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Abstract. High-entropy alloys (HEA) are multi-element materials and contain at least five elements of similar concentration. HEA are, as a rule, single-
phase thermodynamically stable substitutional solid solutions, mainly based on a body-centered cubic and face-centered cubic crystal lattice. Solid
solution stabilization during the crystallization of a high-entropy alloy is provided by the interaction of a number of factors, namely, a high mixing
entropy and low diffusion rate of components, and a low growth rate of crystallites from the melt. The purpose of this work was to obtain new
knowledge about the structure and properties of high-entropy films synthesized on a metal substrate during deposition of a multi-element metal plasma
in argon atmosphere. The plasma was formed as a result of independent plasma-assisted electric arc cathodes of the following metals: Ti, Al, Cu,
Nb, Zr sputtering. As a result of the performed studies, the deposition mode was revealed, which allows the formation of films of various thicknesses
of close to equiatomic composition. Transmission electron microscopy methods have established that the films are multilayer formations and have
nanoscale amorphous-crystalline structure. Microhardness of the films significantly depends on the ratio of number of the forming elements and varies
from 12 to 14 GPa, Young’s modulus — from 230 to 310 GPa. Crystallization of the films was carried out by irradiation with a pulsed electron beam.
As a result of processing, a two-phase state is formed. The main phase is a-NbZrTiAl with a volume-centered cubic crystal lattice with a parameter
of 0.32344 nm; the second phase of CuZr composition has a simple cubic lattice.
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AHHOmayus. BBICOKODHTPONHMITHBIE CIUIABBI SIBISIOTCS MHOTORJIEMEHTHBIMM MaTepualaMH M COIAEp)KAT HE MEHee ISTH DIEMEHTOB OJIM3KOM
KOHIICHTPAINN. BEICOKOSHTpONHITHBIE CIUIABBI ABIISAIOTCS, KaK IPABUIIO, OJHO(A3HBIMU TEPMOAMHAMUYECKU CTAOMIBHBIMHU TBEPIBIMH PACTBOPAMHU
3aMeIleHHUs], TIPEUMYIIECTBEHHO Ha OCHOBE OOBEMHOIICHTPHUPOBAHHOW KyOMUYECKOW M TPaHEIEHTPUPOBAHHOW KyOHUYECKOW KPHCTAIINYECKOMH
pemerok. Crabmimsanust TBEPAOTO pacTBOpA MPH KPHCTANIM3AIMK BBICOKOIHTPOIIMIHOTO CIUIaBa OOECIIeUuMBAETCS B3aMMOACHCTBHEM psijia
(hakToOpoB, @ UMEHHO, BBICOKOW PHTPOIHEH CMEIIEeHUs, HU3KOH CKOpOCThIO AU(dYy3ur KOMIIOHEHTOB, MAJIOH CKOPOCTBIO POCTa KPUCTA/UIUTOB
n3 pacruaBa. llenpio HacTosmiel paOOTHI SIBISUIOCH TIONyYCHHE HOBBIX 3HAHMH O CTPYKType W CBOWMCTBAX BBICOKOIHTPONMHHBIX IUICHOK,
CHHTE3UPOBAHHBIX HA METAJIMYECKOH MOUIOKKE MPU OCAXKJICHUM MHOTOIEMEHTHOH MEeTa/UIMYecKoil Iuia3Mbl B cpene aproHa. Ilnasma Oblia
c(hopMHupOBaHa B pe3yJIbTaTe EKTPOAYTOBOTO C IIa3MEHHBIM aCCUCTUPOBAHIEM HE3aBUCHMOTO PACIIBUICHUS KaTOI0B THTaHA, AJTFOMUHHUS, MEJIH,
HHUOOUSI, IUPKOHUS. B pe3ysbrare BBINOIHEHHBIX HCCISI0BAHNI BBISIBICH PEXKUM OCaXKICHUS, KOTOPBIH IT03BOJISIET (POPMHUPOBATH INICHKU PA3INYHOM
TOJIIMHBI OJIM3KOTO K 3KBHATOMHOMY COCTaBa. MeToIaMu IIpOCBEYHBAIONICH 3IEKTPOHHONW MHUKPOCKOIINHM YCTAHOBIICHO, YTO TICHKU SIBIISIFOTCS
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MHOTOCJIOHHBIMH 00pa30BaHUSIMHU, UMEIOT HAHOPA3MEPHYIO aMOP(HO-KPUCTAIUIMYECKYIO CTPYKTYPY. MHKPOTBEpPIOCTb TJICHOK CYIIECTBEHHBIM
00pa3oM 3aBUCUT OT COOTHOIICHHUS KOJMYECTBA 00Pa3yOIINX IEMEHTOB U U3MeHseTcs B penenax oT 12 po 14 I'Tla, momyns FOura — ot 230
o 310 I'Mla. Kpucraymmzanuio IIEHOK OCYIIECTBIISUIM ITyTeM OOJy4eHMsS! UMITYJIbCHBIM JIEKTPOHHBIM ITydykoM. B pesynsrare oOpaboTku
(dopmupyetcst aByxdazHoe cocrosiuue. OcHoBHON (azoit siBasercss o-NbZrTiAl ¢ 00beMHOLCHTPUPOBAHHONW KyOUUECKON KPHCTAJUTMYECKOH
pemerkoii ¢ mapamerpom 0,32344 Hwm; Bropas ¢asa coctaBa CuZr UMeeT IPOCTYI0 KyOUYECKYIO PEIIeTKY.
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[ INTRODUCTION

High-entropy alloys are composed of multiple main
elements, typically five or more, with similar concentra-
tions, as opposed to conventional alloys consisting of one
or, at most, two main elements and several dopants.
The development of these alloys indicates a new para-
digm in the design of modern materials [1 — 3]. Generally,
high-entropy alloys (HEAs) exhibit a unique combination
of mechanical, tribological, physical, chemical, and other
properties. In most cases, HEAs are single phase, thermo-
dynamically stable, substitutional solid solutions, mainly
based on a body-centered cubic (BCC) or face-centered
cubic (FCC) crystalline lattice [4].

It is assumed that the stabilization of solid solution
during the crystallization of high entropy alloys (HEAs)
is achieved through the high mixing entropy of the
alloy components in the liquid state, lattice distortion,
atom diffusion retardation, and the so-called “cocktail
effect” [5]. Numerous studies have shown that HEAs can
have a nanosized structure or even exist in an amorphous
state due to the low diffusion rate of the constituent ele-
ments and low crystallites growth rate [6; 7].

It was demonstrated in [8] that HEAs have the poten-
tial to replace nickel-based heat-resistant alloys and
be used as high-temperature material for the next gen-
eration. The researchers also suggested that due to their
unique properties, HEAs have promising potential
as coating material for high-temperature applications.
This was illustrated by investigating a HEA coating with
the composition of NiCo, Fe,Cr, ;SiAlTi,, processed
by spark plasma sintering (SPS) and atmospheric plasma
spraying (APS) and comparing the results with those
of a cast MCrAlY alloy. The researchers [8] concluded
that the HEA coatings processed by SPS and APS can
replace conventional MCrAlY alloys as facing material
for high-temperature application due to their significant
high temperature hardness, good resistance to oxidation,
and low heat conductivity and low-temperature expan-
sion.
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The authors [5] argue that the primary focus of research
on HEAs should shift from attempts to obtain single-
phase equiatomic composition to developing alloys that
possess a correct balance of strengthening mechanisms
and mechanical properties. Supporting this perspective,
several studies [9 — 12] have demonstrated that HEAs
can consist of multicomponent alloys of non-equiatomic
composition, which are not single phase solid solutions.
However, as shown in previous research [13 — 15], HEAs
composed of refractory elements may exhibit high den-
sity (high specific weight) and brittleness. Despite the
increasing number of publications dedicated to HEAs
each year, as observed through Scopus analysis [16; 17],
there is no consensus on the nature of the remarkable
properties exhibit by these materials.

The objective of this study is to gain new insights
into structure and properties of HEAs synthesized in
thin (up to 5 pm) films through an ion plasma method.
The method involves the deposition of a multiele-
ment metallic plasma produced by electric arc plasma-
assisted simultaneous independent spraying of cathodes
of selected elements.

- EXPERIMENTAL

Titanium, aluminum, copper, zirconium, and niobium
were used as the HEA forming elements in this study.
The substrates upon which HEA films were sputtered,
included polished samples of AISI 321 stainless steel, com-
mercially pure Ti-Grade?2 titanium, and WC — 8 % Co hard
alloy. HEA films, up to 5 pm in thickness, were formed
using the QUINTA ion plasma facility developed in the lab-
oratory of Plasma Emission Electronics at the Institute
of High Current Electronics, Siberian Branch, Russian
Academy of Sciences. This facility is part of UNIKUUM
complex and is listed among the unique electrophysical
facilities of Russia (https://ckp-rf.ru/usu/434216/) [18].
A portion of the HEA films was irradiated by pulse elec-
tron beam from the SOLO facility [19], with the follow-
ing parameters: electron beam duration of 50 us; energy
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density of electron beam of 20 J/cm?; and three acting
pulses at the pulse frequency of 0.3 s7'. The impact of the
pulsed electron beam enabled the formation of an ultra-
fine (up to amorphous state) structure due to the super-
high cooling rate of the material, up to 10% K/s, resulting
from heat removal to the integral cold substrate [20].

The structure, phase and elemental compositions
of the HEA films were analyzed using scanning and
transmission diffraction electron microscopy. The state
of the crystalline lattice was investigated by X-ray struc-
ture analysis. The mechanical properties of the films were
determined using microhardness measurements.

[ RESULTS AND DISCUSSION

During this study, experiments were conducted
on the deposition of multielement metal films. The modes
of gas metallic plasma generation were also investigated,
along with the radial distribution of ion current density
for both the metallic and gas plasma sources. The deposi-
tion rates of films for individual components were mea-
sured, and the elemental composition of the films was
determined using X-ray structure microanalysis methods.
The optimum mode of deposition for HEA films was
identified. The experiments involved the deposition
of multielement metal films, studying the modes of gen-
eration of gas metallic plasma, and measuring the deposi-
tion rates of films of individual components. The elemen-
tal composition of the films was determined using X-ray
structure microanalysis, and the optimum mode of depo-
sition of HEA films was identified. The structure, phase
and elemental compositions of both the HEA films and
those irradiated by pulsed electron beam were analyzed

using scanning and transmission electron microscopy,
X-ray structure analysis, and other techniques. The HEA
films were found to be a multilayer X-ray amorphous
material (Fig. 1), with a thickness range of 12 to 23 nm
and crystallite size of 2 — 3 nm. The hardness of HEA
films ranged from 12 — 14 GPa, and the Young’s modulus
ranged from 230 — 310 GPa.

Irradiation of the HEA film by pulsed electron beam
(20 J/em?, 50 ps, 3 pulses) led to high-speed crystalliza-
tion with formation of cellular structure (Fig. 2).

The cell size ranged from 300 to 600 nm. The cells
were surrounded by interlayers of the second phase, with
a thickness range of 20 — 110 nm. The cell volume was
formed by the a-NbZrTiAl phase of BCC crystalline lat-
tice with the constant of 0.32344 nm; while the interlay-
ers of the second CuZr phase were located along the cell
boundaries with a simple cubic lattice.

The hardness of films measured at the load on indenter
of 30 mN ranged from 6.9 to 8.8 GPa and decreased with
an increase in the energy density of the electron beam.
The high hardness of the material was found to be due
to substructural mechanisms (strengthening by sub-
grain boundaries, cells of high speed crystallization),
dispersion mechanisms (strengthening by particles

of the second phase located along the boundaries of crys-
tallization cells), solid solution mechanisms (strengthen-
ing as a consequence of distortion of crystalline lattice
by atoms of elements forming the alloy), and strength-
ening by internal stress fields formed as a consequence
of the presence of phases with various coefficients of ther-
mal expansion.

Fig. 1. Electron microscopic image of HEA multilayer film formed as a result
of multi-element plasma deposition on a substrate:
a — bright field; b — microelectron diffraction pattern

Puc. 1. DneKkTpoHHO-MHUKPOCKOIIMYECKOE U300pakeHHe MHOrocoiHol mienku BOC,
copMHUPOBAHHOI B pe3ynbTaTe OCAXKICHUS Ha MOJIOKKY MHOTO3I€MEHTHOH II1a3Mbl:
a — CBeTIoe NoJe; b — MUKPO3IEKTPOHOTpaMMa
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Fig. 2. Electron-microscopic image of HEA multilayer film formed as a result of multi-element plasma deposition
on a substrate and additionally irradiated with a pulsed electron beam:
a — bright field; b — microelectron diffraction pattern

Puc. 2. DneKTpoHHO-MUKPOCKOITMYECKOE N300pakeHne MHOTOCIONHOI tuieHkn BOC, copmupoBaHHOI B pe3ynbrare
OCaXXICHHMS Ha MOUI0KKY MHOTOAJIEMEHTHOM IUIA3MBI M JIOTIOIHUTEIBHO O0IYyIEHHON UMITYJIBCHBIM DJIEKTPOHHBIM ITYYKOM:
a — CBETII0€ 1oJe; b — MUKPOAJIEKTPOHOrpaMMa

[ ConcLusions

The present study determined the optimal deposition
conditions for the formation of high-entropy alloy (HEA)
films with an elemental composition close to equiatomic
and characterized by high strength properties, while
minimizing energy consumption. The resulting multi-
layer films were found to be amorphous crystalline and
composed of 25.7Ti-17.0A1-21.9Nb-22.3Zr-13.6Cu.
Additionally, the films were subjected to irradiation by
pulsed electron beam under conditions of high-speed
cooling, resulting in the formation of a cellular crys-
tallization structure with submicron-sized cells. The
a-NbZrTiAl phase of BCC crystalline lattice with a con-
stant of 0.32344 nm formed the volume, and interlayers
of the second CuZr phase located along the cell boundar-
ies (simple cubic lattice).

The obtained results suggest that an environmentally-
friendly fully-automated electron ion plasma method for
formation of HEAs can be recommended to improve the
service properties of various parts and items scientific
and engineering applications.
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