layer
thickness.

In a series of experiments, we determined the
growth rates of nitride coatings and HEN coatings
with separately and jointly operating plasma genera-
tors, respectively. The arc currents were set so that the
ion current densities for all evaporators were about
equal. In all experiments, the holder with WC-8%Co
substrates was located 16 cm from the generator exit
aperture. To determine the growth rate of HEN, the
holder was located on a planetary satellite moving
along the chamber perimeter at 2.5 rpm. The negative
substrate bias was –50 V; the deposition time for all
coatings was 60 min. The coating thickness was mea-
sured by the Calotest method. The coating growth
rates are presented in Table 1. As can be seen, the
growth rate of (NbMoCrTiAl)N is higher than those
of TiAlN, MoN, NbN, and CrN but is markedly lower
than the sum of these rates. This is associated with
high densities of the ion current to the substrate during
the simultaneous operation of the generators and with
ion plasma etching of the growing HEN coating.

A HEN coating with a thickness of 3 μm is consid-
ered further. According to the X-ray diffraction data,
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Fig. 1. Azimuthal ion current density distribution vs arc current for different plasma generators with different cathode materials:
(a) DI100, TiAl, (b) DP400, Cr, (c) DI100, Mo, (d) DI80, Nb, (e) PINK-P, (f) joint operation of all plasma generators.

(a) (b)

(c) (d)

(e) (f)
the coating contains nitrogen atoms and metal atoms
from the cathode materials, suggesting the formation
of (NbMoCrTiAl)N (Fig. 2).
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According to transmission and scanning transmis-
sion electron microscopy, the HEN coating is a multi-
layer film with visually alternating dark and bright lay-
TRON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Table 1. Growth rates of nitride coatings

Coating material TiAlN MoN NbN CrN (NbMoCrTiAl)N

Discharge current, A 180 90 120 150

Coating growth rate, μm/h 5.2 1.4 2 2.4 6

Fig. 2. Surface of the HEN coating, scanning electron microscopy (a), respective energy spectra (b), and coating composition
(inset).

100 �m�

1.5

1.0

0.5

2.4

2.5 Element at %wt %

NK 55.4423.30

AlK 13.9411.28

TiK 06.8409.84

CrK 09.3314.57

NbK 06.6118.44

MoK 07.8422.57

288 12 16 20 2440

Energy, keV

CrKa

MoKa

libKa

TiKa

AlKa

NKa

CaKb

TaKb
MoKb

libKb

KCont

(a) (b)
ers (Fig. 3). The average thickness of the dark and
bright layers is ≈27 and 23 nm, respectively.

Our X-ray diffraction analysis of the coating shows
that its layers rich in Ti alternate with those rich in Cr,
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Fig. 3. Structure of the (NbMoCrTiAl)N coating. Trans-
mission electron microscopy.

100 nm
Mo, and Nb (Fig. 4). Such alternation in the coating
composition may be governed, among other things, by
different lattice types of its elements: hexagonal close-
packed (hcp) Ti and body-centered cubic (bcc) Cr,
Mo, and Nb. The signals of N and Al atoms are too
weak for their reliable analysis.

The data on transmission electron microscopy also
suggest that the ceramic coating has a columnar struc-
ture (Fig. 5). The transverse size of the columns ranges
from 20 to 170 nm, and their longitudinal size ranges
from 115 to 700 nm. The columns have
a nanocrystalline structure with a crystallite size of
2.5–6.0 nm (Fig. 5d). The electron diffraction pattern
of the coating corresponds in interplanar spacings to
face-centered cubic crystal (fcc) lattice (Fig. 5b).

The X-ray diffraction pattern of the coating on a
W plate in synchrotron radiation reveals a broad peak
(Fig. 6), suggesting that the film is X-ray amorphous
or finely dispersed. This result, along with the data on
transmission electron microscopy, points to the nano-
crystalline state of the material.

The average hardness of the high-entropy nitride
coating on a WC-8%Co substrate is 43 GPa. It should
be noted that the hardness of the coating essentially
depends on many factors: elemental composition,
manufacturing method, texture, phase composition,
etc. Examples of HEN coatings with very high hard-
ness formed by ion plasma methods are
RON AND NEUTRON TECHNIQUES  Vol. 17  Suppl. 1  2023
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Fig. 4. Structure of the HEN coating in characteristic X-rays from Ti, Cr, Mo, Nb, Al, and N atoms.
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Fig. 5. Structure of the (NbMoCrTiAl)N coating: bright field (a), electron diffraction pattern (b), and dark field in [002] reflec-
tion (c, d) shown by an arrow in (b). Transmission electron microscopy.
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Fig. 6. Fragment of the X-ray diffraction pattern of the
HEN coating on a W plate in synchrotron radiation.
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(AlCrTiVZr)N – 42 GPa [22], (TiZrNbAlYCr)N –
47 GPa [23], and (TiHfZrVNb)N – 65 GPa [24]. Its
specific wear rate, which is inversely proportional to

wear resistance, is 7 × 10–6 mm3 H–1 m–1. The friction
coefficient of the coatings varies from 0.45 to 0.50.

CONCLUSIONS

Our study on the deposition of (NbMoCrTiAl)N
coatings, including the azimuthal characteristics of arc
discharges with singly and jointly operating plasma
generators, shows that the average density of the ion
current from each evaporator for optimum coating

deposition is 2.45 mA/cm2. The sum of the growth
rates of TiAlN, MoN, NbN, and CrN coatings is not
equal to the growth rate of (NbMoCrTiAl)N. The
(NbMoCrTiAl)N coating with a thickness of 3 μm
represents a multilayer film. According to the data of
X-ray diffraction analysis in synchrotron radiation and
of transmission electron microscopy, the
(NbMoCrTiAl)N coating has a nanocrystalline struc-
ture with a crystallite size of 2.5–6 nm, where the crys-
tallites form columns with average longitudinal and
transverse sizes of 285 and 60 nm, respectively. The
high-entropy nitride coating features superhardness
(43 GPa) and relatively high wear resistance, which
makes the coating promising for use in industry.
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