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This paper provides a review of studies on the development and characterization of high-entropy alloys
(HEAs). It is structured in the following way. Alloys’ design strategy based on entropy approach. Expectations
and modern perceptions. This section describes the initial principles of multicomponent alloys design which
provide stable structure and mechanical properties. It is noted that the role of high mixing entropy in the formation
of disordered solid solutions and the suppression of the brittle intermetallic phases formation have been significantly
reconsidered over time. Currently, obtaining a single-phase solid solution structure is not the main requirement for
HEAs. The composition of HEAs. This section describes some typical multicomponent alloys having different
elemental compositions. It is shown, that at present time the most studied alloys are based on 3-d transition elements.
Using alloys of this group the possibility of providing both high and low values of strength and ductility is shown.
Fabrication methods of HEAs. This section describes the methods for the fabrication of high-entropy alloys. It
is noted that the most commonly used methods are based on the melting of the initial materials and its subsequent
crystallization. Such methods of HEAs fabrication as powder metallurgy, magnetron sputtering, self-propagating
high-temperature synthesis, melt spinning, and diffusion welding are also discussed. Structure of HEAs. This
section provides the data on HEAs possessing multiphase structure and containing fine nanosized precipitates.
Besides, the studies in which HEAs have been obtained in the form of metallic glasses, carbides, oxides, and
borides are reviewed. The factors that can affect the structural state of the multicomponent alloys are discussed. The
ambiguity of opinions of different research groups is noted. Properties of HEAs. This section mainly concentrates
on the mechanical properties of HEAs. However, some other promising properties of HEAs like high wear resistance
and reduced diffusivity are also discussed. Plastic deformation of HEAs. This section describes the evolution of
the structure and properties of HEAs caused by thermal and mechanical processing. Characterization methods
of HEAs. This section lists the characterization techniques, which are most frequently used to study HEAs. The
structure of these alloys is mainly studied by scanning electron microscopy, transmission electron microscopy,
energy-dispersive X-ray spectroscopy, and optical microscopy. The methods for properties measurements are also
briefly reviewed. Application of HEAs. This section describes the promising fields of HEAs application. It can be
utilized in the aerospace, aircraft, and nuclear industries as well as for car manufacturing, acoustelectronics, and in
the design of microwave devices. Russian-language publications on HEAs. This section lists the studies, published
in the Russian language as well as the thesis, done in Russian universities.
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Development of alloys using the entropy approach.
Expectations and modern ideas.

The first studies related to the fabrication and characterization of high-entropy alloys (HEAs) were
carried out at the end of the 20th century. An US patent for this type of materials was registered in 2002
by Taiwanese scientist J.-W. Yeh [1]. In 2004, the first studies of J.W. Yeh et al. [2] and B. Cantor et al. [3]
were published, which are now highly cited. Thus, about 20 years ago, a new class of materials appeared,
called “high-entropy alloys” [2, 3-6]. These alloys contain from 5 to 13 elements in an approximately
equiatomic or equimolar ratio [2, 7]. The content of each element in the HEA is usually in the range from
5% to 35%. The high interest to HEAs is evidenced by the fact that in such a short period of time more than
5000 studies devoted to the analysis of these alloys were published. Among them, several reviews on the
synthesis, characterization of structure and properties of HEAs can be recommended [8-17]. The interest to
high-entropy alloys was due to its attractive properties, including high strength, ductility, wear resistance,
and corrosion resistance [2, 18, 19].

Unlike traditional alloys, for example, steels, brass, bronze, aluminum or titanium alloys, high-entropy
alloys do not have a “principal” or “matrix” component. All the elements present in the equiatomic ratios
and thus can be considered as a principal, since in a disordered solid solution, each of the elements of the
system has the same probability of being found in any of the available atomic positions of the crystal [20].
Therefore, in the case of high-entropy alloys with a solid solution structure, it is impossible to categorize the
components as principal and minor (or alloying) ones. In fact, equiatomic alloys are located in the central
regions of multicomponent state diagrams. Since none of components presented in significant quantities
can be distinguished as a principal, sometimes such multicomponent alloys are called baseless (without a
base) or compositionally complex [21].

Insufficient attention devoted in previous years to equiatomic alloys containing five or more compo-
nents, and the dominance of materials based on one major element, was explained by the expectation that
multicomponent mixtures will consist of brittle intermetallic compounds or complex phases. For this rea-
son, the “entropy” approach to the alloys design began to be applied only in the last two decades [22]. One
of the main ideas behind the development of the HEAs was to obtain a single-phase structure in the form
of a disordered substitutional solid solution. It was assumed that the formation of phases with an ordered
structure, including various intermetallics, would lead to embrittlement of the material consisting of mul-
tiple components.

An obvious feature of HEAs is the high entropy of mixing, which reduces the tendency to form interme-
tallic compounds in alloys and promotes the formation of single-phase substitutional solutions with a BCC
or FCC structures. The high entropy of mixing is considered as a measure of the probability of preserving
the structure and phase composition of alloys, ensuring its thermal stability, and maintaining high mechani-
cal, physical, and chemical properties [23, 24]. The entropy of an alloy is determined by the value of four
components — the configurational entropy of mixing (AS__ ), the entropy of atomic vibration (AS ), the
entropy of electron motion (AS)), and the entropy of magnetic moments (AS ) [11].

The concept of HEAs development is based on the fact that in multicomponent alloys, the configura-
tional entropy is of a high level, which is not typical for traditional materials [2, 25, 26]. In comparison with
the configurational entropy, the contribution of the AS , AS and AS_ components in the HEAs is small.
Thus, the name “high-entropy alloys” is associated with an increased configurational component of entropy.

The transition of the system from an unstable state to a more stable one is accompanied by a decrease
in the Gibbs energy. An increase in the number of elements of the system, leading to an increase in the con-
figurational entropy, is a factor contributing to a decrease in the Gibbs energy. This reduces the tendency
of the system to form ordered solid solutions and intermetallics and increases the probability of disordered
solid solutions formation [26].

A lot of studies were related to the search of criteria that determine the formation of high-entropy alloys
and predict their structure and phase state. Gorban et al. analyzed more than 200 high-entropy alloys and
derived the relationship between the electron concentration, phase composition, lattice parameters, and
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properties of solid solutions with BCC and FCC lattices [27]. The averaged electron concentration (e/at.)
was found to be the main factor determining the phase formation in equiatomic high-entropy alloys. The
authors of the study formulated the conditions for the formation of high-entropy chemical compounds
(Laves phase, o-phase, p-phase). It was noted that a 100% oc-phase forms in those alloys in which this
phase is formed for all pairs of its constituent elements. The second prerequisite is the value of the electron
concentration in the range from 6.7 to 7.3 e/at. The 100% high-entropy Laves phase, according to the
aforementioned study, arises when the total negative enthalpy of mixing of the alloys is equal to or less
than -7 kJ/mol. In this case, the alloy should contain two elements with the enthalpy of mixing less than -30
kJ/mol, and the average electron concentration should be in the range from 6 to 7 e/at. It is noted that the
nuclei of a solid phase in a high-entropy alloy are formed on the basis of the most refractory element [27].

In study of Firstov et al., the relationship between the electron concentration and the type of crystal
lattice of a solid solution was analyzed for several HEAs [23]. It was noted that at a concentration of up
to 4 e/at. a ductile HCP-based solid solution is formed. The concentration range from 4.25 to 7.2 e/at.
corresponds to one or several types of BCC-based solid solutions. Two-phase solid solutions with BCC and
FCC structures are formed in the electron concentration range of 7.2-8.3 e/at. Alloys with an FCC lattice
correspond to an electron concentration above 8.4 e/at. Such alloys possess high ductility. The results of
Firstov et al. indicate that brittle HEAs have mainly a BCC structure and correspond to the electronic
concentration range of ca. 5.5-7.5 e/at. [23].

There exist ambiguity of opinions about the role of various factors on the formation of high-entropy
alloys and their structural state. Based on the analysis of atomic radii, valence values, electronegativity,
types of crystal structures of single-element metal components, and enthalpy, Rogachev concluded that the
main criterion for the formation of high-entropy alloys is the proximity of the sizes of its constituent atoms
[17]. The role of other factors, in his opinion, is less significant, which is consistent with the conclusions
made earlier in a number of other works.

Thereby, numerous attempts to identify the factors that determine the phase composition and the
structure of high-entropy alloys have not led to the formulation of reliable, well-founded conclusions.
Using the criteria discussed in the literature, it is not possible to accurately predict the structure of
newly developed HEAs and the degree of their stability under thermal and thermoplastic impact. Most
of the conclusions on the HEAs structure are based on the experimental studies. For instance, using the
CoCrFeNi system it was shown that the structure of alloys obtained by adding manganese, aluminum,
or vanadium to this alloy is significantly different. For example, the addition of aluminum into this alloy
leads to the formation of a multiphase structure [28]. Under certain conditions, the CoCrFeNiV system
is also characterized by the presence of several phases [29]. It should be emphasized that the information
about the structure of the currently developed HEAs is constantly updated and supplemented with new
data.

In review [17], Rogachev notes that bulk amorphous alloys (bulk amorphous alloys, metallic
glasses) were predecessor of high-entropy alloys, because they also contain several components. Both
these materials have fundamental difference in the degree of their structural stability. Metallic glass is
a metastable phase, the atoms of which do not have enough time to rearrange and form a crystalline
structure during solidification of melt. The metastability of the amorphous phase becomes obvious when
the material is heated. At certain temperature and holding time the atoms are rearranged and form a
crystalline structure. In single-phase HEAs, dissimilar atoms occupy random positions in the crystal
lattice and thus form a disordered solid substitution solution (HCP, BCC, or FCC). Considering the
degree of stability, the HEAs having significantly distorted latices due to the proximity of atoms of
different sizes, occupy an intermediate position between metallic glasses and stable phases, which have
a low density of defects [17].

Currently, the multicomponent high-entropy alloys having a complex multiphase structure are
actively studied [30]. It has been experimentally established that more than six phases can be formed in
the CrFeNiCoAICu alloy [31], some of which are nanoscale. These group of HEAs also includes alloys
containing an amorphous phase [32], as well as mixtures of intermetallic phases [33].
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Composition of high-entropy alloys

There are ca. 40 elements in various families of high-entropy alloys. The combination of five to twenty
components in alloys makes it possible to obtain a huge number of high-entropy alloys [10, 34]. It is noted
that only about five hundred materials related to the HEA family have actually been studied [11, 17]. The
strategy for selection of HEA’s composition depends on many factors, the most important of which are
related to the operating conditions of the material [26].

Alloys based on 3-d transition elements are the most studied HEAs. Alloys of this group contain at
least 4 of the follwing 9 elements: Fe, Co, Cr, Ni, Mn, Al, Ti, Cu, V [2, 3, 15, 35]. Interest in the materials
of this family was due to its promising properties such as high hardness, positive temperature hardening
coefficient, high wear and corrosion resistance [2, 5, 18, 30, 36, 37]. A well-known and frequently discussed
five-component HEA is the CoCrFeMnNi alloy, which was proposed to the scientific community in 2004
[3]. In the literature, this single-phase material with the structure of a disordered substitution solid solution is
sometimes referred to as a “Cantor alloy”. One of the most studied materials belonging to the class of high-
entropy alloys is AlICoCrCuFeNi [2, 7, 30, 38, 39]. In addition to the 3-d transition elements, the composition
of polymetallic HEAs includes other elements, for example, Zr: AlTiVFeNiZr, AlTiVFeNiZrCoCr,
CuTiVFeNiZrCoCr, MoTiVFeNiZrCo, MoTiVFeNiZrCoCr, CuTiVFeNiZrCo, etc. [1].

A large amount of research is related to alloys based on refractory metals (Hf, Ta, Mo, Nb, V, W, Cr, Zr,
Ti). The third group of HEAs, which is given special attention by specialists, includes light alloys (Al, Sn,
Be, Li, Mg, Ti, Sc, Si, Zn). All these multicomponent materials include aluminum and titanium [17]. The
fourth HEAs family is based on 4f transition metals (rare earth elements Gd, Dy, Lu, Tm, Tb, Y). There are
also the fifth (Cu, Al, Mn, Ni, Zn, Sn) and sixth (Au, Ag, Cu, Co, Cr, Ni, Pt, Pd, Ru, Rh) families of HEAs.
It can also include such elements as Fe, Co, Ni, Si, B, Zr, Hf, Cu, Be, Mo, Cr. There is no doubt that the
HEAS nomenclature will expand.

High-entropy metal glasses are considered as an independent family of HEAs. Besides, in recent years,
the attention of specialists has been paid to the development of high-entropy metal-like compounds [11,
17]. These include ceramic materials in the form of carbides [40], oxides [41], borides [42], and nitrides
[43]. Examples of compounds of this kind are (TiZrNbHfTa)C, (AICrTaTiZr)O,, (T, ,Hf ,Zr,  ,Nb  ,Ta,)
B,, (AICrTaTiZr)N . Speaking about oxide materials [44], we note simple oxide systems formed by
divalent and trivalent metals, as well as high-entropy systems with the structure of perovskite [45] and
spinel [46].

The literature provides examples of compositions in which the matrix materials are HEAs obtained
by mechanical fusion of pure components (CoCrFeNiMn, CoCrFeNiV, CoCrFeNiCu, CoCrFeNiAl), and
the hardening is provided by ceramic particles (WC, TiB,, Ti(C, N)) [17, 47-49].

Considering the main components, HEAs are sometimes conditionally divided into several groups [17].
For example, there are high-entropy steels, heat-resistant alloys, light alloys, rare-earth alloys, bronzes and
brasses, and catalysts. It is emphasized, however, that this type of classification is not generally accepted.

Methods for producing high-entropy alloys

Various technical solutions were proposed to obtain alloys having high entropy of mixing, namely,
melting, powder metallurgy (mechanical alloying of powders), welding, melt spinning, splat-cooling, self-
propagating high-temperature synthesis, magnetron sputtering, cladding of powder mixtures on a metal
base.

In most cases, high-entropy alloys are obtained by melting the materials followed by crystallization [17].
Methods of electric arc melting in vacuum [2, 5, 6, 50-52], argon-arc [53] and induction [3, 54] melting,
melting in resistance furnaces can also be used for HEAs fabrication. One of the most common methods for
producing HEAs is vacuum arc melting [55, 56]. The initial material is a mixture of metals with a purity of
more than 99 %. The alloys are smelted in an inert gas atmosphere, which prevents the material’s oxidation.
In order to increase the homogeneity of ingots, it is remelted several times. The melting point of the material
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and its components is an important factor determining the choice of the method for HEA fabrication. For
the production of refractory HEAs, it is rational to use the technology of electric arc melting.

In order to form an optimal structure and improve the mechanical properties, high-entropy alloys
obtained by casting are usually subjected to thermoplastic processing — cold and hot rolling [54, 57, 58],
forging [7], and drawing [59]. As a final technological operation, homogenizing annealing or other methods
of heat treatment are usually used to promote the formation of an equilibrium structure [54, 59, 60].

Mechanical alloying of pure powder components in planetary ball mills is also one of the commonly
used methods for fabrication of HEAs [26, 61-67]. The mixtures of elementary powders are deformed
in high-energy ball mills, which provides their interaction. The processing time is ca. 10 - 20 hours. For
example, CoFeNiXY alloys (where X is Cr and Si, and Y is Mn, Al, Ti or Zn) were obtained by mechanical
alloying. Hot isostatic pressing is a method of compaction that improves the quality of the HEAs structure
[68].

Wear debris left by steel balls during mechanical alloying of powder mixtures containing iron do
not affect the quality of the resulting HEAs. In other cases, one can expect that iron will appear in the
composition of HEA when it is produced by ball milling. A typical peculiarity of mechanical alloying of
highly ductile material is its sticking to the surface of deforming balls, which ultimately affects the quality
of the HEA. The powder materials obtained by mechanical alloying require subsequent consolidation. One
of the most effective approaches to address this issue is spark plasma sintering [64-66, 69]. In a number
of studies, multicomponent high-entropy alloys were obtained using self-propagating high-temperature
synthesis (SHS) technologies [70, 71].

High-entropy alloys in the form of thin films and multilayer coatings are obtained by magnetron sputtering
[9, 11, 17, 43, 72]. A thin-layer HEAs can be produced by spraying a single target, which includes several
components. The second approach is based on the simultaneous magnetron sputtering of several targets
[73]. High-entropy alloys in the form of nitrides [74], carbides [40] and other compounds are obtained by
magnetron sputtering. Alternating targets of different compositions, nanostructures consisting of layers of
HEAs and pure metals were also formed by magnetron sputtering [75].

In recent studies the HEAs in the form of metallic glasses attract a lot of attention [17, 76, 77]. The
fabrication of glassy HEAs is done by melt spinning. The metal glass thus obtained as an amorphous strip,
which is cooled at high rate on a rotating copper cylinder. One of the technologies of rapid solidification of
HEAs is based on splat cooling, which consists in the collision of a drop of melt with the inner surface of a
copper cylinder rotating at high speed [78].

In[79], the possibility of obtaining heat-resistant composites based on FeCoNiMnCrand FeCoNi,MnCrCu
high-entropy alloys was studied. Layered composites were formed by diffusion welding of aluminum foils
and thin layers of high-entropy alloys. The HEAs ingots obtained in a vacuum arc furnace were deformed
by rolling to a thickness of 0.4 mm on two-roll mills at room temperature with a degree of ~ 15 % in one
pass [79, 80]. Layered billets were welded by the diffusion method in two stages. At the first stage with a
duration of 2 hours, the temperature was 600 °C, at the second stage the temperature was 950 °C.

Structure of high-entropy alloys

The most important parts of studies on HEAs s are related to characterization of their structure, since it
determines the properties and the possible applications of the materials. The structure of high-entropy alloys
obtained by melt crystallization is largely determined by the cooling rate. According to the data presented
in [17], the crystallization processes of HEAs and traditional alloys are identical. Under conditions of rapid
cooling of materials, a fine-grained structure is formed. In cases where the melt cools at a low rate of tens of
degrees per second, a dendritic-type structure is formed [81]. With rapid cooling of the melt, the tendency
to form dendrites disappears.

At the beginning of HEAs development it was believed that the high entropy of mixing, being a factor
preventing the formation of ordered phases and intermetallic compounds, promotes the formation of
disordered substitutional solid solutions. From this point of view, one could expect that the structure of
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HEAs is quite obvious. However, characterization of structure of multicomponent equiatomic alloys is as
difficult tasks as characterization of structure of convenient metallic alloys. To understand the structure of
HEAs it is also necessary to use a wide variety of characterization techniques. The most important are the
methods of X-ray diffraction analysis, transmission and scanning electron microscopy. The characterization
methods involved in a particular study depends on its goals, the composition of the material, the geometric
parameters of the samples and other features of the analyzed HEAs.

It is generally believed, that the properties of “classical” single-phase HEAs are related to random loca-
tion of dissimilar atoms in the crystalline lattice. It is believed that the atoms located in a multicomponent
system, which differs in size, electronic structure, and thermodynamic properties, lead to a significant dis-
tortion of the crystal lattice of the solid solution, an increased efficiency of the solid-solution hardening and
stabilization of the material properties [23]. This feature significantly distinguishes HEAs from convenient
alloys [20]. In [17], using the example of a five-component equiatomic ABCDE alloy, it is graphically
shown that in elementary cells of the BCC and FCC types, the long-range order for each type of atom is
absent and the resulting phase is a completely disordered substitution solid solution. An equiatomic alloy of
the ABCDE type can only be constructed from a set of elementary cells that differ in composition.

CoCrFeNi and CoCrFeNiMn alloys are typical representatives of single-phase high-entropy alloys with
the structure of a disordered substitution solid solution with an FCC structure. In the thesis of Shaisultanov
[82], it was shown that when V or V and Mn are added to the CoCrFeNi system, a tetragonal c-phase is
formed in the alloy structure along with the FCC phase. An even more complex structure is formed in
an alloy containing, in addition to these four components, Al and Cu (CoCrFeNiAlCu). Four phases are
observed in the structure of this alloy, including the disordered BCC phase (which predominant consists
of chromium and iron), the ordered B2 phase ((which predominant consists of aluminum and nickel), the
ordered L1, phase (enriched in copper), and the ordered L1, phase (enriched in cobalt, chromium, and iron).

The most important characteristic that determines the interest of many specialists in high-entropy alloys
is the stability of their structure, and hence stability of their properties. The statement that the structural sta-
bility of HEA’s is explained only by high values of the configurational entropy has now lost its relevance. In
many works, it has been experimentally shown that in alloys with high values of the mixing entropy, other
phases, including intermetallics can appear along with the solid solution.

Using the method of anomalous X-ray scattering and neutron diffraction, it was shown in [83] that a
two-week exposure at 753 K of a four-component FeCoCrNi alloy obtained by arc melting did not lead to
the appearance of the solid solution ordering effect and the formation of a long-range order in it. This stabil-
ity of the analyzed alloy is associated with its high configuration entropy.

The question of the HEAs stability during thermal and thermoplastic impact remains open. A detailed
analysis of this issue is presented in the work of Rogachev [17]. A large amount of research is devoted to the
stability of the five-component CoCrFeNiMn alloy (“Cantor alloy”). The diameter of the manganese atoms
(0.274 nm) is significantly larger compared to the atoms included in the four-component CoCrFeNi system.
For this reason, the maximum distortion of the crystal lattice, localized near the manganese atoms, in the
five-component system is significantly higher than in the CoCrFeNi alloy. The analysis of the behavior
of the Cantor alloy under various conditions of thermal and thermoplastic action does not give grounds
to formulate unambiguous conclusions about its stability. In the literature, there are data on the long-term
preservation of the single-phase structure of the material in a wide temperature range (1273-1473 K), which
indicates its high stability [29, 84-86]. At the same time, based on the results of experimental studies, it is
concluded that plastic deformation and high-temperature exposure are factors leading to precipitation of
secondary phases from the CoCrFeNiMn alloy [17, 50, 85, 87, 88], including nanoscale intermetallics such
as NiMn, FeCo.

An increase in the chromium and manganese content accelerates the formation of secondary phases. At
the same time, it is noted [17] that when a secondary phase precipitates from a high-entropy CoCrFeNiMn
alloy, its matrix phase remains a solid solution with an FCC structure. The CoCrFeNiAl system, like
CoCrFeNiMn, is characterized by metastability. As a result of short annealing of this HEA, several types of
structural components appear in it [89].
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The analysis of the structure of heat treated and deformed alloys consisting of refractory components
(TizrTaHf, TiZr'TaNb, TiZrHfNbV) indicates that, like many other HEAs, they can be considered as meta-
stable materials [90-93]. Rogachev concluded that most high-entropy alloys consist of several phases, the
number of which increases as a result of annealing [17]. CoFeNiMnCu [94], AINbTiVZrx [95], CoCrFeN-
iMnTi0.1 [96], ZrTiHfCuNiFe [97] and some other alloys are classified as stable or limited stable HEAs.
At the same time, it should be kept in mind that the assessment of the degree of the HEAs stability, in many
cases, 1s a methodically complex task. This is especially relevant, for example, in the case of observation
of particularly fine precipitations of phases, the volume fraction of which is small. It is likely that during
characterization of structure, some of these phases may be overlooked.

It should be noted that the concept of “metastability”, which contradicts the initial concept of stable
high-entropy alloys, currently is not considered as a fundamental disadvantage of real multicomponent
systems. The positive effect caused by the precipitation of several phases may lead to effect of dispersion
hardening of materials [17]. At the same time, in order to avoid embrittlement of HEAs it is suggested to
prevent the formation of c-phases.

The analysis of structural transformations HEAs presented in [17] allowed us to conclude that it is dif-
ficult to interpret the phenomena associated with the stability of multicomponent systems. It is believed that
the relationship between the stability of the HEAs exclusively with the level of configurational entropy is
oversimplified. A more reasonable approach to solving this problem is associated with the development of
semi-empirical criteria for the stability of HEAs, the quantum mechanical calculations [98-100], and the
thermodynamic analysis of multicomponent systems.

The severely deformed alloys, as well as alloys with a crushed grain structure are expectedly less
stable [101]. The problems solved by Ivchenko in his thesis were related to the structure and properties
of the AICrFeCoNiCu high-entropy alloy [102]. Of particular interest were the experimental data on the
structural-phase transformations occurring in the alloys fabricated by melt spinning and splatting, and
on the effect of severe plastic deformation and heat treatment on the structure and phase composition of
the AICrFeCoNiCu alloy.

When cooled at a rate of 10 K/s, a complex dendritic structure is formed in the AICrFeCoNiCu alloy,
each of the phases of which consists of six components. The nanoscale phases isolated within the dendrites
and in the inter-dendritic space are uniformly distributed over the volume of the ingot. They are character-
ized by equiaxed and lamellar morphology, and have ordered (structural types B2 and L1,) and disordered
(A1, A2) structures [102]. Rapid solidification by the melt splatting (~10 K/s), as well as by melt spinning
(~10 K/s), leads to the formation of an ultra-fine-grained (560 nm) dendritic structure, which consists of
nanoscale six-component phases.

One of the features of six-component AICrFeCoNiCu alloys after rapid quenching and severe plastic
deformation is the formation of local nanoscale precipitations. The corresponding rearrangement of the
alloy components results in dimensional-spatial periodicity of the elemental and phase composition in the
volume of the ingot [102]. Concentration fluctuations in the form of clusters in the size range from one to
several tens of nanometers were observed in the AICrFeCoNiCu alloy by 3D-AP tomography.

Dislocation hardening mechanisms of high-entropy alloys are much less studied than those in classical
alloyed steels and alloys. Nevertheless, many works pay special attention to this problem. The solid solution
hardening mechanism, hardening by grain boundaries, dislocation pileups, and dispersion hardening are
considered as the main mechanisms which increase the strength of HEAs.

One of the problems discussed in [21] was related to the study of the structure and properties of the
CoCrFeMnNi alloy alloyed with carbon and aluminum. It was found that the introduction of 0.7 at. % C
and 3.4 at. % Al is accompanied by an increase in stacking fault energy and a suppression of the twinning
process at the initial stages of deformation. The higher strength of CoCrFeMnN(ALC) alloy after reduc-
tion to 80% compared to the equiatomic five-component CoCrFeMnNi alloy is due to the large contribu-
tion of solid-solution hardening caused by carbon and aluminum. It is established that grain boundaries
have the most significant effect to hardening of the CoCrFeMnN(Al,C) alloy annealed after cold rolling
(e = 80%). The effect on strengthening of nanoscale carbides formed during annealing at 700 - 900 °C of
a cold-rolled alloy is comparable with that of the grain boundaries.
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Properties of high-entropy alloys

The main factor determining the interest of specialists in the developed materials is the nature of its
behavior in various environmental conditions. The set of parameters recorded at the initial stages of HEAs
development, as well as expectations based on theoretical ideas about the possible manifestations of multi-
component systems, allow us to conclude that its use in various industries is promising. Given that the high-
entropy alloys analyzed in the literature are a family of materials that differ significantly in composition,
it is necessary to evaluate the complex of properties corresponding to its purpose and operating conditions
in each specific case. The properties of HEAs are determined by its components, structural condition and
production technology.

The literature contains a wide range of ideas (sometimes contradictory) about the properties of high-
entropy alloys. As important indicators of HEAs, its hardness, strength, and wear resistance [2, 7, 102, 103],
increased ductility at low temperatures, corrosion resistance, thermal stability [17], resistance to ionizing
radiation [22, 104] are noted. It should be emphasized that this type of characteristic is generalized and
cannot be applied to all types of HEAs. For structural materials, the combination of strength properties,
ductility, crack resistance, and a number of other characteristics that determine the behavior of alloys under
severe external loading conditions is of particular importance.

The unique properties of multicomponent HEAs are due to the manifestation of four effects [17, 9-13].
One of'it is associated with the high entropy of the alloy, the second — with distortions of the crystal lattice,
the third — with the delayed diffusion of the alloy components. The fourth was called the “cocktail effect”.

The effect of high entropy, from which the name of the alloys analyzed in the work is derived, is deter-
mined by the level of configuration entropy. In accordance with one of the classifications of the analyzed al-
loys, low- entropy alloys include those with ASmix < 0.69R, where R is the universal gas constant. Medium
entropy alloys are described by the ratio 0.69R < ASmix 1.61R. The high-entropy alloys include ones with
ASmix > 1.61R [4]. The search for compositions of stable high-entropy alloys is complicated by a number
of circumstances [17]. One of it is that the applicability of the dependences that reliably describe the stabil-
ity conditions of ideal solutions in relation to real solid solutions is not obvious [11].

The second of the main effects of high-entropy alloys is the effect of crystal lattice distortions. It is
caused by the difference in the size of the atoms that make up the multicomponent system. The degree of
distortion is minimal in the neighborhood of atoms that are close in size. In alloys consisting of atoms that
differ significantly in size, larger voids — internodes — are formed. Embedded atoms can be located in these
voids, forming a region of local stresses [17]. The sources of distortion are also large atoms located in the
nodes of the crystal lattice and surrounded by smaller atoms, which position also corresponds to the nodes
of the lattice. Distortions of the crystal lattice largely determine the level of the HEAs strength properties.

Delayed diffusion is the third effect that determines the stability of the structure and the complex
properties of high-entropy alloys. The favorable effect of the low diffusion rate is reflected in the increase
in the thermal and chemical stability of the HEAs [105, 106]. Distortions of the crystal lattice and other
features characteristic of HEAs are noted as factors that explain the inhibition of diffusion processes[4, 6,
37, 107]. The contradictions revealed in a number of studies allow us to conclude that the confirmation or
refutation of the delayed diffusion effect in HEAs requires additional research [17].

The term “cocktail effect” implies that a complex system manifests a mixing effect that is not available
to each of its components individually. In fact, this term is synonymous with such a concept as a synergistic
effect.

Out of the whole set of mechanical properties of HEAs, the specialists paid more attention to the strength
indicators. At the same time, the question of the brittleness of high-entropy alloys, the degree of which is
determined by the ductility, impact strength and crack resistance of materials, is of fundamental importance.
It should be emphasized that the absence of embrittling phases is one of the distinctive requirements for
HEAs, which determine its technological properties, in particular, deformability during cold pressure
treatment. Taking into account these ideas, it is believed that the high entropy of mixing, preventing the
formation of intermetallic phases in the HEAs and contributing to the formation of mainly disordered
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substitution solid solutions, is a factor that favorably affects the combination of strength properties and its
tendency to deformation [26, 7, 108-110]. The combination of strength and ductility indicators allows us to
assess the prospects of the developed materials as structural materials in the first approximation.

The analysis of the HEAs properties in various conditions of external influence is described in many
works [8, 9, 11, 13, 15, 35, 111]. The largest amount of information is related to systems based on 3d-
transition metals. The level of strength properties of some of it can be defined as high [17]. According to
the data presented in [112], the value of this indicator for the alloy Co30Cr10Fe50V 10 reaches 2000 MPa.
At the same time, the level of deformation ¢ corresponding to the destruction of the material reaches 71 %.

Castings of the high-entropy CoCrFeNiMn alloy having the structure of FCC solid solution are highly
plastic (6 = 68 %) and at the same time have a low level of strength properties (5, = 140 MPa, o, = 443
MPa) [82]. The author made similar conclusions about the four-component CoCrFeNi alloy. In contrast to
manganese, which addition does not significantly affect the strength properties and ductility of the four-
component system, the role of vanadium, which leads to the formation of a brittle 6-phase, in reducing the
ductility of CoCrFeNiV and CoCrFeNiMnV alloys is very noticeable. Vanadium-alloyed alloys exhibit
noticeable ductility only when subjected to compressive stresses. A low level of ductility (0.2 %) is also
characteristic of CoCrFeNiAlCu alloys with a multiphase structure at room temperature.

The thermal stability of the HEAs assumes the preservation of the structure of a disordered solid so-
lution when the material is heated and kept in a high-temperature state. The result of the ordering of the
solid solution during the annealing process, which consists in the diffusion redistribution of atoms with its
fixation in certain thermodynamically favorable positions of the unit cell, can be the formation of a super-
structure [17]. Attempts to study the rearrangement of the structure of a solid solution during its heating and
control by X-ray diffraction methods were discussed. The solution of this problem, which is important from
an applied and fundamental point of view, is methodically problematic.

High-entropy alloys are considered as promising heat-resistant materials [26, 113, 114]. In [24], we
studied the thermal stability of superhard nitride coatings based on a five-component high-entropy al-
loy containing Ti, V, Zr, Nb, and Hf. The objects of the study were thin coatings obtained by vacuum-arc
evaporation of a pre-prepared multicomponent cathode. The substrates were plates made of chromium-
nickel austenitic steel. Nitride coatings (TiVZrNbHf)N obtained in the presence of nitrogen (0.27-0.66 Pa)
when a constant negative potential is applied to the steel plate are characterized by high hardness values
(50-60 GPa). This level of material properties is explained by the formation of a polycrystalline structure
with a grain size of ~ 30-50 nm and significant distortions of the crystal lattice. The studies carried out in
this work indicate a high thermal stability of single-phase nitride coatings. Its structure is preserved during
annealing up to 1100 °C [24]. Conclusions about a sufficiently high thermal stability in the temperature
range from 20 °C to 1000 °C were made by S.A. Firstov and co-authors on the basis of experimental studies
of nine high-entropy alloys [115].

In [82], the possibility of creating new composite materials by diffusion welding of plates made of
FeCoNiMnCr and FeCoNi2MnCrCu HEAs and an aluminum alloy of the Al-Si system was studied.
It is established that the diffusion processes that occurred during the heating of layered packages led to
the formation of heterogeneous materials with the formation of transition zones, dendritic structures, and
intermetallic phases. The ultimate strength of the composite obtained by pressure diffusion welding is
stable at ~ 615 MPa in the temperature range of 20—850 °C. At the same time, the ultimate strength of the
HEAs plates at 750 °C outside the composite did not exceed 375 MPa.

The five-component amorphous alloy TiZrHfCuNi, obtained by pouring the melt into a cooled copper
mold, acquiring a high level of ultimate strength (1,930 MPa), has a ductility close to zero at room temperature
[116]. A thin film made of the six-component alloy AlCrMoTaTiZr, characterized by high values of the
elastic modulus (11.2 GPa) and hardness (193 GPa), was obtained by magnetron sputtering [117].

In the work of M.V. Karpets and co-authors [102], the results of evaluating the behavior of a high-
entropy alloy VCrMnFeCoNix (where x = 1.0; 1.5; 2.0) under friction against non-rigid abrasive particles
are presented. After argon-arc melting, a solid solution with a FCC-type lattice and a G-phase similar to
the tetragonal o-phase of the binary Fe-Cr alloy were fixed in the alloy structure. As the nickel content
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increased, the volume fraction of the o-phase decreased. Of the three high-entropy materials studied, the
VCrMnFeCoNil alloy has the highest level of wear resistance. Its coefficient of relative wear resistance (K
= 3.03), measured in accordance with GOST 3647-80, is close to the value of the material deposited with
the T-590 electrode (K = 3.09), which is used for surface hardening of products operated under conditions
of abrasive wear. Thus, it can be concluded that the high-entropy VCrMnFeCoNil alloy proposed in [103]
has a high abrasive wear resistance.

In [23], using the example of a high-entropy VNbTaCrMoW alloy, it is concluded that the material
acquires averaged values of most physical characteristics. The only exceptions include strength properties,
which are significantly higher in HEAs due to the anomalous values of solid solution hardening [118, 119].

Plastic deformation of the HEAs

Along with heat treatment, plastic deformation is considered as one of the most effective technological
factors that allow changing the structure, strength, ductility, and other properties of high-entropy alloys. At
present, there is no reason to say that the potential possibilities of such an approach are obvious and can be
applied to most of the analyzed materials. At the same time, when studying a number of polymetallic al-
loys, convincing evidence of the effectiveness of methods for processing metals by pressure was obtained.
For example, after cold rolling with a degree of 80%, the CoCrFeMnN(Al, C) alloy has a high complex of
mechanical properties: 6, = 870 MPa, 6, = 1,060 MPa, 6 = 25 % [21]. The result of hot plastic deforma-
tion of the CoCrFeNiMnV alloy is a change in its phase composition and the transformation of the original
lamellar structure into an ultra-fine-grained one, which has a favorable effect on the properties of the mate-
rial, in particular, leads to a decrease in the temperature of the visco-brittle transition [82].

Research focused on filling the gaps in the field of plastic and thermoplastic impact is successfully car-
ried out at the Belgorod State National Research University under the leadership of G.A. Salishchev. One of
the tasks solved in D.G. Shaisultanov’s thesis work was related to the development of deformation modes
that provide an increase in the complex of mechanical properties of CoCrFeNiMn and CoCrFeNiAlCu al-
loys [82]. It has been experimentally established that at room temperature, CoCrFeNiMn alloy blanks can
be formed by uniaxial rolling without losing the continuity of the material by tens of percent. As a result of
this impact, the yield strength of the alloy increased by 8 times (from 140 to 1120 MPa), and the ultimate
strength — by 2.7 times (from 443 to 1175 MPa). As expected, the level of relative elongation significantly
decreased (from 68 to 14%).

An analysis of the effect of cold rolling on the structure and properties of the Al CoCrFeNi alloy was
performed in [120]. The experimentally recorded increase in the hardness of alloys in comparison with the
cast state is due to the manifestation of strain hardening mechanisms. In particular, based on the results
obtained by transmission electron microscopy, it has been established that an increase in the strength prop-
erties of materials is associated with the formation of numerous structures in the form of nanotwins. With
an increase in the degree of plastic deformation, the volume fraction of these defects in the crystal structure
increases. In [82], the role of dislocation sliding and twinning processes in the formation of strength proper-
ties was shown using the example of the cold rolled CoCrFeNiMn alloy [82].

M.V. Klimova’s thesis work is associated with the study of the effect of deformation-heat treatment on the
structure and mechanical properties of high-entropy alloys of the Co-Cr-Fe-Mn-Ni (Al, C) system [21]. The
experimentally revealed microstructure of the CoCrFeMnNi alloy during rolling atroom temperature deserves
attention. The author of the work identifies three stages of structural transformations associated with the de-
gree of plastic deformation of the material: an increase in the dislocations’ density (e = 5-20%); intense defor-
mational twinning (& =20-60%); formation of shear bands (¢ = 60-80%). In the cryogenic temperature range
(- 196 °C), the twinning stage shifts to lower values of the degree of deformation.

After megaplastic deformation according to the high-pressure torsion scheme (6 GPa), the microhard-
ness of the AICrFeCoNiCu alloy reaches 12 GPa [102]. Under these conditions, all the excess phases are
dissolved and a mechano-induced BCC—FCC transformation develops. The subsequent annealing of the
alloy leads to the reverse FCC—BCC structure transformation.
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Poor deformability at room temperature is a factor limiting the use of some high-entropy alloys [2,
7, 121]. For example, in [7], a low set of mechanical properties of castings made of the AICoCrCuFeNi
alloy is noted. As a solution to this problem, it was proposed to use the method of comprehensive hot
forging (a-b-c forging) at a temperature of 950 °C. The alloy was obtained by induction melting, followed
by electroslag remelting and casting into a copper cooled mold. Forging was carried out in an isothermal
die block on a hydraulic press at a traverse movement speed of 1 mm/s. The total degree of deformation
was ~ 1,000 %. In the process of comprehensive forging, the dendritic structure of the cast alloy is
eliminated, the structure of the HEAs becomes finer (2.1 microns) and more homogeneous. The result
of structural transformations accompanying the hot plastic deformation of the alloy is an increase in the
yield strength from 790 MPa to 1170 MPa. The increase in the relative elongation observed under these
conditions (from 0.2 % to 1 %) does not allow us to speak of a significant improvement in the plasticity
indicators [122]. One of the features of the behavior of the forged AICoCrCuFeN:i alloy, recorded by the
authors of the work [7], is the manifestation of the superplasticity effect in the high temperature range
(800—1,000 °C). When deformed at a rate of 107 s, the relative elongation of the samples subjected to
stretching is 1,240 % [82].

Methods for studying high-entropy alloys

The choice of methods for studying the structure and properties of high-entropy alloys is determined by
various factors, including the structural features of the materials, its operating conditions, and the size of the
samples. One of the most important research methods is related to the X-ray diffraction analysis of alloys,
the identification of the phases present, and the determination of the parameters of its crystal lattices. In
many works in the field of HEAs, structural studies are carried out using the methods of transmission and
scanning electron microscopy, X-ray spectral analysis, and light microscopy.

The methods of mechanical and other tests are determined by the purpose of the developed high-entropy
alloys. For structural alloys, information about strength properties under uniaxial tension and compression
is of the utmost importance. The level of reliability and durability of products made from HEAs is related
to such properties of materials as impact strength, static and fatigue crack resistance. In some cases, the
corrosion resistance characteristics are important.

The tasks associated with the study of nanoscale particles released in HEAs involve the use of high-
resolution transmission electron microscopy methods [123]. In [124], the method of small-angle scattering
of synchrotron radiation was used to solve such problems in the study of a deformed CoCrFeNiMn alloy.

In [125], a method based on neutron diffraction was used to study the structural-phase state of a three-
component CoCrFeNi alloy. The experimental results obtained in this way allowed us to make a concluson
about the features of the fine structure of the CoCrFeNiMn alloy [84]. Using the method of anomalous
X-ray scattering and neutron diffraction, we studied the processes of structural transformations during
heating of a four-component FeCoCrNi alloy obtained by arc melting. It was shown [83] that the two-week
exposure of the alloy at 753 K did not lead to the manifestation of the ordering effect of the solid solution
and the formation of a long-range order in it.

One of the most important characteristics of multicomponent alloys is the degree of structure ordering.
In the work of M.V. Ivchenko, an optical tomographic atomic probe “Cameca atom probe” (3D-AP) was
used for a precision study of the local atomic composition of the six-component AlICoCrCuFeNi alloy
[18, 102]. The same method was used to study the structure and properties of the six-component alloy
AICrFeCoNiCu after casting and rapid quenching from the melt [36].

The traditional approach to substantiating the compositions of multicomponent systems and analyzing
its properties is associated with a high labor intensity of research, conducting many experiments. One
of the tasks typical for the analyzed materials is associated with the need to model phase diagrams of
the state. Examples of its solution by the CALPHAD method (CALculations of PHAse Diagrams) are
given in [126, 127]. The development of computer technologies and special software in many cases can
significantly reduce the cost of developing high-entropy alloys. By methods of mathematical simulation,
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using thermodynamic calculations, studies were conducted on the choice of HEAs rational compositions
[128, 129]. There is no doubt that in the coming years this approach will be one of the most promising when
justifying HEAs for various purposes.

Purpose of high-entropy alloys

The properties, characteristic of various types of HEAs, give grounds to consider these materials prom-
ising for use in the rocket and space industry, aircraft, mechanical engineering, and nuclear power [9, 14,
36, 78, 104]. Attempts are being made to develop HEAs characterized by a high level of heat resistance
[26]. According to the results of the work [130], some HEAs can perform the function of radiation-resistant
coatings applied to the shells of fuel elements. One of the applications of amorphous HEAs is associated
with the formation of high-temperature diffusion barriers between copper and silicon [131]. The possibili-
ties of using high-entropy oxide systems in electronics, magneto-optics, microwave devices, and acousto-
electronics are discussed [44]. Some of the developed HEAs are characterized by high corrosion resistance
and can be used as functional coatings.

One of the directions of HEAs development is associated with the development of alloys that can be op-
erated under high loads in a high-temperature state [2, 26]. We are talking primarily about materials for the
modern aviation industry. In the temperature range of 800-1600 °C, the yield strength of the high-entropy
VNbMoWTa alloy is higher than that of the Haynes 230 and Inconel 718 superalloys [19]. The possibility
of using HEAs as high-temperature materials was discussed in the works [19, 23, 26, 130, 132-135]. One of
the main disadvantages of HEAs based on refractory metals is the high density, which limits its practical use
as heat-resistant materials. At the same time, VIAM specialists believe that there are grounds for increas-
ing the ductility of heat-resistant materials by expanding the range of elements and forming strengthening
phases in the materials.

Among the positive qualities, characteristic for the equiatomic alloy CoCrFeMnNji, its high level of
fracture toughness, which is 200 MPaxm'?, deserves attention [136]. The increase in the strength properties
and ductility of the specified material when cooled to cryogenic temperature [58, 136] makes it attractive
for the manufacture of equipment for responsible purposes intended for operation in the Far North.

In the works of D.A. Vinnik et al. [44, 137, 138] multicomponent oxide phases with high values of
the configurational entropy of mixing are analyzed. The related hexaferrites with the magnetoplumbite
structure are considered as materials for the manufacture of permanent magnets, as well as devices for stor-
ing and rewriting high-density information. The main factors explaining the possibility of widespread use
of hexaferrites in magneto-optics, microwave devices, acoustoelectronics are high values of its hardness,
Curie temperature, coercive force, and indices of chemical inertness [44]. It was shown in [139, 140] that
hexaferrites containing more than one element replacing iron can differ in the ferromagnetic resonance
frequency and transmission capacity. Thus, by varying the composition of the material, one can smoothly
change the level of the properties noted above.

Russian-language publications in the field of HEAs

There are relatively few studies in the field of high-entropy alloys published in Russian. The most
detailed review of the work in the field of HEAs, published in the Russian Federation, was carried out by
Rogachev and presented in 2020 in the journal “Physics of Metals and Metallology” [17]. It reflects the
most important primary sources related to the development of multicomponent equiatomic alloys, as well
as analyzes the research carried out in 2017-2020. One of the tasks set by the author was to identify the
degree of correlation between the trend chasing of the HEAs concept and the prospects of these alloys as
objects corresponding to the “new paradigm of materials science”.

The works of Bashev and Kushnerev [22, 78], Firstov, Karpov, Gorban, Krapivka, etc. [23, 24, 27,
103, 115], Nadutov, Makarenko, Volosevich [51], Pushin, Ivchenko, Kourov et al. [31, 36, 141], Chikov,
Vyukhin et al. [142-145], Salishchev, Shaisultanov, Kuznetsov et al. [60, 122 ], Kochetov, Rogachev et al.
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[65], Sanin. Yukhvid et al. [71], Gorbachev, Popov et al. [146], Trofimenko et al. [26], Vinnik et al. [44,
138] deserve attention.

Russian-speaking specialists will also benefit from reviews presented in thesis research carried out at
the Belgorod State National Research University by Shaisultanov [82], Klimova [21], Yurchenko [147],
as well as at the Institute of Metal Physics of the Ural Branch of the Russian Academy of Sciences by
Ivchenko [102].

Conclusion

The branch of materials science focused on the study of the structure and properties of multicomponent
systems, the elements of which are present in equiatomic or close to it ratios, can be defined as a new,
intensively developing one. The principles underlying the formation of the structure of multicomponent
equiatomic alloys are radically different from the approaches that were previously used in the development
of other types of metal materials.

The initially formulated concept of creating high-entropy alloys, according to which the high entropy
of mixing ensures the formation of disordered substitution solid solutions and suppresses the formation of
intermetallides and ordered phases, has undergone fundamental changes. Later experimental studies have
shown that a high level of entropy of mixing is not the determining criterion for structure formation in
multicomponent alloys. At the same time, obtaining a single-phase structure of a solid solution is currently
not a mandatory requirement for the HEAs being developed.

The data presented in the literature on the structure of multicomponent materials, the criteria for
its stability, and the influence of processing parameters on the structure and complex of properties are
ambiguous.

Based on numerous studies of multicomponent alloys, no universal parameter has been proposed and
no combination of several parameters has been identified, taking into account which it would be possible
to predict the structure, and, consequently, the properties of materials, with a high degree of reliability.
Accurate prediction of the phase composition of high-entropy alloys is currently not achieved by any of the
approaches or methods available to specialists.

References

1. Yeh J.-W. High-entropy multielement alloys. Patent US, no. US 20020159914 A1, 2002.

2.YehJ.-W., Chen S.-K., Lin S.-J., Gan J.-Y., Chin T.-S., Shun T.-T., Tsau C.-H., Chang S.-Y. Nanostructured high-
entropy alloys with multiple principal elements: novel alloy design concepts and outcomes. Advanced Engineering
Materials, 2004, vol. 6, pp. 299-303. DOI: 10.1002/adem.200300567.

3. Cantor B., Chang I.T.H., Knight P., Vincent A.J.B. Microstructural development in equiatomic multicomponent
alloys. Materials Science and Engineering: A, 2004, vol. 375-377, pp. 213-218. DOI: 10.1016/j.msea.2003.10.257.

4. Yeh J.W. Recent progress in high-entropy alloys. Annales de Chimie-Science des Materiaux, 2006, vol. 31,
pp. 633-648. DOI: 10.3166/acsm.31.633-648.

5.YehJ.-W., Chen Y.-L., Lin S.-J., Chen S.-K. High-entropy alloys — a new era of exploitation. Materials Science
Forum, 2007, vol. 560, pp. 1-9. DOI: 10.4028/www.scientific.net/MSF.560.1.

6.Yeh J.-W., Chen S.-K., Gan J.-Y., Lin S.-J., Chin T.-S., Shun T.-T., Tsau C.-H., Chang S.-Y. Formation of
simple crystal structures in Cu-Co-Ni-Cr-Al-Fe-Ti-V alloys with multiprincipal metallic elements. Metallurgical and
Materials Transactions: A, 2004, vol. 35, pp. 2533-2536. DOI: 10.1007/s11661-006-0234-4.

7. Kuznetsov A.V., Salishchev G.A., Sen’kov O.N., Stepanov N.D., Shaisultanov D.G. Vliyanie mikrostruktury
na mekhanicheskie svoistva pri rastyazhenii vysokoentropiinogo splava AICoCrCuFeNi [Microstructure influence
on tensile mechanical properties of an AlICoCrCuFeNi high-entropy alloy]. Nauchnye vedomosti Belgorodskogo
gosudarstvennogo universiteta. Matematika. Fizika = Belgorod State University Scientific Bulletin. Mathematics and
Physics, 2012, vol. 11 (27), pp. 191-205.

8. Zhang Y. High-entropy materials: a brief introduction. Singapore, Springer Nature, 2019. 159 p. ISBN 978-
981-13-8526-1.

9. Zhang Y., Zuo T.T., Tang Z., Gao M.C., Dahmen K.A., Liaw P.K., Lu Z.P. Microstructures and properties of
high-entropy alloys. Progress in Materials Science, 2014, vol. 61, pp. 1-93. DOI: 10.1016/j.pmatsci.2013.10.001.

Vol. 23 No. 2 2021 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

10. Cantor B. Multicomponent and high entropy alloys. Entropy, 2014, vol. 16 (9), pp. 4749-4768. DOI: 10.3390/
e16094749.

11. Miracle D.B., Senkov O.N. A critical review of high entropy alloys and related concepts. Acta Materialia,
2017, vol. 122, pp. 448-511. DOI: 10.1016/j.actamat.2016.08.081.

12. Gao M.C., Yeh J.-W., Liaw PK., Zhang Y., eds. High-entropy alloys: fundamentals and applications. Cham,
Springer International Publishing, 2016. 524 p. ISBN 978-3-319-27013-5.

13. Zhang W., Liaw P.K., Zhang Y. Science and technology in high-entropy alloys. Science China Materials,
2018, vol. 61 (1), pp. 2-22. DOI: 10.1007/s40843-017-9195-8.

14. Murty B.S., Yeh J.W., Ranganathan S. High entropy alloys. Amsterdam, Elsevier, 2014. 218 p. ISBN
9780128002513.

15. Murty B.S., Yeh J.W., Ranganathan S., Bhattacharjee P.P. High-entropy alloys. Amsterdam, Elsevier, 2019.
374 p. ISBN 978-0-12-816067-1.

16. George E.P., Raabe D., Ritchie R.O. High-entropy alloys. Nature Reviews Materials, 2019, vol. 4, pp. 515—
534. DOI: 10.1038/s41578-019-0121-4.

17. Rogachev A.S. Struktura, stabil’nost’ i svoistva vysokoentropiinykh splavov [Structure, stability and proper-
ties of high-entropy alloys]. Fizika metallov i metallovedenie = The Physics of Metals and Metallography, 2020,
vol. 121, no. 8§, pp. 807-841. DOI: 10.31857/S0015323020080094. (In Russian).

18. Singh S., Wanderka N., Glatzel U., Banhart J. Decomposition in multi-component AICoCrCuFeNi high-
entropy alloy. Acta Materialia, 2011, vol. 59, pp. 182—-190. DOI: 10.1016/j.actamat.2010.09.023.

19. Senkov O.N., Wilks G.B., Scott J.M., Miracle D.B. Mechanical properties of Nb25M025Ta25W25 and
V20Nb20Mo020Ta20W20 refractory high entropy alloys. Intermetallics, 2011, vol. 11, pp. 698—706. DOI: 10.1016/j.
intermet.2011.01.004.

20. Zhang Y., Zhou Y.J., Lin J.P., Chen G.L., Liaw P.K. Solid-solution phase formation rules for multi-component
alloys. Advanced Engineering Materials, 2018, vol. 10 (6), pp. 534-538. DOI: 10.1002/adem.200700240.

21. Klimova M. V. Viiyanie deformatsionno-termicheskoi obrabotki na strukturu i mekhanicheskie svoistva vyso-
koentropiinykh splavov sistemy Co-Cr-Fe-Mn-Ni(Al, C). Diss. kand. tekhn. nauk [Influence of deformation-heat
treatment on the structure and mechanical properties of high entropy alloys of the Co-Cr-Fe-Mn-Ni (Al, C) system.
PhD eng. sci. diss.]. Ekaterinburg, 2019. 151 p.

22. Bashev V.F,, Kushnerev A I Struktura i svoistva vysokoentropiinogo splava CoCrCuFeNiSn_[Structure and
properties of high-entropy CoCrCuFeNiSn_ alloys]. Fizika metallov i metallovedenie = The Physics of Metals and
Metallography, 2014, vol. 115, no. 7, pp. 737-741. DOI: 10.7868/S0015323014040020. (In Russian).

23. Firstov S.A., Gorban’ V.F., Krapivka N.A., Pechkovskii E.P. Novyi klass materialov — vysokoentropiinye
splavy i pokrytiya [New class of materials — high entropy alloys and coatings]. Vestnik Tambovskogo universiteta.
Seriya: Estestvennye i tekhnicheskie nauki = Tambov University Reports. Series: Natural and Technical Sciences,
2013, vol. 18, no. 4-2, pp. 1938-1940.

24. Firstov S.A., Gorban’ V.F., Danilenko N.I., Karpets M.V., Andreev A.A., Makarenko E.S. Thermal stability of
superhard nitride coatings from high-entropy multicomponent Ti—V-Zr-Nb—Hf alloy. Powder Metallurgy and Metal
Ceramic, 2014, vol. 52, pp. 560-566. DOI: 10.1007/s11106-014-9560-z. Translated from Poroshkovaya metallur-
giya, 2013, no. 9-10, pp. 93—102.

25. Oates W.A. Configurational entropies of mixing in solid alloys. Journal of Phase Equilibria and Diffusion,
2007, vol. 28, pp. 79-89. DOI: 10.1007/s11669-006-9008-3.

26. Trofimenko N.N., Efimochkin I.Yu., Bol’shakova A.N. Problemy sozdaniya i perspektivy ispol’zovaniya
zharoprochnykh vysokoentropiinykh splavov [Problems of creation and prospects for the use of heat-resistant high-
entropy alloys]. Aviatsionnye materialy i tekhnologii = Aviation Materials and Technologies, 2018, no. 5, pp. 3-8.

27. Gorban’ V.F., Krapivka N.A., Firstov S.A. Vysokoentropiinye splavy — elektronnaya kontsentratsiya — fazovyi
sostav — parametr reshetki — svoistva svoistva [High-entropy alloys: Interrelations between electron concentration,
phase composition, lattice parameter, and properties]. Fizika metallov i metallovedenie = Physics of Metals and Met-
allography, 2017, vol. 118, no. 10, pp. 1017-1029. DOI: 10.7868/S0015323017080058. (In Russian).

28. Manzoni A., Daoud H., Volkl R., Glatzel U., Wanderka N. Phase separation in equiatomic AICoCrFeNi high-
entropy alloy. Ultramicroscopy, 2013, vol. 163, pp. 184—-189. DOI: 10.1016/j.ultramic.2012.12.015.

29. Otto F., Yang Y., Bei H., George E.P. Relative effects of enthalpy and entropy on the phase stability of equi-
atomic high-entropy alloys. Acta Materialia, 2013, vol. 61 (7), pp. 2628-2638. DOI: 10.1016/j.actamat.2013.01.042.

30. Tong C.-J., Chen Y.-L., Yeh J.-W.,, Lin S.-J., Chen S.-K., Shun T.-T., Tsau C.-H., Chang S.-Y. Microstructure
characterization of AlIxCoCrCuFeNi high-entropy alloy system with multiprincipal elements. Metallurgical and Ma-
terials Transactions.: A, 2005, vol. 36, pp. 881-893. DOI: 10.1007/s11661-005-0283-0.

CM Vol 23 No. 22021



MATERIAL SCIENCE OBRABOTKA METALLOV %

31. Ivchenko M.I., Pushin V.G., Uksusnikov A.N., Wanderka N. Osobennosti mikrostruktury litykh vysokoen-
tropiinykh splavov AICrFeCoNiCu [Microstructure features of high-entropy equiatomic cast AlCrFeCoNiCu al-
loys]. Fizika metallov i metallovedenie = Physics of Metals and Metallography, 2013, vol. 114, no. 6, pp. 561-568.
DOI: 10.7868/S0015323013060065. (In Russian).

32. Takeuchi A., Chen N., Wada T., Yokoyama Y., Kato H., Inoue A., Yeh J.W. Pd, Pt, Cu, Ni, P, high-entropy
alloy as a bulk metallic glass in the centimeter. /ntermetallics, 2011, vol. 19 (10), pp. 1546—-1554. DOI: 10.1016/].
intermet.2011.05.030.

33. Shun T.-T., Chang L.-Y., Shiu M.-H. Microstructure and mechanical properties of multiprincipal component
CoCrFeNiMox alloys. Materials Characterization, 2012. vol. 70, pp. 63—67. DOI: 10.1016/j.matchar.2012.05.005.

34. Cantor B. Stable and metastable multicomponent alloys. Annales de Chimie Science des Matériaux, 2007,
vol. 32 (3), pp. 245-256. DOI: 10.3166/acsm.32.245-256.

35. Tsai M.-H., Yeh J.-W. High-entropy alloys: a critical review. Materials Research Letters, 2014, vol. 2 (3),
pp. 107—123. DOI: 10.1080/21663831.2014.912690.

36. Ivchenko M. V., Pushin V.G., Vanderka N. Vysokoentropiinye ekviatomnye splavy AICrFeCoNiCu: gipotezy
i eksperimental’nye fakty [High-entropy equiatomic AICrFeCoNiCu alloy: hypotheses and experimental data].
Zhurnal tekhnicheskoi fiziki = Technical Physics. The Russian Journal of Applied Physics, 2014, vol. 84, no. 2,
pp. 57-69. (In Russian).

37. Tung C.C., YehJ.W., Shun T.T., Chen S.-K., Huang Y.-S., Chen H.-C. On the elemental effect of AlCoCrCuFeNi
high-entropy alloy system. Materials Letters, 2007, vol. 61 (1), pp. 1-5. DOI: 10.1016/j.matlet.2006.03.140.

38. Wen L.H., Kou H.C., Li J.S., Chang H., Hue X.Y., Zhou L. Effect of aging temperature on microstructure
and properties of AICoCrCuFeNi high-entropy alloy. Intermetallics, 2009, vol. 17 (4), pp. 266—269. DOI: 10.1016/j.
intermet.2008.08.012.

39. Tong C.-J., Chen M.-R., Yeh J.-W., Lin S.-J., Chen S.-K., Shun T.-T., Chang S.-Y. Mechanical performance
of the Al CoCrCuFeNi high-entropy alloy system with multiprincipal elements. Metallurgical and Materials
Transactions: 4, 2005, vol. 36 (5), pp. 1263—1271. DOI: 10.1007/s11661-005-0218-9.

40. Braic V., Vladescu A., Balaceanu M., Luculescu C.R., Braic M. Nanostructured multi-element (TiZrNbH{fTa)C
hard coatings. Surface and Coatings Technology, 2012, vol. 211, pp. 117-121. DOI: 10.1016/j.surfcoat.2011.09.033.

41.Lin M.I,, Tsai M.H., Shen W.H., Yeh J.W. Evolution of structure and properties of multi-component
(AICrTaTiZr)O, films. Thin Solid Films, 2010, vol. 518, pp. 2732-2737. DOI: 10.1016/}.ts£.2009.10.142.

42.Gu J., Zou J., Sun S.-K., Wang H., Yu S.-Y., Zhang J., Wang W., Fu Z. Dense and pure high-entropy metal
diboride ceramics sintered from self-synthesized powders via boro/carbothermal reduction approach. Science China
Materials, 2019, vol. 62 (12). — P. 1898-1909. DOI: 10.1007/s40843-019-9469-4.

43. Chang S.Y., Lin S.Y., Huang Y.C., Wu S.L. Mechanical properties, deformation behaviors and interface
adhesion of (AICrTaTiZr)N multi-component coatings. Surface and Coatings Technology, 2010, vol. 204 (20),
pp- 3307-3314. DOI: 10.1016/j.surfcoat.2010.03.041.

44, Vinnik D.A., Trofimov E.A., Zhivulin V.E., Zaitseva O.V., Starikov A.Yu., Zhil’tsova T.A., Savina Yu.D.,
Gudkova S.A., Zherebtsov D.A., Popova D.A. Tverdofaznyi sintez vysokoentropiinykh kristallov so strukturoi
magnetoplyumbita v sisteme BaO-Fe,0,-TiO,~Al,0,-In,0,-Ga,0,-Cr,O, [Solid-phase synthesis of high-entropy
crystals with the magnetoplumbite structure in the BaO-Fe,0,-TiO,-Al,0,-In,0,~Ga,0,~Cr,0, system]. Vestnik
Yuzhno-Ural skogo gosudarstvennogo universiteta. Seriya: Khimiya = Bulletin of the South Ural State University.
Series: Chemistry, 2019, vol. 11, no. 3, pp. 32-39. DOI: 10.14529/chem190304.

45.Jiang S., Hu T., Gild J., Zhou N., Nie J., Qin M., Harrington T., Vecchio K., Luo J.A. New class of high-
entropy perovskite oxides. Scripta Materialia, 2018, vol. 142, pp. 116-120. DOI: 10.1016/scriptamat. 2017.08.040.

46. Dabrova J., Stygar M., Mikula A., Knapik A., Danielewski M., Mroczka K., Tejchman W., Martin M.
Synthesis and microstructure of the (Co,Cr,Fe,Mn,Ni),0, high entropy oxide characterized by spinel structure.
Materials Letters, 2018, vol. 216, pp. 32-36. DOI: 10.1016/j.matlet.2017.12.148.

47. Velo I.L., Gotor F.J., Alcala M.D., Real C., Cordoba J.M. Fabrication and characterization of WC-HEA
cemented carbide based on the CoCrFeNiMn high entropy alloy. Journal of Alloys and Compounds, 2018, vol. 746,
pp. 1-8. DOI: 10.1016/j.jallcom.2018.02.292.

48. De la Obra A.G., Sayagues M.J., Chicardi E., Gotor F.J. Development of Ti(C, N)-based cermets with
(Co, Fe, Ni)-based high entropy alloys as binder phase. Journal of Alloys and Compounds, 2020, vol. 814, art. 152218.
DOI: 10.1016/j.jallcom.2019.152218.

49. Li Z., Liu X., Guo K., Wang H., Cai B., Chang F., Hong C., Dai P. Microstructure and properties of Ti(C, N)-
TiB,-FeCoCrNiAl high-entropy alloys composite cermets. Materials Science and Engineering: A, 2019, vol. 767,
art. 138427. DOI: 10.1016/j.msea.2019.138427.

Vol. 23 No. 2 2021 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

50. Schuh B., Mendez-Martin F., Volker B., George E.P., Clemens H., Pippan R., Hohenwarter A. Mechanical
properties, microstructure and thermal stability of a nanocristalline CoCrFeMnNi high-entropy alloy after severe
plastic deformation. Acta Materialia, 2015, vol. 96, pp. 258-268. DOI: 10.1016/j.actamat.2015.06.025.

51. Nadutov V.M., Makarenko S.Yu., Volosevich P.Yu. Vliyanie alyuminiya na tonkuyu strukturu i raspredelenie
khimicheskikh elementov v vysokoentropiinykh splavakh AlxFeNiCoCuCr [Effect of aluminum on fine structure
and distribution of chemical elements in high-entropy alloys Al FeNiCoCuCr]. Fizika metallov i metallovedenie =
Physics of Metals and Metallography, 2015, vol. 116, no. 5, pp. 467-472. DOI: 10.7868/S0015323015030092. (In
Russian).

52. Zhang L.J., Guo K., Tang H., Zhang M.D., Fan J.T., Cui P., Ma Y.M., Yu P.F.,, Li G. The microstructure
and mechanical properties of novel Al-Cr-Fe-Mn-Ni high-entropy alloys with trimodal distributions of coherent B2
precipitates. Materials Science and Engineering: A, 2019, vol. 757, pp. 160—171. DOI: 10.1016/j.msea.2019.04.104.

53. Krapivka N.A., Firstov S.A., Karpets M. V., Myslivchenko A.N., Gorban’ V.F. Osobennosti fazoobrazovaniya
i formirovaniya struktury v vysokoentropiinykh splavakh sistemy AlCrFeCoNiCu_(x =0; 0.5; 1.0; 2.0; 3.0) [Features
of phase and structure formation in high-entropy alloys of the AICrFeCoNiCu_system (x=0, 0.5, 1.0, 2.0, 3.0)]. Fizika
metallov i metallovedenie = Physics of Metals and Metallography, 2015, vol. 116, no. 5, pp. 496-504. DOI: 10.7868/
S0015323015030080. (In Russian).

54. GulJ.,NiS., Liu Y., Song M. Regulating the strength and ductility of a cold rolled FeCrCoMnNi high-entropy
alloy via annealing treatment. Materials Science and Engineering: A, 2019, vol. 755, pp. 289-294. DOI: 10.1016/j.
msea.2019.04.025.

55. Senkov O.N., Scott J.M., Senkova S.V., Meisenkothen F., Miracle D.B., Woodward C.F. Microstructure
and elevated temperature properties of a refractory TaNbHfZrTi alloy. Journal of Materials Science, 2012, vol. 47,
pp. 4062—-4074. DOI: 10.1007/s10853-012-6260-2.

56. Tang W.-Y., Yeh J.-W. Effect of aluminum content on plasma-nitrided AlIxCoCrCuFeNi high-entropy alloys.
Metallurgical and Materials Transactions: A, 2009, vol. 40, pp. 1479-1486. DOI: 10.1007/s11661-009-9821-5.

57. Gali A., George E.P. Tensile properties of high- and medium-entropy alloys. Intermetallics, 2013, vol. 39,
pp. 74-78. DOI: 10.1016/j.intermet.2013.03.018.

58. Otto F., Dlouhy A., Somsen Ch., Bei H., Eggeler G., George E.P. The influence of temperature and
microstructure on tensile properties of a CoCrFeMnNi high-entropy alloy. Acta Metallurgica, 2013, vol. 61, pp. 5743—
5755. DOI: 10.1016/j.actamat.2013.06.018.

59.Ma X., Chen J.,, Wang X., Hu Y., Hue Y. Microstructure and mechanical properties of cold drawing
CoCrFeMnNi high entropy alloy. Journal of Alloys and Compounds, 2019, vol. 795, pp. 45-53. DOI: 10.1016/j.
jallcom.2019.04.296.

60. Shaisultanov D.G., Stepanov N.D., Salishchev G.A., Tikhonovskii M.A. Vliyanie termicheskoi obrabotki na
strukturu i tverdost’ vysokoentropiinykh splavov CoCrFeNiMnV _(x = 0.25, 0.5, 0.75, 1) [Effect of heat treatment
on the structure and hardness of high-entropy alloys CoCrFeNiMnV_(x = 0.25, 0.5, 0.75, 1)]. Fizika metallov i
metallovedenie = Physics of Metals and Metallography, 2017, vol. 118, no. 6, pp. 610-621. DOI: 10.7868/
S0015323017060080. (In Russian).

61. Zhang K.B., Fu Z.Y., Zhang J.Y., Shi J., Wang W.M., Wang H., Wang Y.C., Zhang Q.J. Nanocrystalline
CoCrFeNiCuAl high-entropy solid solution synthesized by mechanical alloying. Journal of Alloys and Compounds,
2009, vol. 485, iss. 1-2, pp. L31-L34. DOI: 10.1016/j.jallcom.2009.05.144.

62. Chen W.P,, Fu Z.Q., Fang S.C., Xiao H.Q., Zhu D.Z. Alloying behavior, microstructure and mechanical
properties in a FeNiCrCo, ,Al, , high entropy alloy. Materials and Design, 2013, vol. 51, pp. 854-860. DOIL: 10.1016/j.
matdes.2013.04.061.

63.Ji W., Wang W., Wang H., Zhang J., Wang Y., Zhang F., Fu Z. Alloying behavior and novel properties of
CoCrFeNiMn high-entropy alloy fabricated by mechanical alloying and spark plasma sintering. Intermetallics, 2015,
vol. 56, pp. 24-27. DOI: 10.1016/j.intermet.2014.08.008.

64. Moravcik 1., Cizek J., Zapletal J., Kovasova Z., Vesely J., Minarik P., Kitzmantel M., Neubauer E., Dlouhy I.
Microstructure and mechanical properties of Ni, ;Co, .CrFeTi ; high entropy alloy fabricated by mechanical alloying
and spark plasma sintering. Materials and Design,2017, vol. 119, pp. 141-150. DOI: 10.1016/j.matdes.2017.01.036.

65. Kochetov N.A., Rogachev A.S., Shchukin A.S., Vadchenko S.G., Kovalev I.D. Mekhanicheskoe splavlenie
s chastichnoi amorfizatsiei mnogokomponentnoi poroshkovoi smesi Fe-Cr-Co-Ni-Mn i ee elektroiskrovoe plazmen-
noe spekanie dlya polucheniya kompaktnogo vysokoentropiinogo materiala [Mechanical alloying with partial amor-
phization of Fe-Cr-Co-Ni-Mn multicomponent powder mixture and its spark plasma sintering for compact high-
entropy material production]. Izvestiya vuzov. Poroshkovaya metallurgiya i funktsional 'nye pokrytiya = Universities'

CM Vol 23 No. 22021



MATERIAL SCIENCE OBRABOTKA METALLOV %

Proceedings. Powder metallurgy and functional coatings, 2018, no. 2, pp. 35-42. DOIL: 10.17073/1997-308X-2018-
2-35-42.

66. Prusa F., Senkova A., Kusera V., Capek J., Vojtech D. Properties of high-strength ultrafine-grained CoCrFeN-
iMn high-entropy alloy prepared by short-term mechanical alloying and spark plasma sintering. Materials Science
and Engineering: A, 2018, vol. 734, pp. 341-352. DOI: 10.1016/j.msea.2018.08.014.

67. Alcala M.D., Real C., Fombella I., Trigo 1., Cordoba J.M. Effects of milling time, sintering temperature, Al
content on the chemical nature, microhardness and microstructure of mechanically synthesized FeCoNiCrMn high
entropy alloy. Journal of Alloys and Compounds, 2018, vol. 749, pp. 834—843. DOI: 10.1016/j.jallcom.2018.03.358.

68. Varalakshmi S., Rao G.A., Kamaraj M., Murty B.S. Hot consolidation and mechanical properties of nano-
crystalline equiatimic AlFeTiCrZnCu high entropy alloy after mechanical alloying. Journal of Materials Science,
2010, vol. 45, pp. 5158-5163. DOI: 10.1007/s10853-010-4246-5.

69. Vadchenko S.G., Rogachev A.S., Kovalev D.Yu., Kovalev [.D., Mukhina N.I. TiZrNiCuAl and TiNbNiCuAl
alloys by thermal explosion and high-energy ball milling. International Journal of Self-Propagating High-Tempera-
ture Synthesis, 2019, vol. 28 (2), pp. 137-142. DOI: 10.3103/S1061386219020122.

70. Rogachev A.S., Mukas’yan A.S. Gorenie dlya sinteza materialov: vvedenie v strukturnuyu makrokinetiku
[Combustion for the synthesis of materials: Introduction to structural macrokinetics]. Moscow, Fizmatlit Publ., 2012.
398 p. ISBN 978-5-9221-1441-7.

71. Sanin V.N., Yukhvid V.I., Ikornikov D.M., Andreev D.E., Sachkova N.V.; Alymov M.I. SVS-metallurgi-
ya litykh vysokoentropiinykh splavov na osnove perekhodnykh metallov [SHS metallurgy of high-entropy tran-
sition metal alloys]. Doklady Akademii nauk = Doklady physical chemistry, 2016, vol. 470, no. 4, pp. 421-426.
DOI: 10.7868/S0869565216280124.

72. Shen W.J., Tsai M.-H., Chang Y.-S., Yeh J.-W. Effects of substrate bias on the structure and mechanical
properties of (Al, ;CtNb .Si) ;Ti)N_coatings. Thin Solid Films, 2012, vol. 520, pp. 6183-6188. DOI: 10.1016/j.
ts£.2012.06.002.

73. Dolique V., Thomann A.L., Brault P. High-entropy alloys deposited by magnetron sputtering. [EEE
Transactions on Plasma Science, 2011, vol. 39 (11), pp. 2478-2479. DOI: 10.1109/TPS.2011.2157942.

74. Chang H.W., Huang P.K., Yeh J.W., Davison A., Tsau C.H., Yang C.C. Influence of substrate bias, deposition
temperature and post-deposition annealing on the structure and properties of multi-principal-component (AlCrMoSiTi)
N coatings. Surface and Coatings Technology, 2008, vol. 202, pp. 3360-3366. DOI: 10.1016/j.surfcoat.2007.12.014.

75. Cao Z.H.,MaY.]., Cai Y.P., Wang G.J., Meng X K. High strength dual-phase high entropy alloys with a tunable
monolayer thickness. Scripta Materialia, 2019, vol. 173, pp. 149—153. DOI: 10.1016/].scriptamat.2019.08.018.

76. WeiR., Tao J., Sun H., Chen C., Sun G.W., Li F.S. Soft magnetic Fe,, .Co,, Ni,. Si B,, high entropy metallic
glass with good bending ductility. Materials Letters, 2017, vol. 197, pp. 87-89. DOI: 10.1016/j.matlet.2017.03.159.

77. Tong Y., Qiao J.C., Pelletier J.M., Yao Y. Strong metallic glass: TiZrHfCuNiBe high entropy alloy. Journal of
Alloys and Compounds, 2020, vol. 820, art. 153119. DOI: 10.1016/j.jallcom.2019.153119.

78. Bashev V.F., Kushnerev A.l. Struktura i svoistva litykh i zhidkozakalennykh vysokoentropiinykh splavov
sistemy Al-Cu-Fe-Ni-Si [Structure and properties of cast and splat-quenched high-entropy Al-Cu—Fe—Ni—Si
alloys]. Fizika metallov i metallovedenie = Physics of Metals and Metallography, 2017, vol. 118, no. 1, pp. 42-50.
DOI: 10.7868/S001532301610003X. (In Russian).

79. Firstov S.A., Karpov M.L., Gorban’ V.F., Korzhov V.P., Krapivka N.A., Stroganova T.S. Struktura i
mekhanicheskie svoistva zharoprochnogo kompozita na osnove vysokoentropiinogo splava [The structure and
mechanical properties of heat resistant composite material based of high entropy alloys]. Zavodskaya laboratoriya.
Diagnostika materialov = Industrial laboratory. Materials diagnostics, 2015, vol. 81, no. 6, pp. 28-33. (In Russian).

80. Firstov S.A., Karpov M.I., Korzhov V.P., Gorban’ V.F., Krapivka N.A., Stroganova T.S. Struktura i svoistva
sloistogo kompozita iz vysokoentropiinogo splava s karbidnym i intermetallidnym uprochneniem [Structure and
properties of a laminated composite material made of high-entropy alloy with carbide and intermetallic hardening].
Izvestiya Rossiiskoi akademii nauk. Seriya fizicheskaya = Bulletin of the Russian Academy of Sciences: Physics,
2015, vol. 79, no. 9, pp. 1267-1275. DOI: 10.7868/S0367676515090057. (In Russian).

81. Gasan H., Ozcan A. New eutectic high-entropy alloys based on Co-Cr-Fe-Mo-Ni-Al: design, characterization
and mechanical properties. Metals and Materials International, 2020, vol. 26, pp. 1152—-1167. DOI: 10.1007/s12540-
019-00515-9.

82. Shaisultanov D.G. Struktura i mekhanicheskie svoistva vysokoentropiinykh splavov sistemy CoCrFeNiX
(X=Mn, V, Mn i V, Al i Cu). Diss. kand. tekhn. nauk [Structure and mechanical properties of high-entropy alloys of
CoCrFeNiX system (X = Mn, V, Mn and V, Al and Cu). PhD eng. sci. diss.]. Belgorod, 2015. 142 p.

Vol. 23 No. 2 2021 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

83. Lucas M.S., Wilks G.B., Mauger L., Munoz J.A., Senkov O.N., Michel E., Horwath J., Semiatin S.L.,
Stone M.B., Abernathy D.L., Karapetrova E. Absence of long-range chemical ordering in equimolar FeCoCrNi.
Applied Physics Letters, 2012, vol. 100 (25), art. 251907. DOI: 10.1063/1.4730327.

84. Owen L.R., Pickering E.J., Playford H.Y., Stone H.J., Tucker M.G., Jones N.G. An assessment of the
lattice strain in the CrMnFeCoNi high-entropy alloy. Acta Materialia, 2017, vol. 122, pp. 11-18. DOI: 10.1016/j.
actamat.2016.09.032.

85. Bhattacharjee P.P., Sathiaraj G.D., Zaid M., GattiJ.R., Lee C., Tsai C.-W., Yeh J.-W. Microstructure and texture
evolution during annealing of equiatomic CoCrFeMnNi high-entropy alloy. Journal of Alloys and Compounds, 2014,
vol. 587, pp. 544-552. DOI: 10.1016/j.jallcom.2013.10.237.

86. Gludowatz B., George E.P., Rithie R.O. Processing, microstructure and mechanical properties of the
CrMnFeCoNi high-entropy alloy. JOM, 2015, vol. 67 (10), pp. 2262-2270. DOI: 10.1007/s11837-015-1589-z.

87.He J.Y., Zhu C., Zhou D.Q., Liu W.H., Nieh T.G., Li Z.P. Steady state flow of the FeCoNiCrMn high entropy
alloy at elevated temperatures. Intermetallics, 2014, vol. 55, pp. 9-14. DOI: 10.1016/j.intermet.2014.06.015.

88. Otto F., Dlouhy A., Pradeep K.G., Kubénova M., Raabec D., Eggeler G., Georgea E.P. Decomposition of the
single-phase high-entropy alloy CrMnFeCoNi after prolonged anneals at intermediate temperatures. Acta Materialia,
2016, vol. 112, pp. 40-52. DOI: 10.1016/j.actamat.2016.04.005.

89. Cieslac J., Tobola J., Przewoznik J., Berent K., Dahlborg U., Cornide J., Mehraban S., Lavery N., Calvo-
Dahlborg M. Multi-phase nature of sintered vs. arc-melted CrxAlFeCoNi high entropy alloys — experimental and
theoretical study. Journal of Alloys and Compounds,2019,vol. 801, pp. 511-519. DOI: 10.1016/j.jallcom.2019.06.121.

90. TangY.,WangR.,LiS.,LiuX.,YeY.,ZhuL.,BaiS., Xiao B. Effect of metastability on non-phase-transformation
high-entropy alloys. Materials and Design, 2019, vol. 181, art. 107928. DOI: 10.1016/j.matdes.2019.107928.

91. Wang R., Tang Y., Li S., Zhang H., Ye Y., Zhu L., Ai Y., Bai S. Novel metastable engineering in single-phase
high-entropy alloy. Materials and Design, 2019, vol. 162, pp. 256-262. DOI: 10.1016/j.matdes.2018.11.052.

92. Pacheco V., Lindwall G., Karlsson D., Cedervall J., Fritze S., Ek G., Berastegui P., Sahlberg M., Jansson U.
Thermal stability of the HfNbTiVZr high-entropy alloy. Inorganic Chemistry, 2019, vol. 58, pp. 811-820.
DOI: 10.1021/acs.inorgchem.8b02957.

93. Poulia A., Georgatis E., Mathiou C., Karantzalis A.E. Phase segregation discussion in a Hf . Zr, Ti, Nb .V
high entropy alloy: the effect of the high melting point element. Materials Chemistry and Physics, 2018, vol. 210,
pp- 251-258. DOI: 10.1016/j.matchemphys.2017.09.059.

94. Shim S.H., Oh S.M., Lee J., Hong S.-K., Hong S.I. Nanoscale modulated structures by balanced distribution
of atoms and mechanical/structural stabilities in CoCuFeMnNi high entropy alloys. Materials Science and
Engineering: A, 2019, vol. 762, art. 138120. DOI: 10.1016/j.msea.2019.138120.

95. Yurchenko N.Yu., Stepanov N.D., Grigneva A.O., Michunin M. V., Salishchev G.A., Zherebtsov S.V. Effect of
Cr and Zr on phase stability of refractory Al-Cr-Nb-Ti-V-Zr high-entropy alloys. Journal of Alloys and Compounds,
2018, vol. 757, pp. 403—414. DOI: 10.1016/j.jallcom.2018.05.099.

96. Shahmir H., Nili-Ahmadabadi M., Shafiee A., Andrzejczuk M., Lewandowska M., Langdon T.G. Effect of
Ti on phase stability and strengthening mechanisms of a nanocrystalline CoCrFeMnNi high-entropy alloy. Materials
Science and Engineering: A, 2018, vol. 725, pp. 196-206. DOI: 10.1016/j.msea.2018.04.014.

97. Meng Y.H., Duan F.H., Pan J., Li Y. Phase stability of B2-ordered ZrTiHfCuNiFe high entropy alloy.
Intermetallics, 2019, vol. 111, art. 106515. DOI: 10.1016/j.intermet.2019.106515.

98. Liao M., Liu Y., Min L., Lai Z., Han T., Yang D., Zhu J. Alloying effect on phase stability, elastic and
thermodynamic properties of Nb-Ti-V-Zr high entropy alloy. Intermetallics, 2018, vol. 101, pp. 152-164.
DOI: 10.1016/j.intermet.2018.08.003.

99. Qiu S., Miao N., Guo Z., Zhou J., Sun Z. Local-ordering mediated configuration stability and elastic
properties of aluminum-containing high entropy alloys. Intermetallics, 2019, vol. 110, art. 106474. DOI: 10.1016/j.
intermet.2019.106474.

100. Ikeda Y., Grabowski B., Kérmann F. Ab initio phase stabilities and mechanical properties of multicomponent
alloys: a comprehensive review for high entropy alloys and compositionally complex alloys. Materials
Characterization, 2019, vol. 147, pp. 464-511. DOI: 10.1016/j.matchar.2018.06.019.

101. Laplanche G., Berglund S., Reinhart C., Kostka A., Fox F., George E.P. Phase stability and kinetics of G-phase
precipitation in CrMnFeCoNi high-entropy alloys. Acta Materialia, 2018, vol. 161, pp. 338-351. DOI: 10.1016/;.
actamat.2018.09.040.

102. Ivchenko M.V. Struktura, fazovye prevrashcheniya i svoistva vysokoentropiinykh metallicheskikh splavov
na osnove AICrCoNiCu. Diss. kand. fiz.-mat. nauk [Structure, phase transformations, and properties of high entropy
AICrCoNiCu alloys. PhD. phys. and math. sci. diss.]. Ekaterinburg, 2015. 167 p.

CM Vol 23 No. 22021



MATERIAL SCIENCE OBRABOTKA METALLOV %

103. Karpets M.V., Gorban’ V.F., Myslivchenko O.M., Marchenko S.V., Krapivka M.O. Vliyanie soderzhaniya
nikelya na iznosostoikost’ litogo vysokoentropiinogo splava VCrMnFeCoNix [Effect of the nickel content on the wear
resistance of the cast high-entropy VCrMnFeCoNix alloy]. Sovremennaya elektrometallurgiya = Electrometallurgy
Today, 2015, no. 1, pp. 56—60. DOI: 10.15407/sem2015.01.09.

104. Yeh J.-W. Alloy design strategies and future trends in high-entropy alloys. JOM, 2013, vol. 65 (12), pp. 1759—
1771. DOI: 10.1007/s11837-013-0761-6.

105. Hsu C.-Y., Juan C.-C., Wang W.-R., Sheu T.-S., Yeh J.-W., Chen S.-K. On the superior hot hardness and
softening resistance of AlCoCrxFeMo0.5Ni high-entropy alloys. Materials Science and Engineering: A, 2011,
vol. 528, pp. 3581-3588. DOI: 10.1016/j.msea.2011.01.072.

106. Shun T.-T., Hung C.-H., Lee C.-F. Formation of ordered/disordered nanoparticles in FCC high entropy
alloys. Journal of Alloys and Compounds, 2010, vol. 493, pp. 105-109. DOI: 10.1016/j.jallcom.2009.12.071.

107. Tsai K.-Y., Tsai M.-H., Yeh J.-W. Sluggish diffusion in Co-Cr-Fe-Mn-Ni high-entropy alloys. Acta Materialia,
2013, vol. 61, pp. 4847-4897. DOI: 10.1016/j.actamat.2013.04.058.

108. Zhou Y.J., Zhang Y., Wang Y.L., Chen G.L. Microstructure and compressive properties of multicomponent
Al (TiVCrMnFeCoNiCu),,, . high-entropy alloys. Materials Science and Engineering: A, 2007, vol. 454-455,
pp- 260-265. DOI: 10.1016/j.msea.2006.11.049.

109. Zhou Y.J., Zhang Y., Wang Y.L., Chen G.L. Solid solution alloys of AICoCrFeNiTi_with excellent room-
temperature mechanical properties. Applied Physics Letters, 2007, vol. 90, art. 181904. DOI: 10.1063/1.2734517.

110. Zhou Y.J., Zhang Y., Wang F.J., Wang Y.L., Chen G.L. Effect of addition on the microstructure and mechanical
properties of AICoCrFeNiTi . solid solution alloy. Journal of Alloys and Compounds, 2008, vol. 466 (1-2), pp. 201—
204. DOI: 10.1016/.jallcom.2007.11.110.

111. Alaneme K.K., Bodunrin M.O., Oke S.R. Processing, alloy composition and phase transition effect on the
mechanical and corrosion properties of high entropy alloys: a review. Journal of Materials Research and Technology,
2016, vol. 5 (4), pp- 384-393. DOI: 10.1016/j.jmrt.2016.03.004.

112. Kim D.G., Jo Y.H., Yang J., Choi W.-M., Kim H.S., Lee B.-J., Sohn S.S., Lee S. Ultrastrong duplex high-
entropy alloy with 2 GPa cryogenic strength enabled by an accelerated martensitic transformation. Scripta Materialia,
2019, vol. 171, pp. 67-72. DOI: 10.1016/j.scriptamat.2019.06.026.

113. Ospennikova O.G. Strategiya razvitiya zharoprochnykh splavov i stalei spetsial’nogo naznacheniya,
zashchitnykh i teplozashchitnykh pokrytii [Development strategics of high-temperature alloys and special steels,
protective and thermoprotective coatings]. Aviatsionnye materialy i tekhnologii = Aviation materials and technologies,
2012, no. S, pp. 19-36.

114. Kablov E.N., Petrushin N.V., Svetlov L.L., Demonis .M. Nikelevye liteinye zharoprochnye splavy novogo
pokoleniya [Ni-base casting superalloy of the new generation]. Aviatsionnye materialy i tekhnologii = Aviation
materials and technologies, 2012, no. S, pp. 36-52.

115. Firstov S.A., Gorban’ V.F., Krapivka N.A., Pechkovskii E.P., Danilenko N.I., Karpets M.V. Mekhanicheskie
svoistva litykh mnogokomponentnykh splavov pri vysokikh temperaturakh [Mechanical properties of cast
multicomponent alloys at high temperatures]. Sovremennye problemy fizicheskogo materialovedeniya = Modern
problems of physical materials science, 2009, iss. 18, pp. 140-147.

116. Ma L.Q., Wang L.M., Zhang T., Inoue A. Bulk glass formation on Ti-Zr-Hf-Cu-M (M=Fe, Co, Ni) alloys.
Materials Transactions, 2002, vol. 43, pp. 277-280. DOI: 10.2320/matertrans.43.277.

117. Cheng K.-H., Lai C.-H., Lin S.-J., Yeh J.-W. Structural and mechanical properties of multi-element
(AICrMoTaTiZr)Nx coatings by reactive magnetron sputtering. Thin Solid Films, 2011, vol. 519, pp. 3185-3190.
DOI: 10.1016/j.ts£.2010.11.034.

118. Senkov O.N., Scott J.M., Senkova S.V., Miracle D.B., Woodward C.F. Microstructure and room temperature
properties of a high-entropy TaNbH{ZrTi alloy. Journal of alloys and Compounds, 2011, vol. 509, pp. 043-6048.
DOI: 10.1016/j.jallcom.2011.02.171.

119. Firstov S.A., Rogul’ T.G., Krapivka N.A., Ponomarev S.S., Tkach V.N., Kovylyaev V.V., Norban’ V.F.,,
Karpets M.V. Tverdorastvornoe uprochnenie vysokoentropiinogo splava AITiVCrNbMo [Solid-solution hardening
of a high-entropy AITiVCtNbMo alloy]. Deformatsiya i razrushenie materialov = Russian metallurgy (Metally),
2013, no. 2, pp. 9-16. (In Russian).

120. KaoY.-F.,ChenT.-J.,Chen S.-K., Yeh J.-W. Microstructure and mechanical property of as-cast, -homogenized,
and -deformed AlxCoCrFeNi (0 < x < 2) high-entropy alloys. Journal of Alloys and Compounds, 2009, vol. 488 (1),
pp- 57-64. DOI: 10.1016/j.jallcom.2009.08.090.

Vol. 23 No. 2 2021 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

121. TsaiC.W., TsaiM.H., Yeh J.W., Yang C.C. Effect of temperature on mechanical properties of Al | (CoCrCuFeNi
wrought alloy. Journal of Alloys and Compounds, 2010, vol. 490 (1-2), pp. 160-165. DOIL: 10.1016/.
jallcom.2009.10.088.

122. Kuznetsov A.V., Salishchev G.A., Sen’kov O.N., Stepanov N.D., Shaisultanov D.G. Vliyanie mikrostruktury
na mekhanicheskie svoistva pri rastyazhenii vysokoentropiinogo splava AICoCrCuFeNi [Microstructure influence
on tensile mechanical properties of an AlICoCrCuFeNi high-entropy alloy]. Nauchnye vedomosti Belgorodskogo
gosudarstvennogo universiteta. Matematika. Fizika = Belgorod State University Scientific Bulletin. Mathematics and
Physics, 2012, no. 11, pp. 182-186.

123. He F., Wang Z., Wu Q., Wang J., Liu C.T. Phase separation of metastable CoCrFeNi high entropy alloy at
intermediate temperatures. Scripta Materialia, 2017, vol. 126, pp. 15-19. DOI: 10.1016/j.scriptamat.2016.08.008.

124, Huang Y.-C., Tsao C.-S., Wu S.-K., Lin C., Chen C.-H. Nano-precipitates in severely deformed and low-
temperature aged CoCrFeMnNi high-entropy alloy studied by synchrotron small-angle X-ray scattering. Intermetallics,
2019, vol. 105, pp. 146-152. DOI: 10.1016/j.intermet.2018.12.003.

125. Dahlborg U., Cornide J., Calvo-Dahlborg M., Hansen T.S., Fitch A., Leong Z., Chambreland S., Goodal R.
Srtucture of some CoCrFeNi and CoCrFeNiPd multicomponent HEA alloys by diffraction techniques. Journal of
Alloys and Compounds, 2016, vol. 681, pp. 330-341. DOI: 10.1016/j.jallcom.2016.04.248.

126. Senkov O.N., Zhang C., Pilchak A.L., Payton E.J., Woodward C., Zhang F. CALPHAD-aided development
of quaternary multi-principal element refractory alloys based on NbTiZr. Journal of Alloys and Compounds, 2019,
vol. 783, pp. 729-742. DOI: 10.1016/j.jallcom.2018.12.325.

127. Miracle D.B., Miller J.D., Senkov O.N., Woodward C., Uchic M.D., Tiley J. Exploration and development
of high entropy alloys for structural applications. Entropy, 2014, vol. 16 (1), pp. 494-525. DOI: 10.3390/e16010494.

128. Raturi A., Aditya C.J., Gurao N.P., Biswas K. ICME approach to explore equiatomic and non- equiatomic
single phase BCC refractory high entropy alloys. Journal of Alloys and Compounds, 2019, vol. 806, pp. 587-595.
DOI: 10.1016/j.jallcom.2019.06.387.

129. Menou E., Tancret F., Toda-Caraballo 1., Ramstein G., Castany P., Bertrand E., Gautier N., Rivera Diaz-
Del-Castillo P.E.J. Computational design of light and strong high entropy alloys (HEA): obtainment of an
extremely high specific solid solution hardening. Scripta Materialia, 2018, vol. 156, pp. 120-123. DOI: 10.1016/j.
scriptamat.2018.07.024.

130. Komarov F.F., Pogrebnyak A.D., Konstantitnov S.V. Radiatsionnaya stoikost’ vysokoentropiinykh
nanostrukturirovannykh pokrytii (Ti, Hf, Zr, V, Nb) N [Radiation resistance of high-entropy nanostructured (Ti, Hf,
Zr, V, Nb)N coatings]. Zhurnal tekhnicheskoi fiziki = Technical Physics. The Russian Journal of Applied Physics,
2015, no. 85 (10), pp. 105-110. (In Russian).

131. Tsai M.-H., Wang C.-W., Lai C.-H., Yeh J.-W., Can J.-Y. Thermally stable amorphous (AIMoNbSiTaTiVZr)
50N50 nitride film as diffusion barrier in copper metallization. Applied Physics Letters, 2008, vol. 92, art. 0521009.
DOI: 10.1063/1.2841810.

132. Guo N.N., Wang L., Luo L..S., Li X.Z., Su Y.Q., Guo J.J., Fu H.Z. Microstructure and mechanical properties
of refractory MoNbH{ZrTi high-entropy alloy. Materials and Design, 2015, vol. 81, pp. 87-94. DOI: 10.1016/j.
matdes.2015.05.019.

133. Juan C.-C., Tsai M.-H., Tsai C.-W., Lin C.-M., Wang W.-R., Yang C.-C., Chen S.-K., Lin S.-J., Yeh J.-W.
Enhanced mechanical properties of HfMoTaTiZr and HfMoNbTaTiZr refractory high-entropy alloys. Intermetallics,
2015, vol. 62, pp. 76-83. DOI: 10.1016/j.intermet.2015.03.013.

134. Chen H., Kauffmann A., Gorr B., Schliephake D., Seemiiller C., Wagner J.N., Christ H.-J., Heilmaier M.
Microstructure and mechanical properties at elevated temperatures of a new Al-containing refractory high-
entropy alloy Nb-Mo-Cr-Ti-Al. Journal of Alloys and Compounds, 2016, vol. 661, pp. 206-215. DOI: 10.1016/j.
jallecom.2015.11.050.

135. Zhang Y., Liu Y., Li Y., Chen X., Zhang H. Microstructure and mechanical properties of a refractory
HFNDTiVSi0.5 high-entropy alloy composite. Materials Letters, 2016, vol. 174, pp. 82-85. DOI: 10.1016/j.
matlet.2016.03.092.

136. Gludovatz B., Hohenwarter A., Catoor D., Chang E.H., George E.P., Ritchie R.O. A fracture-resistanz
high-entropy alloy for cryogenic applications. Science, 2014, vol. 345 (6201), pp. 1153—-1158. DOI: 10.1126/
science.1254581.

137. Vinnik D., Zhivulin V., Trofimov E., Starikov A., Zherebtsov D., Zaitseva O., Gudkova S., Taskaev S.,
Klygach D., Vakhitov M., Sander E., Sherstyuk D., Trukhanov A. Extremely polysubstituted magnetic material based
on magnetoplumbite with a hexagonal structure: synthesis, structure, properties, prospects. Nanomaterials (Basel),
2019, vol. 9 (4). DOI: 10.3390/nan09040559.

CM Vol 23 No. 22021



MATERIAL SCIENCE OBRABOTKA METALLOV %

138. Vinnik D.A., Trofimov E.A., Zhivulin V.E., Zaitseva O.V., Zhil’tsova T.A., Repin D.V. Obrazovanie
vysokoentropiinykh oktaedricheskikh kristallov v mnogokomponentnykh oksidnykh sistemakh [Formation of
high-entropy octahedral crystals in multicomponent oxide systems]. Vestnik Yuzhno-Ural skogo gosudarstvennogo
universiteta. Seriya: Khimiya = Bulletin of the South Ural state university. Series: Chemistry, 2019, vol. 11, no. 3,
pp- 24-31. DOI: 10/14529/chem190303.

139. Pullar R.C. Hexagonal ferrites: a reviev of the synthesis, properties and applications of hexaferrite ceramics.
Progress in Materials Science, 2012, vol. 57 (7), pp. 1191-1334. DOI: 10.1016/pmatsci.2012.04001.

140. Vinnik D., Ustinova I.A., Ustinov A.B., Gudkova S.A., Zherebtsov D.A., Trofimov E.A., Zabeivorota N.S.,
Mikhailov G.G., Nieva R. Millimeter-wave characterization of aluminum substituted barium lead hexaferrite single
crystals grown from PbO-B203 flux. Ceramics International, 2017, vol. 17, pp. 15800-15804. DOI: 10.1016/].
ceramint.2017.08.145.

141. Kourov N.I., Pushin V.G., Korolev A.V., Knyazev Yu.V., Kuranova N.N., Ivchenko M.V., Ustyugov Yu.M.,
Vanderka N. Struktura i fizicheskie svoistva bystrozakalennogo iz rasplava vysokoentropiinogo splava AlICrFeCoNiCu
[Structure and physical properties of the high-entropy AICrFeCoNiCu alloy rapidly quenched from the melt]. Fizika
tverdogo tela = Physics of the Solid State, 2015, no. 57 (8) pp. 1579—1589.

142. Chikova O.A., Tsepelev V.S., V’yukhin V.V., Shmakova K.Yu. Kinematicheskaya vyazkost’ zhidkikh
vysokoentropiinykh splavov Cu-Sn-In-Bi-Pb [Kinetic viscosity of molten high entropy alloys Cu—Sn—In—Bi—Pb].
Izvestiya vuzov. Tsvetnaya metallurgiya = Russian Journal of Non-Ferrous Metals, 2015, special issue, pp. 57-60.
DOI: 10.17073/0021-3438-2015-0-57-60. (In Russian).

143. V’yukhin V.V., Chikova O.A., Tsepelev V.S. Poverkhnostnoe natyazhenie zhidkikh vysokoentropiinykh
ekviatomnykh splavov sistemy Cu-Sn-In-Bi-Pb [Surface tension of liquid high-entropy equiatomic alloys of a Cu-
Sn-In-Bi-Pb system]. Zhurnal fizicheskoi khimii = Russian Journal of Physical Chemistry A, 2017, vol. 91, no. 4,
pp. 582-585. DOI: 10.7868/S0044453717040343. (In Russian).

144. Chikova 0O.A., Shmakova K.Yu., Tsepelev V.S. Opredelenic temperatur fazovykh ravnovesii
vysokoentropiinykh metallicheskikh splavov viskozimetricheskim metodom [Determination of the phase equilibrium
temperature of high-entropy alloys by the viscometric method]. Metally = Russian metallurgy (Metally), 2016, no. 2,
pp. 54-59. (In Russian).

145. Chikova O.A., Tsepelev V.S., V’yukhin V.V., Shmakova K.Yu. Proektirovanie tekhnologii polucheniya
vysokoentropiinykh splavov (pripoev) sistemy Cu-Ga-Pb-Sn-Bi [Planning technology for preparing high-entropy
alloys (solders) of the Cu—Ga—Pb—Sn—Bi system]. Metallurg = Metallurgist, 2015, no. 5, pp. 82—86.

146. Gorbachev LI., Popov V.V., Kats-Dem’yanets A., Popov V. ml., Eshed E. Prognozirovanie fazovogo
sostava vysokoentropiinykh splavov na osnove Cr-Nb-Ti-V-Zr s pomoshch’yu CALPHAD-metoda [Prediction of
the phase composition of high-entropy alloys based on Cr—Nb-Ti—V—Zr using the calphad method]. Fizika metallov
i metallovedenie = Physics of Metals and Metallography, 2019, vol. 120, no. 4, pp. 408—416. DOI: 10.1134/
S0015323019040065. (In Russian).

147. Yurchenko N.Yu. Razrabotka i issledovanie vysokoentropiinykh splavov s vysokoi udel 'noi prochnost 'yu na
osnove sistemy Al-Cr-Nb-Ti-V-Zr. Diss. kand. tekhn. nauk [Development and research of high-entropy alloys with
high specific strength based on Al-Cr-Nb-Ti-V-Zr system. PhD eng. sci. diss.]. Belgorod, 2019. 187 p.

Conflicts of Interest

The authors declare no conflict of interest.

© 2021 The Authors. Published by Novosibirsk State Technical University. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).

Vol. 23 No. 2 2021 %



