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The article presents a review of the results of research on high-entropy alloys, describing the principles of their formation,
the basic concepts and properties of high-entropy alloys. The existing categories of the entropic alloys are listed. The
effects resulting from the formation of high-entropy alloys are described: high entropy, lattice distortion, sluggish
diffusion and cocktail effects. It is noted that the traditional thermodynamic representations for multicomponent alloys
require additions. It is also noted that the application of Hume-Rothery rules to predict the phase composition of high-
entropy alloys shows some difficulties, since it is difficult to select a large number of elements having the same type of
lattice and valence. The results of the analysis of a number of parameters and conditions which, according to the
researchers' opinion, affect the structural state created by high-entropy alloys, taking into account which could allow to
correctly predict the formation of structures in high-entropy. Analysis of the literature data has shown that at present there
is no universal parameter that could allow the correct prediction of the formation of structures in multicomponent alloys
systems. Methods for the preparation of powders of high entropy alloys are presented. The results of frequently used
methods of obtaining coatings on the basis of high-entropy alloys, such as laser cladding, magnetron sputtering, electro-
chemical deposition and thermal spraying are reviewed. Disadvantages of obtaining coatings methods are described.
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1 INTRODUCTION

Over the past 20 years, the development of theories
and technologies in the field of new materials has moved
toward the use of many elemental alloys. This class of
metallic compounds is called high-entropy alloys (HEA).
HEA have properties such as high corrosion resistance
[1, 2], high wear resistance [3] and specific mechanical
properties [4, 5], which are optimal in heavy (aggressive)
operating conditions [6]. CrMnFeCoNi-based HEA
(Cantor alloys) [7], CoCrNi-based medium-entropic
alloys [8, 9], CoCrFeNb eutectic HEA [10],
CoCrFeNiTiAl alloys [11], HfMoNDbTIiTiZr [12] and
TiZrNbWMo [13] are mainly being studied. These new
alloys are also known as multicomponent alloys or alloys
with several major elements, which differ from
traditional alloys containing one major element, such as
alloys of Al, Cu, Fe, Ti, etc. HEA are mainly composed
of five or more elements in equiatomic or nonequiatomic
ratios, where the composition of each element varies
from 5 to 35 at.% [14]. Mixing of elements in this
composition yields simple solid solution phases such as
face-centered cubic (FCC), body-centered cubic (BCC),
and hexagonal close packed (HCP) structures [7]. HEA
were believed to possess exceptional characteristics, such
as high mixing entropy, lattice distortion, delayed
diffusion and cocktail effect, which account for their high
mechanical strength, resistance to high temperature, wear
resistance and corrosion resistance. Current researches
on high entropy alloys is focused on microstructure
evolution, hardness prediction, the effect of HEA
nanoparticles on the efficiency of high-performance
lithium-ion batteries, the mechanical properties of

eutectic HEA, and the use of machine learning to predict
HEA phase formation by composition. as well, work is
underway to investigate transition metals (TM HEA) are
considered to be promising structural materials for high-
temperature (HT) applications. Nevertheless, their high-
temperature oxidation is a critical problem and needs to
be addressed for hot components. Therefore, HEA have
exciting potential in various engineering structures [15—
18]. However, the excessive cost of the elements of these
systems limits their use in large-sized equipment and
components. The application of surface coating
technology effectively reduces the cost of production and
maintenance of large equipment.

HEA-based coatings have become a potential surface
protector because of their high surface protection
capabilities [19]. In recent years, there have been
tremendous changes in the methods used to produce
HEA-based coatings and applications. This review
focuses on the basic understanding of HEA and related
HEA concepts, and summarizes the main problems
associated with the development of HEA coatings,
offering system-level recommendations for future
research in this area.

Previously published reviews considered separately
the basic properties, characteristics of HEA and the
ability to form HEA phases (BCC, FCC, HCP,
amorphous and multiphase) by entering five calculated
parameters, (VEC , Ay, &, AHmixure @nd ASnixwre). This
review article systematizes the data of previous reviews,
discusses the current methods for producing HEA
powders and the characteristics of the possessing
coatings based on them. This review article is the basis
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for the dissertation work, which will investigate the phase
formation of HEA obtained by mechanical alloying at
certain temperature regimes.

2.1 Formation of HEA

In order to achieve the necessary properties,
researchers are developing new composite alloys. One of
the ways to achieve such objectives is the concept of
increasing thermodynamic entropy by increasing the
number of components taken in certain proportions.
Therefore, these alloys are called high entropy alloys.

Existing metallurgical knowledge and binary/triple
phase diagrams suggest that such multi-element alloys
can form several tens of phase types and intermetallic
compounds, resulting in complex and brittle
microstructures that are difficult to analyze and design,
and likely have extremely limited practical value. The
main feature of HEA is the formation of a single-phase
stable thermodynamically stable solid solution.
Stabilization of the solid solution is provided by high
entropy of mixing of components in initial and liquid
states. The entropy of mixing, or also called thermo-
dynamic entropy, for pure elements depends only on the
vibrational (thermal) motion of atoms. And in the cases
of alloys, in addition to the vibrational motion of the
atoms, the entropy of mixing is composed of the
configuration, magnetic, and electronic components [20].
An increase in the number of components leads to an
increase in configurational entropy. And based on the
Boltzmann hypothesis, an increase in the configurational
entropy of the alloy, both in the liquid and in the
solidified state, contributes to the formation of a simple
structure of a single-phase disordered solid substitution
solution. In [21] it is reported that configurational
entropy really favors the solid solution phases in
comparison with the classical thermodynamic concepts,
based on which the state of the system is determined
through density, pressure, temperature and other local
thermodynamic parameters.

In general, the HEA concept has expanded into three
categories (Table), such as alloys with high entropy
(from five elements up to thirteen), alloys with medium
entropy (three or four basic elements) and alloys with low
entropy (less than three basic elements) [22, 23].

Table. Classification of HEA according to their constituent
elements [24]

Number of
Alloys elements Examples
. AlCoCrFeMnNi, CoCrFeMnNi,
High entropy alloys 5<n<13 AICrCuFeNi, MoNbTaW
Medium eniropy 3<n<5 | CoCNi CoCrFeNi
alloys
Low entropy alloys 1<n<3 AlMg, AICu, NiCo

Due to the considerable number of elements that set
the composition of the matrix, to describe the HEA
consider the factors of influence on the microstructure
and properties of the alloys. HEA has four effects, [14,
25, 26] which are less pronounced in conventional alloys,

in the literature they are called “core effects”. The core
effects that are observed during the formation of HEA
are: high entropy, lattice distortion, sluggish diffusion
and mixing effect (the “cocktail” effect) [14]. Three of
them are hypotheses, and the mixing effect is a separate
characteristic of the HEA.

The high entropy effect. High entropy effect. The
high entropy effect is a distinctive feature of HEA, and it
is assumed that the increased configuration entropy in
nearly equimolar alloys with five or more elements may
favor solid solution phases and prevent the formation of
intermetallic compounds. According to Gibbs' rule of
phases in a five-element system, the number of phases in
the alloy at constant pressure and temperature should be
six equilibrium phases. However, HEA form a single-
phase solid solution, which contradicts Gibbs' rule of
phases. A solid solution, in terms of thermodynamics,
forms at the minimum Gibbs free energy. Based on the
Gibbs free energy equation (2), high entropy reduces the
Gibbs free energy, thereby contributing to the
stabilization of the solid solution and preventing the
formation of intermetallic phases during crystallization
[27, 28].

There is much evidence for the high entropy effect
[27, 29-34]. Figure 1 shows a diffractogram of a
multicomponent alloys obtained by sequentially adding
an additional element, with an increase in the number
from two to seven components. Multicomponent systems
form solid solutions with FCC and BCC structure, which
is contrary to common expectations: the formation of
various kinds of binary/triple compounds [35].
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Figure 1. Diffractogram of multicomponent alloys obtained
by sequential addition of an additional element [35]

The lattice distortion effect. The HEA crystal lattice
consists of different elements, hence having different
atomic radii. During the formation of an HEA, each atom
has an equal probability of occupying one or another
node of the crystal lattice, which leads to a serious
distortion of the lattice. Since the size of the atoms in the
HEA lattice differs from each other, the formation of a
solid solution is accompanied by a distortion of the
crystal lattice. The displacement of an atom in each node
of the lattice leads to an indeterminate position of the
atoms, hence the configuration entropy increases.
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A schematic illustration of the effect of lattice
distortion on the intensity of X-ray diffraction peaks is
shown in Figure 2. The heterogeneity of the constituent
elements significantly reduces the degree of crystallinity
and X-ray scattering, which leads to an anomalous
decrease in the height of the peaks [36]. Lattice distortion
prevents the movement of dislocations and leads to a
pronounced solid-solution hardening, as well as a
decrease in electrical and thermal conductivity due to
increased scattering of electrons and phonons. It is
known that temperature changes affect the oscillation of
atoms; when the temperature increases, the amplitude of
oscillations increases, which leads to a decrease in the
intensity of the reflected X-rays [37- 39]. A similar
phenomenon is observed in the deformation of the crystal
lattice, leading to the distortion of atomic planes.
However, it is worth noting that when the number of
components increases, the diffraction peak height
decreases markedly more intensely than for the thermal
effect (Figure 1,2).
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Figure 2. Schematic illustration of the effect of lattice distor-
tion and temperature on the intensity of the XRD peaks [36]

The sluggish diffusion effect. In HEA, the potential
energy between the nodes of the crystal lattice changes
because of the heterogeneity of the atoms. In ordinary
alloys with a low concentration of dissolved matter, the
local configuration of the atoms before and after the
vacancy jump is the same in most cases, while in HEA
the difference in local atomic configurations leads to
different bonds and, consequently, different local
energies. In [40] the calculation of the activation energy
of diffusion of elements in different matrices of
CoCrFeMnNi HEA is presented. It is known that the
fluctuations of the potential energy of interatomic
bonding affect the kinetics and activation energy of
diffusion. In pure metals, the fluctuation of potential
energy after the migration of atoms is zero. With
substantial changes in potential energy, at which the
potential barrier and activation energy of diffusion
increase, trapping of atoms by “traps” is likely and,
consequently, the diffusion coefficient is lower.
Properties of HEA, such as slow grain growth [41],
strength at hot temperature [28, 42], and formation of

nanostructures and nanoscale separations [30, 43-45], are
associated with low values of the diffusion coefficient of
atoms in HEA.

The cocktail effect. Compared to the other “core
effects”, the “cocktail” (mixing) effect is not a hypothesis
and does not require proof. The essence of the “cocktail
effect” is that exceptional properties of materials are
often the result of unexpected interactions that can occur
due to unusual combinations of elements and
microstructures in multi-element systems.
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Figure 3. Hardness of AlxCoCrCuFeNi alloys as a function of
Al concentration [29]

It should be noted that the properties of
multicomponent alloys are due not only to the constituent
elements, but also to the formation of phases. Depending
on the composition, method of production and processing
of the alloy, ordered and disordered phases of the solid
solution are formed in the HEA. Both the atoms of the
individual elements and the phases formed contribute to
the properties of the HEA, which is the “cocktail” effect.
In addition to the properties of the individual elements,
the interaction between the constituent elements should
also be considered. For example, Al is a soft element with
a low melting point, but the addition of Al can improve
the strength of the HEA. Fig. 3 shows the hardness of
Al,CoCrCuFeNi alloys as a function of Al concentration.
The increase in the strength of AlCoCrCuFeNi alloys is
due to the formation of the solid phase of the BCC and
stronger cohesive bonding between Al and other
elements.

The macroscopic properties of HEA are determined
not only by the averaged properties of its constituent
elements, but also include the effects of excess quantities
resulting from inter-element reactions and distortion of
the crystal lattice.

2.2 Thermodynamics of HEA

According to the second law of thermodynamics, the
course of phase transformation processes is determined
by the action of enthalpies (energy) and entropies
(structural). Enthalpy determines the tendency of the
system to go to the state with the lowest energy. Entropy
determines the tendency of the system to go to the state
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with the maximum degree of disorder. As noted earlier,
high entropy is the main factor influencing the formation
of single-phase solid solutions, as was shown in [46].
For pure elements, the entropy depends only on the
vibrational (thermal) motion of the atoms. And in the
cases of alloys, in addition to vibrational S,, the entropy
of mixing is composed of the configurational Scon,
magnetic Sp, and electronic Se components [20]. The
mixing entropy also has the property of additivity.
Consequently, Smix can be mathematically expressed as:

ASmix = AScont + ASy + ASp + ASe. (1)

Also, in [46, 47] it is noted that for the case of
multicomponent HEA, consisting of five or more
elements, the configuration entropy dominates over the
other three components. Since it depends on the many
ways of distribution of atoms in the lattice and the
resulting vacancies. An increase in the number of
components leads to an increase in the configurational
entropy, which leads to a decrease in the Gibbs free
energy (2).

AG = AH — TAS. 2)
where G — Gibbs energy; H — enthalpy; S — entropy; T —
absolute temperature.

In [31] it was shown that the multicomponent
AICrFeNiCu system with high mixing entropy has lower
Gibbs energy (AG) values than intermetallics. It was
believed that with increasing mixing entropy the
possibility of formation of stable disordered solid
solutions is higher than for ordered or intermetallic
compounds.

It is possible to prove this statement based on
Boltzmann hypothesis [48], therefore, in the case of equal
molar fractions of each element the entropy of mixing is
expressed as (3):

ASnix == R (1/n Inl/n+1/n Inl/n+...+1/n Inl/n) =
=—RInl/n=RInn 3)
Thus, the mixing entropy of solid solution formation
increases as the number of elements increases (Figure 4).
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Figure 4. Entropy of mixing of alloys with the equiatomic ratio
depending on the number of components [49]

There are different HEA structures: based on solid
solution [7, 50, 51]; mixtures of intermetallic phases
[52, 53]; amorphous phase [54, 55]; alloys with a more

complex multiphase structure [30, 56-58]. This indicates
that, in addition to high entropy, there are other factors
affecting the formation of HEA. In [46, 59, 60], the
authors identified three main parameters responsible for
the formation of amorphous phases and solid solutions in
multicomponent alloys. These parameters included the
atomic size difference (), enthalpy (AHmix), and entropy
(ASmix) of mixing. The obtained calculated formulas of
the parameters are presented below:
— entropy of mixing [61]:

AS.. =-RXclnc, (4)

mix —
R — the universal gas constant, c; — the concentration (at.

%) of the i-th element in the alloy;
— enthalpy of mixing [62]:

AH . =X4Q.ccC. (5)

ijri]
ci and ¢j — the concentration (at. %) of the i-th and j-th
element in the alloy, respectively, Q, =4AH} -

concentration-dependent parameter characterizing the
interaction between elements in solid solution;
— average difference in atomic radii:

8r =100%,Xc, (Lt /T)’ (6)

Ci — the concentration (at. %) of the i-th element in the
alloy, ri — atomic radius of the i-th element in the alloy,
r =2.c,r,—average atomic radius of the alloy.

The authors state [60-63] those solid solutions
formed when the difference of atomic sizes is not great,
the enthalpy of mixing has values close to zero, and the
entropy of mixing has high values. In contrast, the
amorphous phase tends to form when the difference in
atomic size is significant, the enthalpy of mixing is
negative, and the entropy of mixing is low. However,
further studies have shown that the use of these
parameters to predict the phase composition of the HEA
does not always yield clear and accurate results. Based
on these three parameters, it is impossible to say for sure
whether a solid solution or an amorphous phase will
form.

In order to predict the structure of HEA, the above
factors have been considered in a number of works [60,
61, 64, 65]. For example, in [60] it was shown that the
solid solutions in HEA (alloys CrFeCoNiAlCug.s,
VCuFeCoNi, AlgsCrFeCoNi, Ti,CrCuFeCoNi, ZrTiVCu
NiBe and AITiVYZr) are formed at values —15 kJ/mol <
AHnix <5 kJ/mol and 1 <8r < 6%. The required mismatch
parameter between the atomic radii of the elements for
solid solution formation agrees well with the Hume-
Rothery rule.

Then in [63] it was proposed to introduce an addi-
tional thermodynamic parameter Q, to predict the forma-
tion of the HEA structure

Q=T AS,, |AH

Y]
and Tmi — is the melting temperature of the
elements. Calculations of Q together with dr showed that

mix mix

T =>cT

i mi
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the formation of simple solid solutions in HEA is obser-
ved, to a greater extent, when the condition Q > 1.1 and
dr < 6.6% is fulfilled, and the formation of multiphase
structure consisting of solid solutions and intermetallic
phases is fulfilled when the condition 1.1 < Q < 10 and
dr > 3.8%. Despite the error, the parameter Q can
function as a sufficiently reliable “tool” to distinguish
between the formation of solid solutions or intermetallic
phases in multicomponent systems. The high value of the
parameter Q > 1.1 and the small value of &r < 6.6%
predict the formation of solid solutions in HEA.

The application of Hume-Rothery rules to predict the
phase composition of HEA shows some difficulties, since
it is difficult to select a large number of elements having
the same lattice type and valence values. For example,
based only on Hume-Rothery rules in the Co(FCC)-
Cr(BCC)-Fe(BCC)-Ni(FCC)-Mn(FCC) alloy, consisting
of elements with completely different crystal lattices, the
structure of a simple solid solution is formed, a multi-
phase structure should be formed [66—70]. A similar sys-
tem AI(FCC)-Co(FCC)-Cr(BCC)-Cu(FCC)-Fe(BCC)-
Ni(FCC) formed a multiphase structure [57].

In [71], it was proposed to complement the Hume-
Rothery rules for multicomponent alloys. The following
factors determining the formation of phases were
considered:

— size factor associated with the difference in
atomic radii (8r) of the constituent components;

— electrochemical factor associated with the
difference in electronegativity (Ay) of the components;

— electron concentration per atom, ¢/a;

— the ability to complete the electron shells of
element atoms near the end of short periods;

— orbital limitations.

Another approach was proposed by the authors
Miracle and Senkov [50, 72] in the study of a single-
phase alloy of the TaNbHfZrTi system with the BCC
lattice, which they had previously applied to predict
structure formation in amorphous alloys [54]. The
peculiarity of the approach is that dissolved substances
can destabilize the matrix lattice due to internal stresses
and change the coordination number. The approach is
based on the calculation of local changes in the inter-
atomic distance and the elastic modulus arising near
atoms of a certain sort in the assumed equiatomic solid
solution. In a BCC lattice, they can be estimated as
follows. Each element in this lattice has 8 nearest atoms,
thus forming a cluster of 9 atoms. It is possible to roughly
estimate the local environment of the atom of element i
if we assume that the local chemical composition corres-
ponds to the composition of the alloy. Thus, element i has
Nj = 9cj neighboring atoms of element j and Ni = 9ci
neighboring atoms of element j. Then the change of inter-
atomic distances Jri, and elastic modulus 8G;, around
element i is estimated as an average difference of atomic
radius and elastic modulus of this element with its
neighbors:

or, = %ZciSrij (8)
9
8G, = 523G, )

orij = 2(ri — rj)/(ri + r;) is the difference in atomic radii,
3Gij = 2(Gi — G))/(Gi + Gj) — the difference in the elastic
modulus of the elements i and j.

From the values of the modulus of elasticity, we can
determine the element that causes the greatest local
lattice distortion. It is assumed that local lattice distorti-
ons caused by the addition of elements can lead to lattice
instability of the solid solution, hence the formation of
other phases. This approach allows us to answer the
question of whether the structure of disordered solid
solution will form or not, but the question of which
phases will form in the structure remains open.

Another parameter, the electronegativity difference,
in multicomponent alloys [61] defined as:

Ay = ﬁ’ZCi (Xi _i)z (10)

vi — Pauling electronegativity for the i-th component,
x= Z.N: Cix; —average electronegativity.

In [73] an attempt was made to predict the formation
of phases by applying the parameters r and Ay. Instead
of the empirical Pauling scale, the determination of
electronegativity by the method described in [64] was
used:

AY piten = Zci (1_Xi /%) (11)

The electronegativity in this case is represented as the
average ionization energy of the valence electrons of free
atoms in the ground state, and its values often coincide
with the Pauling electronegativity, however, they differ
greatly for transition metals. It has been shown that at
3 < Ayanen < 6 and 1 < 8r < 6% the formation of only solid
solutions and not intermetallic phases (including the o-
phase) is observed. In particular, there is a tendency that
solid solutions with a BCC lattice can exist with a larger
parameter of atomic radius mismatch of elements and a
smaller difference in electronegativity than solid
solutions with a FCC lattice. At higher values of Ayailen
such an area is observed in which intermetallics prevail.
At Or = 6% and a high electronegativity difference, a
boundary state between the formation of solid solutions
and intermetallic phases is observed. These data show
that such parameters as 6r and Ayaien CaNNOt be used for
unambiguous prediction of the phase composition of
HEA.

The Hume-Rothery rules define the electronic
concentration per atom (e/a ratio), which has an obvious
influence on the crystal structure of the so-called Hume-
Rothery electronic compounds. In [65] it is described that
there are two basic definitions of electronic concentra-
tion: the average number of free electrons per atom e/a,
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and the total number of electrons, including d-level
electrons located in the valence band, the number of
valence electrons (VEC). The e/a or VEC for a multi-
component alloys can be determined as:

VEC = 3¢, (VEC), (12)

However, HEA consist mainly of transition metals
(alloys of the CoCrFeNiAlICu system), for which the e/a
ratio is ambiguous, and in most cases impossible. For this
reason, the authors [65] proposed to study the influence
of VEC on the phase composition of HEA. It was shown
that the VEC can be used to quantitatively predict the
phase stability of the FCC and BCC phases in the HEA.
Thus, at VEC > 8.0 — a single-phase FCC structure is
formed; at 6.87 < VEC < 8.0 — BCC and FCC phases
coexist together; at VEC < 6.87 — a single-phase BCC
structure is observed. It should be noted that at VEC = 8
the BCC phases can be formed, however, they are
secondary.

Based on the analysis of the literature data, we can
say that at present there is no universal parameter that
could allow to correctly predict the formation of
structures in multicomponent alloys systems. Thus, the
definition of the conditions governing the stability of
phases in HEA, through statistical analysis of the general
behavior of the constituent elements in multicomponent
alloys, is an actual task.

3.1 Methods for the preparation of HEA

powders

Pre-alloyed HEA is the production of a fine metal
powder, where the alloy consists of five or more basic
metal powders. From various research articles it appears
that experimenters and researchers use pre-alloyed HEA
powders as well as HEA powders obtained by traditional
metal powder mixing followed by cold isostatic pressing
or spark plasma sintering to give the desired shape [74—
81]. There are also alternative ways of producing HEA
powders. In fully pre-alloyed powders, two methods are
mainly used, i.e., atomization (gas atomizing) or
mechanical alloying (MA) (by using a ball milling
machine), as well as other methods of producing HEA by
melting and then grinding into powder using high-energy
milling [24, 82]. In recent studies, the most pre-doped
HEA powders are usually obtained by mechanical
crushing and pulverizing and then consolidated by
various consolidation methods. Scheme for the
preparation of HEA powders and known consolidation
methods shown in the Figure 5.

more basic

Powders 5 or < Mechanical alloying
metallic elements

Atomization

The HEA powders obtained by different methods
have the same microstructure, a confirmation are the
works where HEA WMoNbZrV obtained by arc melting
[27, 28] and MA [83], obtained typical dendritic
microstructure. MA is more optimal for high melting
point alloys that are difficult to process by casting
methods. MA is widely recognized as an important
nonequilibrium solid-phase process route for the
synthesis of various alloys with different phase
composition and microstructure [84].

At present, there is a high level of research on HEA-
based alloys and coatings due to their properties and
unique application possibilities, especially the
development of HEA-based coatings. Based on recent
developments in this direction, HEA coatings can be
divided into three groups [85, 86]: (1) metallic HEA, (2)
ceramic HEA (or high-entropy ceramics), and (3) high-
entropy composites.

Metallic HEA coatings include Cantor-based alloys
[7] and their derivatives with other lightweight HEA
based on transition elements Al, Cr, Co, Mn, Fe, Ti, Ni,
V, refractory Ta, Mo, Hf, Nb, Zr, W, Ti, V, Cr, etc. [28].
HEA metal coatings are aimed at high-temperature
applications where oxidation, wear and corrosion are of
paramount importance. At the same time, lightweight
metal alloy coatings are being researched for density
reduction for various lightweight structural applications
such as AICuSizZnFe, AILiMgScTi, AlICuFeMnMgTi,
AILIMgTiX, etc. [87-90].

High-entropy ceramics mainly consist of metal
nitrides and carbides of transition elements [85]. In HEA
solid ceramic coatings, constituent impurities such as O,
C, N, Hare manifested in solid solution and exhibit a high
entropy effect. For hard ceramic HEA coatings such as
Cr, Si, Zr, various ceramic forming elements Ti, Al, etc.
are used. These HEA coatings have exceptional surface
protection ability in terms of high strength, thermal
stability, anti-corrosion characteristics and low diffusion
rate [91, 92]. Because of these characteristics, these
coatings are used for thermodiffusion, oxidation-resistant
and tough radiation-resistant coatings in nuclear power
plants [93].

High-entropy composite coatings are being
developed based on metallic and ceramic coatings [94—
96]. Similar to conventional composites, HEA
composites can be synthesized by reinforcing the HEA
matrix with suitable ceramic reinforcing elements. There
are developments of ceramic reinforcing materials such
as SiC, Al,03;, WC, TiC, TiN, TiB;, NbC [94-96] that
show better hardness, wear resistance, chemical stability
and adhesion to the matrix coatings of HEA.

Spark plasma sintering
Hot isostatic pressing

Figure 5. Scheme for the preparation of HEA powders and known consolidation methods
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Coatings have been obtained through the
development and evolution of various methods of
producing HEA coatings. Significant progress has been
made in these HEA composite coatings made by laser
cladding, plasma arc cladding, magnetron sputtering, etc.

3.2.1 Laser cladding method

Laser cladding (laser doping of the surface) is a
rapidly developing surface treatment method with the
exceptional advantage of a high solidification rate (103
108 K-s™). This method is a frequently used method for
HEA coating. The authors note that a feature of the
method is high heat input, fast process, less material loss
and environmentally friendly process [97-99]. Laser
cladding allows the capture of nonequilibrium dissolved
substances and avoids the stratification of components.
This method can be used to produce HEA coatings with
a thickness of about 1-5 mm, which is much larger than
that of films produced by magnetron sputtering. Laser
cladding provides a metallurgical bond strength between
the coating and the substrate, which is higher than that of
the  thermal  spraying  method. In  [100],
Al,CrFeNiCoCuTix coatings were obtained by laser
cladding. The typical morphology of the microstructure
of Al,CrFeNiCoCuTix coatings is presented in [100],
which shows that the cladding layer of the coatings
consists of a cladding zone, a boundary zone, a thermal
influence zone, and a substrate zone. The cladding zone
mainly consists of equiaxed crystals away from the
substrate and columnar crystals near the substrate. The
coverslips consisted of FCC, BCC, and Laves phases
because of the high entropy effect.

This process favors the strong adhesion of the coating
to the substrate, homogeneous microstructure, and
formation, but has less thermal damage caused by the fast
heating and cooling rates involved in the process. The
main disadvantages of laser doping of the surface are the
formation of the peri-seam zone, high residual stresses
and elemental dilution of the HEA coating and the
substrate [101].

There is also a problem arising during laser
processing, in the process of obtaining a coating on a
substrate with a low melting point. The problem is that
there is often a significant dilution of elements from the
substrate. In [102], AlICoCrCuFeNi coatings on pure
magnesium substrates were obtained by laser cladding. It
was found that the Mg element in the matrix melts into
the lower layer of HEA coatings. [103-104] synthesized
AlFeCoCrNi coatings by laser surfacing on an aluminum
substrate and found that laser treatment results in a
composite microstructure of a HEA-rich BCC phase
embedded in an aluminum-enriched matrix.

3.2.2 Magnetron sputtering method

Magnetron sputtering (MS) is also a frequently used
method for producing HEA films and coatings. In MS,
the main parameters affecting the properties of the
coatings are the target composition, the bias voltage, and
the gas flow rate. HEA coatings obtained by MS have
excellent properties, such as high hardness and Young's

modulus, wear resistance, thermal stability at elevated
temperatures, and diffusion retardation [105, 106]. The
properties of HEA coatings can be further improved by
nitrogen doping, as the structure of HEA coatings
transforms from amorphous to FCC [107-111]. In [112]
it is noted that this method is considered one of the most
effective methods of deposition of thin films based on
HEA. In [113] the results of the study of FeCrNiTiZrAl
coating obtained by MS, the coating characteristics are
not inferior to high-entropy equiatomic alloys.

Most magnetron sputtered HEA coatings are nitride,
carbide and boride HEA coatings with excellent wear,
oxidation and irradiation resistance properties [114—
118]. Most of these sputtered coatings have BCC or FCC
solid solution phases with an amorphous structure
compared to other coatings deposited by thermal
spraying.

The main disadvantage of this method of coating
production is the problem of working with strongly
magnetic substances (Ni, Co, Fe). In MS it is impossible
to achieve high-speed sputtering at low temperature for
strongly magnetic materials, because almost all the
magnetic flux cannot pass through the magnetic target, so
it is impossible to add an external amplifying magnetic
field near the surface of the target.

3.2.3 Electrochemical deposition

Electrochemical deposition makes it possible to
deposit HEA films on substrates with complex geometry,
conduct it at low processing temperatures and low energy
consumption. Since electrochemical deposition does not
require sophisticated equipment and expensive raw
materials, it enables inexpensive synthesis of HEA films.
In addition, by varying the deposition parameters,
electrodeposition can easily control the composition,
morphology, and thickness of the films [119-121].

In [120], the use of the pulsed electrochemical
deposition method successfully led to the synthesis of
thin films of the highly entropic CoCrFeMnNi alloy. It
was noted that the morphology of the film surface and the
composition of the HEA depended on various parameters
of the applied pulse, such as the filling factor and
frequency. The structure and surface morphology of
electrodeposited CoCrFeMnNi coatings are described for
the first time in the present work. The unified solid
solution structure of the FCC type was identified by X-
ray diffraction analysis. It can be concluded that the
application of the strategy of HEA production by
electrodeposition can provide a promising approach to
the development of new metallic materials with
remarkable properties. The main drawback of this
method is the need to use toxic, environmentally unsafe
electrolytes.

3.2.4 Thermal spraying

Recently, according to published articles in obtaining
HEA gas-based coatings by thermal spraying, most
researchers use plasma arc cladding, plasma spraying,
high velocity oxy-fuel spraying (HVOF), and cold
spraying methods. It is noted that not only the chemical
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composition of materials in HVOF-based thermal
spraying is the main factor influencing the characteristics
of the coating, but also the parameters of thermal
spraying will play a significant role.

The plasma arc cladding process has many
advantages for the synthesis of HEA films and coatings,
such as high energy exchange efficiency, low thermal
deformation of the part, low dilution of the substrate
material, and good metallurgical bonding to the substrate
[96, 127]. Typically, the HEA arc melting method is
mainly fabricated or coated to avoid segregation during
solidification [21].

Plasma spraying is widely used in the aerospace,
automotive, petrochemical and mining industries for
coatings and repair of parts [122-124]. The heat source
of plasma spraying is a DC plasma arc, which is high
enough to atomize and apply all types of coatings,
including ceramics with high Tm. The plasma deposition
method, a high-energy coating deposition procedure, is
also widely used in HEA-based coating applications
[125]. Compared to laser surface doping, plasma clad-
ding has a higher blowing force, through which the mol-
ten coating materials are melted and mixed to achieve
microstructure and characterization homogenization
[125].

In contrast to plasma spraying, the heat source in
HVOF is the heat of combustion of fuel and oxygen.
Meanwhile, the HVOF sputtering process is charac-
terized by a high particle jet velocity and a relatively low
processing temperature [128]. So far, studies concerning
HVOF-based coating materials have mainly involved the
characterization of microstructural evolution, phase com-
position, and wear and oxidation behavior [129, 130].

In contrast to the traditional fusion-based coating
manufacturing method, cold spraying (CS) is a newly
developed solid-state coating method, so there is no
oxidation, phase transformation or residual thermal
stress. To date, HEA-related coatings deposited by the
CS method are limited to HEA materials with low
strength and high ductility because of the internal
mechanism [131] of the CS method, such as
FeCoNiCrMn type FCC [132].

Although these coating methods have demonstrated
great potential related to HEA, much work is still needed
from theory and applications to further expand the
applicability in HEA systems, such as adapting
processing parameters and using post-processing [133—
134] after coating fabrication. Also, in recent works
related to HEA-based coatings, a detonation spraying
method has been started [135-137], this method is also
related to the gas-thermal method.

New developments in terms of innovations, both in
terms of starting materials for HEA-based coatings and
in terms of the appropriate regulation of thermal spray
processes, need to be investigated and developed to
further expand the application in the production of HEA-
based coatings with special microstructural characteris-
tics and outstanding properties.

4 CONCLUSIONS

In this article the concept of HEA was considered,
based on the analysis of the literature data we can make
the main conclusions:

— Currently, there is no universal parameter that
could predict the formation of structures in multicom-
ponent systems of alloys. Determining the conditions
governing the stability of phases in HEA by statistical
analysis of the overall behavior of the constituent
elements in multicomponent alloys is an urgent task.

— Materials related to HEA, both as bulk materials
and as coatings, have a wide range of applications due to
their outstanding physical, chemical and mechanical
properties. A further trend of development will be the
study of non-equimolar HEA and non-Cantor alloys. But
the goal remains the same to use entropy and develop a
certain combination to achieve the desired mechanical
and functional properties. Just the same research on the
nature of physical and chemical processes occurring
during mechanochemical synthesis of powders and the
development of ideas about the formation of the structure
and properties of HEA under conditions of cryogenic
mechanochemical alloying is a relevant area for research.

— The use of HEA in general seems promising and
requires additional research both in the direction of
finding strategies for creating practically significant
compositions, and in the direction of increasing the
properties of alloys for their further operation at elevated
temperatures in aggressive environments.

At the moment, work is being done on the develop-
ment and application of stable HEA structures. As descri-
bed in many literatures HEA will be used to a greater
extent in structural materials for operation at low and
high temperatures. Since the diffusion processes at low
temperatures are very slow, and the HEA will be in a
metastable state for a long period of time, the same
properties have structural alloys.

To design and develop HEA that have better
mechanical properties under different environmental
conditions  stability in phases or strengthening
mechanisms is an important aspect. From the reviews of
research papers, it is only by using MA that solid solution
phases with multiple phases and complex structures are
formed. The transformation of phases into complex
structures and multiple solid solution phases observed
during consolidation and annealing indicate metastable
phases formed during MA. This means that the research
in this direction should be developed.
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KOFAPBI DHTPOIIUAJIBIK KOPBITIIAJIAP TYKBIPBIMJAAMACBIHA IIOJIY

E.E. Kam6apos'?, I' K. Yassipxanosa'), M. Pyrkoscka-T'opuuna®), A.E. Kycaiinos?

D Taynem Cepixéaes amvinoazor Hlvizvic Kazaxcman mexuuranvix ynusepcumemi, Ockemen, Kazaxcman
2 @ckemen KanacvlHoazvl Xumus-ouonozus 6azvimvinoazel Hazapoaee 3uamkepnix mexmebi, Ockemen, Kazaxcman
%) Bpounae zvinbim scone mexnonozus ynugeepcumemi, Bpounas, Ilonvwa

Makanaza >KOoFapbl 3HTPOIMSUIBIK KOPBITIIAJIAPABI 3€pPTTeY HOTHXKEJIEpiHe IIONy JKacasajbl, OJNApIbIH mMaiina Oory
MPHUHIUIITEPiH, JKOFaphl JHTPONMSIBIK KOPBITIIATAPABIH HETi3Ti TYCIHIKTEpI MeEH KacHeTTepiH CHIATTalabl.
DHTPONUSIIBIK KOPBITHAIAPABIH KOJIaHBICTaFbl CAHATTApBI KenTipiireH. JKorapbl SHTPONHUSUIIBIK KOPBITIIATIAP/IbIH Maiiia
OoNlybIHAH TYBIHJAWTBHIH ocepjep CHUIATTaJFaH: JKOFapbl JHTPOINUS, TOPJABIH OypMmainaHybl, Oasy anddy3us xoHe
apanactelpy acepi. Kern KOMIIOHEHTTI KOphITHallapFa apHaJIFaH JOCTYPIll TEPMOANHAMUKAIIBIK KOPIHICTEP TONBIKTHIPYIbI
kaxer ereni. CoHpaii-ak, >KOFapbl JHTPONMUSUIBIK KOPBITHATIAPIBIH (ha3aiblK KypaMmblH Ooipkay ymin HOm-Posepu
epeXeciH KOJIaHy KeiOip KUBIHIBIKTAp/bl KOPCETeli, OHTKeHI TOp MCH BAJICHTTLIIKTIH OipAed TypiHe He KOITercH
AJIEMEHTTEP/l TaHJay KHUbIH. 3epTTeyLIUIep/AiH MiKipiHIIe, )KOFapbl SHTPOIMSIIBIK KOPBITIAIAPAAFbl KYPbUIbIMAAPIbIH
KaJIBINTacybIH JypbIc O0JDKayFa MYMKIH/IK OepeTiH >KOFapbl SHTPOIMSUIBIK KOPBITIIANAPIbIH KYPBIIBIMIIBIK KYHiHE acep
eTeTiH Oipkarap mapaMeTpiiep MEH J>XaFiailapAbl Tajjay HOTIDKeNepi cumarTaidraH. Oje0H AepeKTepil Tanjay
KOPCETKEH/IeH, Ka3ipri yakpITTa KeIl KOMIOHEHTTI KOpBITHAIap JKyhenepiHae KYpbUIbIMAAPBIH KaJbIITaCyblH JTYPbIC
0opkayFa MYMKIHIIK OepeTiH amOeban mapaMeTp koK. JKoFaphl SHTPONMSUTBIK KOPBITHATAPIBIH YHTAKTAPBIH TaibIHIAY
anictepi ychIHbIIFaH. JIazepiik OanKpITy, MarHETPOH B! OYPKY, JIEKTPOXUMHSIIBIK TYH/IBIPY KSHE ra3-TePMUSUIBIK OYPKY
CHSIKTBI JKOFapbl SHTPONMSUIBIK KOPBITIIANapFa HETi3/IeNTeH XaObIHIapAbl alyIblH KWi KOJJAHBIIATHIH OICTEPiHIH
HOTIDKEIIepi KapacTeIpsuFaH. OCHI 9MIiCTEpMEH kKaOBIHIBI ally Ke3iHIeTi KEMIIUTIKTep CHITATTaIFaH.

Tyiiin co30ep: dico2apvl SHMPONUSILIK KOPLIMNAAP, KON KOMNOHEHMMI KOPbIMNALAp, MepMOOUHAMUKA, KYDbLIbIM,
Jrcady aoicmepi.
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OB30P KOHIENINA BEICOKOHTPOITMMHBIX CIIJIABOB

E.E. Kam6apos'?, I K. Yassipxanosa'), M. Pyrkoscka-T'opunna®, A.E. Kycaiinos?

Y Bocmouno-Kazaxcmanckuii mexnuueckuii ynueepcumem um. J]. Cepuxoaesa, Ycmo-Kamenozopck, Kazaxcman
2 Hazapoaes Humennekmyanbnan wkona XuMuKo-01o102uieckozo nanpasienus 2. Ycmo-Kamenozopck,
Yemo-Kamenozopcek, Kazaxcman
% Bpounasckuii ynusepcumem nayxu u mexnonozuii, Bpoynas, llonvuwa

B cratbe npezacraBiieH 0030p pe3yabTaTOB UCCIIEIOBAHMH BRHICOKOIHTPOIIMHHBIX CIUIABOB, OIMCHIBAIONIME IIPHHIUITBI KX
o0pa3oBaHus, 0a30BbIC MMOHATHS M CBOICTBA BEICOKORHTPOIMIHEIX CIIaBOB. [lepedncieHsl CynecTByIOINe KaTeropin
SHTPONMUHEIX CILIaBOB. OnrcaHbl 3G QEKThl, BOHUKAIONINE BCIEICTBIE 00pa30BaHUs BEICOKOIHTPOIMHHBIX CIIIABOB!
BBICOKAsl SHTPOINHSA, MCKAKCHHWE pEIIeTKH, 3aMmeieHHas muddysus u d¢pdext mepememmBanus. OTMedaercs, 4To
TpaJULNOHHBIC TEPMOJMHAMUYECKUE IIPEICTABICHHS U1 MHOTOKOMIIOHEHTHBIX CIUIABOB TPEOYIOT IONONHEHU. Takxke
OTMeYaeTcsl, YTo NpuMeHeHue npasmil IOMm-Posepu s mpenckassiBaHus (a3oBOro COCTaBa BBICOKOIHTPONUHHBIX
CITaBOB ITOKA3BIBaET HEKOTOPBIE 3aTPYAHEHHUS, TaK KaK TPYJHO IT0N00PaTh OOJIBIIOE KOJMYECTBO HIIEMEHTOB, HMCIOIINX
OJIMHAKOBBIA TUII PEIIETKH U BaJleHTHOCTH. ONKCaHbI pe3ybTaThl aHaIn3a psijia IapaMeTpoB U yCIOBH M, KOTOpPEIE, MO
MHEHUIO HCCIIE0oBaTelNel, BIMAIOT Ha CTPYKTYPHOE COCTOSHME CO3[aBaeéMbIX BBICOKOOHTPOIMIHBIX CIUIABOB, y4eT
KOTOPBIX MOT' OBl TO3BOJIMTH KOPPEKTHO IpeAcKa3aTh (OPMHUPOBAHUE CTPYKTYP B BBICOKOIHTPOIMHHBIX CIUIaBaXx.
AHanu3 TUTepaTypHBIX JAHHBIX [IOKA3ajl, YTO B HACTOSIIEE BpEMsI He CYIIECTBYET YHUBEPCAIbHOTO TapaMeTpa, KOTOPBIH
Mor OBl MO3BOJIUTH KOPPEKTHO MpencKasarh (OPMHUPOBAHUE CTPYKTYP B MHOTOKOMIIOHEHTHBIX CHCTEMax CIUIABOB.
[IpencraBiaeHbl METOIBI TIOATOTOBKH MOPOIIKOB BHICOKOIHTPOIHIHBIX CIIABOB. PacCMOTPEHbI pe3ysIbTaThl pabOT 4acTo
UCIIONB3YyEeMbIX METOAOB IIOJNYYCHHS HOKPHITHH Ha OCHOBE BBICOKOPHTPOIMHHBIX CIUIABOB, TAKMX Kak Ja3epHas
HaIUIaBKa, MarHeTPOHHOE HallbUICHHE, 3JEKTPOXUMHUYCCKOE OCAXKICHHE M TepMHYECKoe HambuieHHe. OTIHCaHbI
HEJOCTaTKU MPYU MOJTYYCHUH IIOKPBITHI JTaHHBIMU METOAAMH.

Knrouesvie cnosa: 6blCOK03Hmp0nuI/7Hbl€ cniaaevl, MHO2OKOMNOHEHMmMHble Cnjaevl, mepmoduHaMuKa, cmpyKkmypa,
Memoobl NOKpbIMUAL.
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