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Abstract—A developed vacuum-arc plasma-assisted method is applied to produce films of a high-entropy
alloy from a multicomponent gas-metal plasma generated by the simultaneous independent evaporation of
selected metal cathodes. New modes are revealed to allow the deposition of thin films of a high-entropy alloy,
AlTiCrNbMo–N, with a nearly equiatom composition. The films are a multilayer nanocrystalline material
with a body-centered cubic lattice, the parameter of which specifically depends on the concentration of ele-
ments in the alloy. The synchrotron-radiation technique demonstrates that films of the high-entropy alloy
AlTiCrNbMo–N are stable when heated in air to temperatures not exceeding 620°C.
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INTRODUCTION
In recent years, specialists in physical materials sci-

ence have paid special attention to high-entropy
alloys, which were first studied in [1–3]. They are
based on several (at least five) elements with a concen-
tration of 5–35 at % of each element. Reviews [4–7]
concluded that due to the unique mechanical and
physical–chemical properties (corrosion resistance,
high thermal stability, wear resistance, increased
strength and ductility), the fields of application of
high-entropy alloys can be quite extensive.

The next step, expanding the prospect of using
materials with high entropy, was the creation of nitride
coatings based on them [8]. As rightly noted in [9],
nitride coatings based on high-entropy alloys are
metal-like compounds in which metallic bonds
between metal atoms coexist with ion-covalent bonds
between metal and nonmetal atoms; for this reason,
they cannot be attributed to a special family of high-
entropy alloys, as suggested in [5]. The microhardness
of nitride coatings based on such alloys is their most
frequently controlled characteristic. It essentially
depends on such factors as elemental composition,
crystallite size, and method of coating formation [4].

For example, nitride coatings obtained from high-
entropy Ti–V–Zr–Nb–Hf alloys at a nitrogen pres-
sure of 0.27 Pa showed the highest hardness among
vacuum-arc coatings [10]. In the case of the [111]
coating texture, an increase in the voltage at the sub-
strate from –50 to –100 V increases the coating hard-
ness from 59 to 64 GPa, while the appearance of a
biaxial texture with the [111] and [110] axes at –200 V
leads to the highest hardness, 70 GPa. The crystallite
size in this case is 57 nm.

Having high hardness, high-entropy alloys and
coatings based on them are relatively brittle materials
[11–16]. One of the promising ways to improve their
plastic properties without loss of strength is material
nanostructuring [17, 18]. The methods of synchrotron
and neutron research, developed in recent years and
complementing X-ray structural and X-ray phase
analysis (XRD), have been successfully employed to
reveal and refine the phase composition and parame-
ters of the crystalline structure, determine the atomic
arrangement in the obtained high-entropy alloys and
their nitrides, diagnose the stress fields formed in the
films, and track the in situ structural changes of the
material at elevated and high temperatures [19–22].
1287



1288 AHMADEEV et al.

Fig. 1. Experimental setup for the deposition of high-entropy-alloy films: (1) DI100 arc evaporator with a Mo cathode, (2) DI80
arc evaporator with a Nb cathode, (3) DI100 arc evaporator with a Ti–Al cathode, (4) samples, (5) equipment, (6) vacuum cham-
ber, (7) heated cathodes; (8) PINK-P gas-plasma generator, and (9) DP400 arc evaporator with a Cr cathode.
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The study develops a method and reveals the for-
mation regularities, structure, and properties of multi-
layer films of high-entropy AlTiCrNbMo–N alloys
formed on the surface of a substrate by a vacuum-arc
plasma-assisted deposition.

EXPERIMENTAL

Films of the high-entropy alloy NbMoCrTiAl–N
with a thickness of 3–5 μm were formed by vacuum-
arc plasma-assisted deposition on substrates made of
commercially pure titanium VT1-0, VK8 hard alloy,
and tungsten, using the QUINTA installation, the
design and operation of which are described in [23, 24].
Films deposited on commercially pure titanium VT1-0
substrates were used to study the structure by scanning
electron microscopy (SEM) and transmission elec-
tron microscopy (TEM). Films deposited on VK8
hard-alloy substrates were used for mechanical (deter-
mination of microhardness) and tribological (deter-
mination of the wear parameter and friction coeffi-
cient) tests, as well as for studying the phase composi-
tion by XRD. Films deposited on tungsten substrates
were used to analyze the structure and heat resistance
by synchrotron radiation (SR) diffraction. The
QUINTA installation is part of the UNIQUUM com-
plex of unique electrophysical installations, which is
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
included in the list of unique scientific installations of the
Russian Federation (http://ckprf.ru/usu/434216/)
and the list of infrastructure registered in the Informa-
tion and Analytical System of the Russian Science Foun-
dation (https://grant.rscf.ru/site/user/browse_infra).
The films were deposited using chromium, molybde-
num, and niobium cathodes, as well as a 50% Ti–50%
Al composite cathode. The experimental procedures
to form high-entropy-alloy films are schematically
shown in Fig. 1. Vacuum-arc plasma-assisted deposi-
tion has several advantages, including ecologically
clean processes, automated cleaning of the substrate
surfaces before coating, ion-plasma deposition, and
the formation of films with a specific elemental com-
position. The process also allows for the stage-by-
stage formation of cermet and ceramic films and coat-
ings with precise control over the composition and
thickness of the deposited layers.

We studied the deposition rate of individual coating
components and the parameters of the generated
plasma with the independent and joint operation of
plasma sources. In experiments to measure the growth
rate of coatings upon deposition, the average discharge
current was selected as the operating discharge current
of the electric-arc evaporator in the range from the
minimum current during stable operation of the elec-
tric-arc evaporator to the maximum current provided
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 6  2023
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Table 1. Results for the deposition rate of each component
of the high-entropy alloy

TiAl Mo Nb Cr

Id, A 130 150 100 150

Vdep, μm/h 2.4 1.6 0.8 1.6
by the power source. The thickness of films and coat-
ings was measured by the standardized Calotest
method using a Calotest CAT-S-0000 instrument
according to the geometric parameters of a spherical
section. The metal film growth rate Vdep depends not
only on the arc-discharge current Id but also on the
sputtered cathode material (Table 1).

The azimuthal distribution of the ion-current den-
sity of a gas plasma generator based on a non-self-sus-
tained arc discharge with a termionic and hollow
PINK-P cathode is shown in Fig. 2. The experiments
were carried out at a pressure of the working-gas mix-
ture of 0.3 Pa. We opted for two gas media: pure argon
(Fig. 2a) and a mixture of argon and nitrogen in equal
proportions (Fig. 2b). The collector was located on a
satellite rotating orbitally around the axis of the
manipulator of the vacuum chamber and passed from
17 cm to the outlet aperture of the plasma generator at
the closest point to 55 cm from the outlet aperture at
the farthest point.

The results of measuring the azimuthal distribution
of the ion-current density of the gas-plasma generator
suggested that at different discharge currents, the ion-
current density varies from 0.7 to 15 mA/cm2 for a dis-
charge in an argon atmosphere and from 0.8 to
12.4 mA/cm2 for a discharge in an argon–nitrogen
mixture of equal proportions.

In experiments on the analysis of the uniformity of
the azimuthal distribution of the ion-current density,
we selected the operating mode of the plasma genera-
tors so that, considering the deposition rate of each
cathode, the percentage mass ratio of the elements of
the high-entropy-alloy film was observed. The follow-
ing parameters were set: IAlTi = 170, ICr = 160, IMo =
110, INb = 120, and IPINK-P = 50 A. The experiments
were carried out at a pressure of 0.3 Pa in two gas mix-
tures: (1) Ar and (2) Ar : N2 = 1 : 1. The collector was
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Fig. 2. Azimuthal distribution of the ion-current density j of the
1 : 1 mixture.
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located on a satellite rotating orbitally, at a height of
33 cm from the bottom wall of the vacuum chamber.

The studies of the azimuthal distribution of the
ion-current density during the joint operation of five
plasma generators (Fig. 3) showed that the uniformity
of the ion-current-density distribution varies within
20%, the ion-current density varies from 5.3 to
9.4 mA/cm2 in argon and from 6.3 to 10 mA/cm2 in an
Ar : N2 = 1 : 1 gas mixture. In both cases, the mini-
mum is observed for the arc evaporator with an AlTi
cathode located on the upper wall of the chamber, and
the maximum is observed for the PINK-P gas-plasma
generator.

Investigations of the elemental and phase composi-
tion and the state of the imperfect substructure were
carried out by SEM (Philips SEM-515 instrument
with an EDAX ECON IV microanalyzer) and TEM
(JEM 2100F instrument, JEOL; equipment of the
Central Collective Use Center of the Department of
Nanomaterials and Nanotechnologies, Tomsk Poly-
technic University). Foils for the TEM measurements
were prepared by the ion thinning of plates (an Ion
Slicer EM-091001S setup; thinning is carried out with
argon ions) cut from bulk samples using an Isomet
Low Speed Saw setup perpendicular to the modified
surface. This approach made it possible to trace the
change in the structure and phase composition of the
material at a distance from the sample surface.
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 6  2023
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Fig. 3. Azimuthal distribution of the ion-current density j
upon the joint operation of all plasma generators.
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Fig. 4. SEM image of a cermet film of the high-entropy
alloy NbMoCrTiAl–N deposited onto a VT1-0 substrate.

20 μm× 503

Fig. 5. Part of the diffraction pattern of a cermet film of a
high-entropy NbMoCrTiAl–N alloy deposited on VK8
hard alloy.
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The phase composition and structural parameters of
the samples were studied by XRD using an XRD-6000
diffractometer (CuKα radiation). The phase composi-
tion was analyzed using PDF4+ databases, as well as
the POWDER CELL 2.4 full-profile analysis pro-
gram. The hardness of the films was determined using
a PMT-3 device (Vickers method at an indenter load
of 0.5 N). Tribological studies of the films were carried
out using a Pin on Disc and Oscillating TRIBOtester
tribometer (TRIBOtechnic, France) with the follow-
ing parameters: a ball (counterbody) made of VK8
hard alloy with a diameter of 6 mm, a wear track radius
of 2 mm, an indenter load of 2 N, a track length of
50 m, and a sample rotation speed of 25 mm/s. The
wear rate of the material was determined from the
results of the profilometry of the track formed during
the tests. The structure and heat resistance of the films
were analyzed using synchrotron radiation. The SR
source was the VEPP-3 electron storage ring (Budker
Institute of Nuclear Physics, Siberian Branch, Rus-
sian Academy of Sciences). We also used an Anton
Paar HTK-2000 high-temperature X-ray camera and
an OD-3M-350 position-sensitive single-coordinate
detector.

RESULTS AND DISCUSSION
The surface structure of the deposited films was

studied by the SEM method. Regardless of the depo-
sition mode, particles of the droplet fraction were
observed on the surface of the films (Fig. 4). The par-
ticle sizes vary within ~0.1–1 μm.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
Studies of the phase composition of the cermet
high-entropy-alloy films on the VK8 hard-alloy sub-
strate proved that the films are X-ray amorphous
material. The diffraction pattern (Fig. 5) reveals a wide
maximum and a relatively large number of narrow dif-
fraction maxima corresponding to tungsten carbide
(substrate).

Assuming the intermetallic phases of the chemical
composition of the high-entropy alloy in the deposited
film, the revealed diffraction maximum can be repre-
sented as a superposition of the diffraction maxima of the
following phases: Ti1.08Mo0.4Al0.52 (а = 0.31869 nm),
Nb0.2Cr0.2Mo0.6 (а = 0.31098 nm), and
Ti0.66Nb0.07Mo0.27 (а = 0.32389 nm). With a relative
ratio of these phases of 0.05 : 0.7 : 0.25, the average
value of the crystal-lattice parameter of the alloy is
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 6  2023
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Fig. 6. TEM image of a cermet film of a high-entropy
NbMoCrTiAl–N alloy deposited onto a VT1-0 substrate.

200 nm

Fig. 7. Distribution maps of (a) Ti, (b) Nb, (c) Mo, (d) N, (e) 
NbMoCrTiAl–N deposited on a VT1-0 substrate.
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0.31459 nm, and the crystal lattice type is body-cen-
tered cubic (bcc). The size of the coherent-scattering
regions of the alloy is 9.7 nm, which indicates that the
film is nanocrystalline. We note that the diffraction max-
ima of most nitrides formed from chemical elements of a
high-entropy alloy fall within this angular range.

The TEM results suggest that the cermet films of
high-entropy alloy are a multilayer material (Fig. 6).
Visually, the layers differ in contrast; i.e., there are lay-
ers of dark and light contrast. The multilayer nature of
the films is revealed at two scale levels: microscale
level and nanoscale level. At the microscale level, the
thickness of the dark contrast layers is 0.21 μm, and
that of the light contrast layer is 0.19 μm. Each layer
has a layered nanoscale substructure. The substruc-
ture thickness of the dark layers is ≈20 nm, and that of
the light layers is ≈12 nm. The number of sublayers in
the microscale dark layers is ≈10; and in the
microscale light layers, it is ≈15.

X-ray spectral microanalysis revealed the separa-
tion of the alloy according to the elemental composi-
tion (Fig. 7). At the microscale level, layers enriched in
nitrogen (Fig. 7d), chromium (Fig. 7e), and alumi-
num (Fig. 7f) are distinguished. Titanium atoms tend
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 6  2023
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Fig. 8. TEM image of a high-entropy-alloy NbMoCrTiAl–N film deposited on VT1-0 samples: (a, b) bright-field; (c, e) elec-
tron-diffraction patterns of segments 1 and 2, respectively; (d, f) dark-field images obtained using reflections (d) 200 MoN-
bCrTiAl + 220 TiN and (f) 211 MoNbCrTiAl + 004 TiN + 200 MoN + 200 NbN. The arrows indicate the reflections used to obtain
dark-field images.
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toward layers enriched in nitrogen (Fig. 7a). The layers
enriched in nitrogen are depleted in chromium and
aluminum atoms. At the nanoscale level, layers
enriched in aluminum and layers enriched in chro-
mium, molybdenum, and niobium are detected.

The result of dark-field analysis shows that the
revealed layers have a nanocrystalline columnar struc-
ture with a crystallite size varying within 5–10 nm
(Fig. 8). The electron-diffraction patterns (Figs. 8c
and 8e) indicate a material with a bcc crystal lattice
based on the totality of interplanar distances. This
result is in good agreement with the XRD data (Fig. 5).
The electron-diffraction patterns corresponding to
dark and light microscale layers show broad blurred
diffraction rings, which indicates, first, the nanocrys-
talline structure of the film, second, the presence of an
amorphous component in the film, and, third, the
presence of phases of variable composition. The
indexing of the electron-diffraction patterns shows
that the microscale layers with a light contrast (layers 1 in
Figs. 8a and 8b) correspond to the MoNbCrTiAl–N
solid solution. A blurred first diffraction ring in the
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
electron-diffraction pattern (Fig. 8c) may indicate crys-
tallites of other phases in these layers, for example,
nitrides. Microscale layers with a dark contrast (layers 2
in Figs. 8a and 8b), which correspond to the electron-dif-
fraction pattern characteristic of amorphous-crystalline
phases (Fig. 8e), can be formed by nitrides of chemical
elements present in the high-entropy alloy.

XRD using SR studies of multilayer cermet coat-
ings of a high-entropy alloy based on Ti, Al, Cr, Mo,
Nb, and N for heat resistance showed that the coatings
have a structure close to that of molybdenum. When
heated in air, the decomposition of the system begins
at a temperature of 630–640°C (Fig. 9). At 1070–
1080°C, new reflections appear, presumably related to
oxide compounds of the alloy components. The
reflections of the high-entropy alloy completely disap-
pear at temperatures of 1260–1270°C. Further, as the
coating begins to collapse, it is impossible to deter-
mine the final state.
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 6  2023
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Fig. 9. (a) X-ray diffraction patterns of the AlTiCrNbMo–N film obtained at (1) 50, (2) 900, and (3) 1300°C (λ = 0.172 nm).
(b) A complete set of diffraction patterns during heating from room temperature to 1300°C. The film was deposited onto tungsten
samples.
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Thus, the SR results prove that the cermet coatings of
the high-entropy alloy AlTiCrNbMo–N are stable when
heated in air to temperatures not exceeding 620°C.

The microhardness measurements of the cermet
film of high-entropy alloy deposited on a VK8 hard-
alloy substrate, performed at an indenter load of 0.5 N,
yielded a microhardness of 27.0 GPa and Young’s
modulus of 176 GPa.

The wear parameter (the value inversely propor-
tional to the wear resistance) of the cermet film of the
alloy deposited on the VK8 hard-alloy substrate is
6.4 × 10–6 mm3/N m, and its friction coefficient is 0.20.

CONCLUSIONS
We studied the rate of deposition of individual

components of the coatings and the parameters of the
generated plasma with the independent and joint
operation of plasma sources. The azimuthal distribu-
tion of the ion-current density of the gas-plasma gen-
erator was also investigated during the joint operation
of four metal plasma generators. The uniformity of the
ion-current-density distribution varies within 20%.

The formed cermet films of a high-entropy alloy have
a nanocrystalline layered structure with a crystallite size of
5–10 nm. The microhardness of the films depends on the
concentration of chemical elements and reaches 27 GPa.
The wear parameter of 6.4 × 10–6 mm3/N m and the fric-
tion coefficient of 0.2 for cermet films weakly depend
on the deposition mode.

The XRD and SR results for the heat resistance of
multilayer cermet coatings of a high-entropy alloy
show that the coatings have a structure close to that of
molybdenum. When heated in air, decomposition of
the system begins at a temperature of 630–640°C. At
1070–1080°C, new reflections appear, presumably
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
related to oxide compounds of the alloy components.
The reflections of the high-entropy alloy completely
disappear at temperatures of 1260–1270°C.
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