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CURRENT STATE OF RESEARCH

IN THE FIELD OF HIGH-ENTROPY

ALLOYS’ PRODUCTION IN GLOBAL PRACTICE

Metallic multicomponent high-entropy alloys (HEAs) represent a novel class of ma-
terials, which are currently the focus of extensive research. This article reviews the
evolution of studies in the field of HEAs and identifies potential application areas for
these materials. Recent investigations are discussed, particularly addressing the influ-
ence of various elements on the properties of HEAs with different base compositions,
the formation of their microstructures, and developments in alloy design. The analysis
indicates that HEAs are predominantly manufactured from pure metal powders using
advanced and complex technologies such as plasma sintering and magnetron sput-
tering. To reduce the production costs of HEAs compared to conventional materials,
increasing attention is being directed towards the development of so-called quasi-high-
entropy alloys (QHEAs). The fundamental approach to creating QHEAs is analogous
to that used for HEAs: a multicomponent system comprising at least five elements.
However, strict equiatomic concentrations are not maintained, and requirements for
charge materials and melting processes are considerably relaxed. This strategy en-
hances the commercial viability of QHEAs, while retaining properties comparable to
those of HEAs.
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1. Intfroduction

High-entropy alloys (HEAs) are currently defined as alloys containing at
least five components in either equiatomic concentrations or concentra-
tions ranging between 5% and 35%, according to various sources. The
principle underlying the development of HEAs diverges significantly from
traditional alloy design. Conventionally, new materials are developed by
alloying a principal element forming a matrix with other elements.
Strengthening mechanisms in such alloys are typically based on the forma-
tion of new phases within the matrix.

In contrast, HEAs lack a principal matrix element; each component con-
tributes equally to the formation of the alloys’ structure and properties.

HEAs are produced exclusively from pure metals using technologically
advanced processes, including mechanical alloying, plasma sintering, and
multiple remeltings under protective atmospheres. These complex meth-
ods lead to the high production costs of HEAs, which limit their wide-
spread use and diminish their commercial appeal.

2. Analysis of Global Trends in the HEAs Research

HEAs represent a significant trend in the advancement of structural me-
tallic materials.

Traditionally, new alloys are developed by designing compositions ba-
sed on a primary element, achieving the desired properties through alloy-
ing and subsequent processing. This methodology produces a structure
comprising a matrix embedded with phases of varying origins, composi-
tions, and structures.

By contrast, HEA development employs a fundamentally different ap-
proach. Alloy compositions typically contain at least five components, pre-
ferably in equiatomic proportions or with each element comprising be-
tween 5% and 35% . This results in a unique principle of structure forma-
tion, wherein no single component forms a dominant matrix. The contri-
bution of each element to the overall structure is equivalent and deter-
mined by the alloys’ composition.

The conceptual basis for HEA development is the thermodynamic prin-
ciple of entropy maximisation through the mixing of diverse components.
This process is accompanied by a reduction in free energy, which promotes
the formation of simple, stable structures such as substitutional solid so-
lutions. In most HEAs, a single-phase substitutional solid solution forms
with a simple f.c.c. or b.c.c. lattice [1].

A considerable body of research has been devoted to the development of
HEASs based on various systems. Interest in HEAs stems from their excep-
tional properties, including enhanced strength, corrosion resistance, wear
resistance, and cryogenic performance, which significantly surpass those
of conventional materials.
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The superior properties of HEAs are attributed to the substantial lat-
tice distortions that occur when substitutional solid solutions incorporate
elements with significantly different atomic radii, leading to the enhance-
ment of multiple material characteristics [2].

Studies [1-4] provide comprehensive reviews of HEA development,
properties, and structural characteristics.

Reference [1] offers an extensive overview of HEAs, covering the his-
torical background, thermodynamics, structural classifications, and me-
chanical properties of these alloys. According to Refs. [2, 3], the unique
properties of HEAs are primarily associated with four key effects: the
high entropy effect, the lattice distortion effect, the sluggish diffusion
effect, and the ‘cocktail effect’.

The high entropy effect hypothesises that the enhanced properties of
HEAs arise from increased entropy in multicomponent systems with equi-
atomic compositions or systems containing at least five elements. The en-
tropy of mixing in such systems is considerably higher than that observed
in traditional solid solutions or intermetallic phase formations.

The lattice distortion effect is based on the involvement of atoms of
varying natures that do not conform to conventional rules of solid solu-
tion formation, such as the Hume-Rothery rules.

Figure 1 presents a schematic illustration of atom arrangements and
resultant lattice distortions in both conventional alloys and HEAs.

As shown in Fig. 1, atoms of other elements in conventional alloys are
surrounded by atoms of the solvent element. In contrast, HEAs lack a
dominant component, with atoms of all constituents occupying equivalent
positions, thereby increasing entropy.

Diffusion in HEAs is generally considered to proceed at a sluggish
rate [5]. This hypothesis is supported by observations of stable nanocrys-
talline and amorphous phases forming during HEA solidification.

The term ‘cocktail effect’ was first introduced in Ref. [6] to describe
the properties of various materials, including amorphous metallic glasses
and HEAs. This effect reflects the synergistic enhancement of properties
resulting from the combination of multiple components, yielding superior
properties in the final product compared to those of the individual ele-
ments. The cocktail effect accounts for the concurrent improvements in
strength and ductility observed in HEAs.

Figure 2 depicts variations in thermodynamic parameters, such as
Gibbs free energy and enthalpy, during the formation of regular and sub-
regular solid solutions.

As indicated in Fig. 2, the minimum free energy in regular solutions
corresponds to equiatomic compositions. In subregular solutions, the low-
est free energy and, thus, the most stable phase occur at compositions de-
viating from equiatomic proportions. This phenomenon explains why equi-
atomic concentrations are rarely observed in subregular solutions.
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Fig. 1. Illustration
of atom arrange-
ments in a conven-
tional alloy (a) and
in an HEA (b) [1]
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Fig. 2. Illustration of changes in thermodynamic characteristics during the formation
of regular (a) and subregular (b) solutions [1, 7]

During thermodynamic analyses of HEAs, it is often argued [8—-10]
that the formation of HEAs violates the Gibbs phase rule. However, the
author of Ref. [1] unequivocally demonstrates that the Gibbs rule deter-
mines only the maximum number of phases that can coexist at equilibrium
under specified conditions. In binary systems, equilibrium microstructu-
res are typically observed at room temperature. Single-phase solid solution
regions are considerably larger than, for instance, intermetallic inclusions,
leading to the conclusion that HEAs generally exhibit one or two phases.

In more complex systems such as HEAs, achieving the maximum num-
ber of equilibrium phases predicted by the Gibbs rule is practically im-
probable. Therefore, the actual number of phases observed in HEAs is
usually lower than the theoretical maximum. This does not violate the
Gibbs rule but rather confirms the potential for the formation of phases
other than solid solutions.

Early HEA research posited that their exceptional properties stemmed
solely from solid solutions exhibiting significant lattice distortion yet
maintaining thermodynamic stability. However, recent studies [11-14] have
revealed the presence of additional phases, including intermetallic and
electronic compounds. Furthermore, the greater the number of elements
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present in an HEA, the higher the number of observed phases, aligning with
the predictions of the Gibbs rule.

Studies [1, 3, 4] report on the parameters of over 408 HEAs and pro-
vide a classification based on their compositions. The most common HEAs
typically contain five or six elements, with certain elements frequently
appearing across multiple alloys in this classification.

According to this classification, HEAs can be categorised into seven
groups.

The first group comprises alloys based on d-transition metals. At least
four elements from the set Al, Co, Cr, Cu, Fe, Mn, Ni, Ti, and V are in-
cluded in the HEAs of this group [12, 15, 16—19]. The classic example is
the Cantor alloy [12] based on the CoNiCrFeMn system.

It should be noted that, among the elements commonly found in HEAs,
iron is the most prevalent, followed by manganese. More recent studies
[20, 21] have investigated variants of the Cantor alloy incorporating ad-
ditional elements such as V, Mo, B, and Cu.

Alloys within this system represent the next stage in the evolution of
high-alloy steels, including austenitic, martensitic, and DH-strengthened
steels. These alloys have attracted considerable research interest due to
their potential commercial viability and specific application prospects un-
der certain conditions.

The second group of HEAs is based on refractory metals, including Cr,
Hf, Mo, Ti, V, Ta, W, and Zr [22—-27]. Alloys in this category are reported
less frequently in the literature and, according to Ref. [1], constitute ap-
proximately 7% of the total number of studied HEAs.

This lower prevalence is attributed to factors such as the increased
complexity of fabrication due to the high melting points of the compo-
nents and the reduced availability of the initial elements.

The group of HEAs based on light elements such as Al, Be, Mg, Ti, Zn,
and others is associated with the development of new materials possessing
low density. Research into the properties and development of alloys in this
group includes studies such as [28], which addresses HEAs based on the
AlFeMgTiZn system. As demonstrated by the authors of this study, HEAs
within this system, produced from powder materials through mechanical
alloying, exhibit high hardness and strength combined with low density.

The authors of Ref. [29] investigated the structure of HEAs based on
the AlMgLiZnCu/Sn system and showed that the structure is multiphase,
containing not only a large proportion of disordered solid solution but also
a significant quantity of intermetallic compounds, thereby aligning these
alloys more closely with the structures of conventional alloys.

Alloys of the next group are based on the AICuMnNiSnZn system and
correspond to alloyed bronzes and brasses. The design principle involves
the creation of solid solutions with consideration for equiatomic concen-
tration; therefore, their composition can be expressed by the general for-
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Fig. 3. Classification of HEA structures: (a) by type of phases and (b) by number of
phases [1]

mula Al Sn Zn[CuMnNi], ., [30]. Alloys containing carbon, boron, or nitro-
gen represent a distinct group of HEAs. These elements exert a significant
influence on the alloy structure, particularly the phase composition. This
introduces certain challenges in alloy processing and influences the final
properties. The most thoroughly investigated alloys within this group are
those containing nitrogen [31—-34]. Far less attention has been devoted to
alloys developed according to the HEA principle involving carbon [4, 35].
In Reference [35], multicomponent coatings such as (TiZrNbHfTa)N and
(TiZrNbHfTa)C deposited on a steel substrate were examined. These coa-
tings corresponded to HEA compositions and were produced by sputtering
pure metals in Ar + N, and Ar + CH, atmospheres. The coatings demon-
strated excellent wear and friction resistance, with the carbon-containing
coating exhibiting particularly superior performance.

Studies dedicated to the influence of boron on the properties of HEAs
are relatively few. Noteworthy, contributions include [20, 36]. As repor-
ted in Ref. [20], the increasing boron content in Mo—V-based alloys re-
duced the thermal stability of the amorphous matrix. Additionally, a clear
correlation between microhardness and boron content was identified: a
decrease in hardness by approximately 30 HV was observed in Mo—B al-
loys, while V-B alloys exhibited an increase in hardness from 815 HV to
960 HV as the boron content increased.

The final group of HEAs, according to the classification proposed in
Ref. [1], is based on metals such as Ag, Au, Co, Cr, Cu, Ni, Pd, Pt, Rh,
and Ru. Alloys within this system are primarily intended for catalytic ap-
plications. These alloys have been investigated to a limited extent; among
recent studies is [38], which focused on the development of an alloy with
the composition Cu,,Au,,Pt,,Pd,,. This study aimed to create a porous
structure, aligning with the intended catalytic application.
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A principal issue in the study of HEAs and their structure concerns
the phases that may form within these alloys. Ref. [1] mentions the exist-
ence of 23 distinct crystalline phases that can occur in HEAs. The most
common and, consequently, the most thoroughly studied phases include
solid solutions (SS), solid solutions combined with intermetallics (SS + IM),
and solely intermetallic phases (IM) (Fig. 3). As illustrated in Fig. 3, the
predominant phases in HEAs are disordered solid solutions with either
f.c.c. or b.c.c. lattices, intermetallic phases such as Laves phases, and or-
dered B2-type intermetallic phases. Intermetallic compounds with h.c.p.
structures and other electronic compounds are rare. It should be noted
that the phase distribution analysis conducted in Ref. [1] revealed that the
widely held belief in the predominance of single-phase structures in HEAs
is a misconception. While many HEAs exhibit single-phase microstruc-
tures, a larger proportion of HEAs display two-phase structures, and mul-
tiphase structures are encountered too. Typical single-phase f.c.c. struc-
tures are represented by Cantor alloys, which are HEAs based on d-transi-
tion metal systems. Subsequent studies [3—4, 8, 10] have demonstrated
that alloying with elements such as V, Cu, and Ti offers new opportunities
for favourable phase transformations and, consequently, the potential for
controlling the structure and properties of these alloys.

The methods employed for HEA production are diverse, ranging from
conventional melting to the relatively rare technique of melt spinning.
Common to all methods is the exclusive use of pure metals as charge ma-
terials, with melting and subsequent processing conducted in a protective
atmosphere (e.g., argon) to prevent oxidation. When employing conven-
tional melting techniques, multiple remelting cycles are necessary to
achieve a homogeneous structure. Further processing is utilised to ensure
structural uniformity and to eliminate segregation [41, 42].

Given that many HEAs incorporate refractory metals, mechanical al-
loying in planetary ball mills is frequently used for alloy production. This
process involves grinding pure metal powders down to nanoparticle sizes.
For example, alloys within the FeCoNiXY system, where Cr, V, Hf, and Ti
serve as the XY components, are produced using this approach [43].

Plasma sintering is also widely employed in HEA production. This
method avoids the problems associated with powder adhesion that can oc-
cur during mechanical alloying. Plasma sintering was applied in studies
[44—-46] involving metal powders.

Another advanced method for HEA production is magnetron sputter-
ing [47-49], which enables the formation of HEAs as thin films or coat-
ings applied to substrates. Recent reviews of the current state of research
on HEAs are presented in several sources [560-52].

Particularly, Ref. [560] summarises the latest developments across var-
ious material systems, with a specific focus on laser cladding of functional
coatings exhibiting enhanced wear resistance, corrosion resistance, oxida-
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tion stability, and improved biomedical compatibility. Based on the analy-
sis of microstructure, mechanical properties, and corrosion resistance of
HEAs and laser-cladded coatings derived from conventional alloys, it is
concluded that laser cladding can significantly enhance corrosion resist-
ance, homogenise grain size, increase microhardness, and improve other
material properties.

Reference [51] provides a comprehensive overview of additive manu-
facturing (AM) processes employing HEAs. The review emphasises the
importance of stages such as heat treatment, surface finishing, and post-
processing to achieve the desired material properties and dimensional pre-
cision in components fabricated via AM technologies.

Reference [52] explores the structure of high-entropy solders based on
d-transition metals, including single-phase solid solutions and eutectic
structures compatible with base metals. These materials provide the neces-
sary soldering temperature range, effective wetting performance, and fa-
vourable mechanical properties of the resulting joints. Particular atten-
tion is given to the structural evolution of solder joints using high-entropy
solder, especially under conditions involving concentration gradients and
interfacial diffusion, which promote the formation of high-entropy crys-
talline structures within the soldered zones. A brief analysis of HEA pro-
duction methods and the principal trends in composition and property de-
velopment leads to the following conclusions: in most cases, pure metal
powders are utilised for HEA fabrication; although complex technologies
such as plasma sintering and magnetron sputtering are employed, HEAs
based on d-transition metal systems are of the greatest commercial and
industrial interest; the development of HEAs within d-transition metal
systems represents the next stage in the evolution of high-alloyed steels
and alloys from the austenitic, martensitic-ageing, and DH steel classes;
HEA microstructures may include various phases, such as solid solutions
with f.c.c. or b.c.c. lattices, intermetallic phases including Laves phases,
and electronic compounds; and the thermodynamics of HEAs complies
with the Gibbs phase rule, although the observed number of phases typi-
cally reflects either the minimum possible or a quantity lower than the
theoretical maximum predicted by the Gibbs rule.

3. Current Research on HEAs and Their Applications
3. 1. Influence of Various Elements on the Properties of HEAs

In study [53], a high-entropy amorphous alloy (ZrTiHfNi),,,_,Nb_, was pro-
duced via arc-melting and single-roller melt spinning. As the Nb content
increased, the entropy of the high-entropy amorphous alloys rose gradu-
ally, thermal stability consistently improved, and the crystallisation tem-
perature increased. The Nb20 system exhibited the highest entropy value
and superior thermal stability; however, its glass-forming ability (GFA)
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was weaker than that of the Nb15 system. Due to high entropy, atoms in
high-entropy amorphous alloys diffuse slowly during heating, resulting in
slow crystallisation kinetics and high thermal stability. Furthermore, ow-
ing to the predominance of kinetic over thermodynamic mechanisms, the
amorphous-forming ability of these alloys was reduced.

The aim of the study [54] was to investigate the mechanisms by which
silicon influences the phase composition, microstructure, wear resistance,
and corrosion resistance of high-entropy alloy coatings. CoCrCu, ;FeNiSi,
(x =0, 0.5, 1, 1.5, 2) high-entropy alloy coatings were fabricated on the
surface of AISI 1045 steel using laser cladding technology. Experimental
results indicated that silicon promotes the formation of silicide and b.c.c.
phases. Additionally, silicon addition facilitates grain refinement and a
transition from columnar to equiaxed crystals. The microhardness of the
CoCrCu, ;FeNiSi, coatings increased with silicon content, with the Si, coa-
ting reaching an average microhardness of 389.05 HV,,,, i.e., 2.33 times
higher than the SiO coating (166.77 HV ). As the silicon content rose, the
wear resistance of the coatings improved progressively. The average coef-
ficient of friction decreased from 0.9499 to 0.6285, while the wear rate
reduced from 0.02913 mmi/(Nxm) to 0.0146 mmi/(N xm). The principal
wear mechanisms identified were adhesive, abrasive, and oxidative wear.
Silicon addition also enhanced the corrosion resistance of the coatings.

High-entropy FeCrCoNi alloys have attracted considerable attention
due to their favourable properties at ambient and low temperatures; how-
ever, their relatively low yield strength constrains broader application
[65]. Few investigations have addressed high-entropy alloys with non-
equiatomic ratios. The authors examined the effects of incorporating 5
wt.% titanium carbide (TiC) ceramic particles on the microstructure, me-
chanical properties, and tribological characteristics of Fe,,Cr,,Co,Ni,,
high-entropy alloys. The addition of TiC substantially altered the alloys’
phase structure, transforming it from a single f.c.c. solid solution to a
composite comprising f.c.c. solid solution and TiC particles. The micro-
structure evolved from a uniform columnar crystal structure to a compo-
site incorporating columnar dendrites, cellular dendrites, and unmelted
TiC particles. Notably, this transformation significantly enhanced the me-
chanical properties: yield strength increased from 203 MPa to 254 MPa (a
25.1% improvement), while tensile strength rose from 542 MPa to 635
MPa (a 17.2% improvement).

In Reference [56], five refractory high-entropy nitride (RHEAN) coat-
ings based on (VNbMoTaWTiAl)N with varying chemical compositions of
Ti and Al were fabricated using high-power impulse magnetron sputtering
(HiPIMS). The effects of varying atomic percentages of Ti and Al on the
chemical composition, phase structure, microstructure, mechanical prop-
erties, and corrosion resistance of the RHEAN coatings were investigated.
The study demonstrated that all coatings exhibited amorphous structures
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due to the strong ion bombardment effect from the high-energy HiPIMS
plasma. The crystalline structures of the coatings were disrupted and
transformed into amorphous phases by the high-energy ion bombardment.
Altering the input power to the TiAl target changed the film thickness,
chemical composition, mechanical properties, and corrosion resistance of
the coatings. The coating with Ti, Al, and N ratios of 1.2, 0.9, and 1.0,
respectively, exhibited the highest hardness of 14.6 GPa and corrosion
resistance 6.33 times greater than that of pure 304 stainless steel, making
it a potential candidate for use in highly corrosive environments.

High-entropy alloys with the composition FeCrMnAl Cu (where x = 0,
0.1, 0.25, 0.5, 0.75, and 1.0) were synthesised using vacuum arc melting
followed by casting into copper moulds [567]. The effects of varying alu-
minium content on the microstructure and mechanical properties of these
alloys were systematically studied. The microstructural development and
properties of FeCrMnAl Cu high-entropy alloys under uniaxial tension
were also explored through molecular dynamics simulations. Experimental
results indicated that as the aluminium content increased from 0 to 1.0,
the alloys’ phase structure before and after tensile testing comprised f.c.c.
and b.c.c. phases. Specifically, the proportion of the b.c.c. phase increased
after tensile testing, while the dendritic regions expanded and the inter-
dendritic regions decreased. The tensile strength declined by 70.44%, and
elongation decreased by 87.14% as the aluminium content increased from
0 to 1.0.

In Reference [58], high-entropy cemented carbides (HECC)
(WMoNbVTa)C—Co and (WMoNbV)C—Co were developed using thermody-
namic calculations, ball milling, and gas pressure sintering. Microstructural
observations revealed that Ta-doped HECC exhibited finer grain size in
the high-entropy carbide (HEC) matrix, fewer precipitated tungsten car-
bide (WC) particles, and a thinner VMo-rich segregation layer at HEC
grain boundaries compared to the Ta-free counterpart. This suggests that
Ta enhances the stability of both the HEC matrix and the HECC. The in-
terfaces between the Co-rich interlayer, VMo-rich interlayer, and the HEC
matrix were coherent in the Ta-doped HECC, whereas incoherent inter-
faces were observed in the Ta-free HECC. Consequently, the Ta-alloyed
HECC demonstrated improved hardness, fracture toughness, and trans-
verse rupture strength compared to its Ta-free equivalent.

Alloys that combine high strength and ductility with cost-effective-
ness are continuously sought after for industrial applications. In study
[59], a two-phase high-entropy alloy Fe,,Mn,,Cr,,Ni,,Al,Si; (at.%) was de-
veloped, exhibiting a tensile strength of 1060 MPa and an elongation of
26% . The precipitation of a B2-Ni(Al,Mn) phase was utilised to strength-
en the alloy, while the combination of soft and hard phases provided sub-
stantial work-hardening capability. A dual heterogeneous structure com-
prising partially recrystallized and precipitated phases effectively over-
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came the typical strength—ductility trade-off at room temperature. For
these heterogeneous structures, the rule of mixtures was applied to calcu-
late flow stress, identifying additional strengthening contributions from
dislocation hardening, dispersion hardening, and back-stress hardening.

In study [60], a detailed analysis was conducted on the evolution of the
microstructure and mechanical properties of a series of high-entropy alloys
(HEAs) of the Cu,CoCrNiAl system to evaluate the effect of copper con-
tent. The results indicated that as the copper content increased, the phase
structure changed from f.c.c.1 + f.c.c.2 (AlCu) + b.c.c. to a single f.c.c.
phase. With increasing Cu content from 20% to 80%, the alloys’ hardness
decreased from 515 HV to 135 HV, while the tensile strength dropped
from 1335 MPa to 524 MPa. The fracture mechanism transitioned from a
mixed brittle—ductile mode to a fully ductile mode. Consequently, the
Cu,CoCrNiAl HEA (CA50) demonstrated superior mechanical properties,
with hardness, yield strength, tensile strength, and elongation measured
at 321 HV, 556 MPa, 846 MPa, and 16.4%, respectively.

Structural materials for fusion reactors must possess both high radia-
tion resistance and high-temperature mechanical properties, while also
satisfying low activation requirements due to nuclear waste management
considerations. Study [61] examined a previously developed phase-struc-
tured HEA, FeMnCrTi,,, which exhibited excellent room-temperature me-
chanical properties surpassing those of current low-activation materials
and most HEAs. This study focused on the alloys’ high-temperature me-
chanical behaviour and radiation resistance. The alloy demonstrated a
yield strength exceeding 1000 MPa and a fracture strain greater than
25% at 650 °C. It was established that the alloy possesses favourable high-
temperature mechanical properties and high radiation resistance, indica-
ting its potential for use in fusion reactors and other high-temperature,
high-radiation environments.

Shape memory alloys are known to exhibit the elastocaloric effect by
utilising latent heat associated with stress-induced martensitic transfor-
mation, making them suitable for solid-state refrigeration applications. In
study [62], a novel boron-alloyed high-entropy shape memory alloy,
(Ti,;Zr, Hf . Ni,.Cu,)o B, 4» Was developed. This alloy leveraged the severe
lattice distortion inherent to the high-entropy concept, along with boron
addition to enhance mechanical properties. A large elastocaloric effect was
achieved, with a maximum stress-induced temperature change of up to
17.1 K over a broad temperature range from 233 K to 473 K, surpassing
the performance of most known elastocaloric materials.

The effect of titanium content on refractory high-entropy alloys
(RHEAs) Ti,VNbMo (x = 0.5, 1.0, 1.5, 2.0) was studied using both experi-
mental and theoretical methods, focusing on phase composition, micro-
structure, and mechanical properties [63]. All Ti VNbMo RHEAs exhibit-
ed a single-phase b.c.c. solid solution structure, with the lattice parameter
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increasing as the Ti content rose. Thermodynamic and kinetic stability
were confirmed through analyses of formation enthalpy, cohesive energy,
and phonon spectra. Increasing Ti content led to gradual reductions in
hardness, yield strength, and elastic modulus, while all alloys displayed
anisotropic behaviour. The Ti2.0 alloy exhibited the best ductility, where-
as the Ti0.5 alloy showed the highest specific yield strength.

Study [64] explored the effect of chromium addition on the structure,
microstructure, and corrosion properties of high-entropy alloys
(FeCoNi), ,sCu, ,5_,Cr (x = 0, 0.05, 0.1, 0.15, 0.2, 0.25), produced using
vacuum arc melting. X-ray diffraction and field emission scanning elec-
tron microscopy coupled with energy-dispersive spectroscopy were em-
ployed for characterisation. Experimental results indicated that chromium
significantly improved both uniform and pitting corrosion resistance.
Passive current density and the passive potential range increased notably
with Cr addition, reaching 0.7 pA/cm? and 1156 mV, respectively, at 25 at.%
Cr in 1 M H,SO,. This improvement was attributed to the development of
a more homogeneous microstructure and the elimination of microsegrega-
tion in the f.c.c. matrix, facilitating the formation of a protective chro-
mium oxide/hydroxide layer.

The influence of nickel content on corrosion resistance was studied in
Ref. [65]. Corrosion behaviour in non-equiatomic CoCr, FeTi, ,Ni_ (x =1,
2, 3, 4) HEAs was evaluated in a 3.5% NaCl solution by controlling pre-
cipitated phase amounts via varying Ni content. Electrochemical tests
showed that CoCr, ;FeTi, ,Ni, exhibited the best corrosion resistance (£, =
=-247 mVAg/AgCl, I = 63.7 nA/cm?. Corrosion mechanisms were ana-
lysed by combining elemental distribution and corrosion morphology. As Ni
content decreased, the alloys’ microstructure transitioned from f.c.c. + L1,
phases (in CoCr, FeTi, ,Ni, and CoCr, FeTi, ,Ni,) to f.c.c. + L1, + n phases
(in CoCr, ;FeTi, ,Ni, and CoCr, FeTi, ,Ni,).

In study [66], a trace amount of scandium (1 at.% ) was added to a light-
weight high-entropy alloy (LHEA) system composed of Al-Li—Mg-Zn—Cu.
It was found that minor alloying with scandium resulted in the formation
of a new strengthening precipitate phase (Al,;Sc), which effectively sup-
pressed grain growth, reducing the average grain size of Al Li.Mg.Zn Cu,
from 548.2 to 28.4 ym, significantly refining the grain structure. The ad-
dition of scandium not only improved the mechanical properties of the
high-entropy alloy but also enhanced its corrosion resistance. Scandium
contributed to the development of an additional passive film during the
corrosion process. To optimise the properties of the Al; Li.Mg.Zn.Cu,Sc,
high-entropy alloy, the distribution and size of the precipitate and matrix
phases were controlled through heat treatment. After ageing at 400 °C
for 1 hour, the tensile and compressive strengths at room temperature
increased by 68.8% and 63.4%, respectively, compared to the as-cast
condition.
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In study [67], the Nb, Mo, Ta, W _(x =10, 17, 25, 33, and 40) system
was investigated to examine the effect of tungsten content on high-tem-
perature creep resistance. Using molecular dynamics (MD) and Monte Carlo
(MC) simulations, the creep deformation behaviour and atomic mecha-
nisms of NbMoTaW alloys with varying tungsten content under creep
loading were analysed. The results indicated that higher tungsten content
enhanced the solute drag effect, thereby increasing creep resistance at ele-
vated temperatures. Furthermore, Monte Carlo exchanges increased the
tungsten content within the grains, further improving high-temperature
creep resistance.

Molybdenum is a critical strengthening element in refractory high-
entropy alloys (RHEAs). However, due to Mo high melting point, produ-
cing alloys with uniform elemental distribution can be challenging. In
study [68], 3D printing, also known as laser additive manufacturing
(LAM), was utilised to fabricate RHEAs in the TiZrVNDbAI system with
varying Mo contents. The high temperature and strong convection in the
melt during the LAM process facilitated a uniform distribution of ele-
ments. As the Mo content increased, the solid—-liquid temperature interval
widened, promoting the formation of fine equiaxed grains and reducing
the average grain size.

A nanocrystalline high-entropy alloy AlCoCrCuFeNi with 1 at.% yt-
trium was synthesised by mechanical alloying, and its microstructural sta-
bility was studied up to 1173 K (0.75T ) [69]. Lattice parameter analysis
after milling revealed a dual-phase structure, with copper and chromium
identified as the host lattices for the f.c.c. (0.862 nm) and b.c.c. (0.288
nm) phases, respectively. The fraction of the f.c.c. phase was observed to
increase monotonically with annealing temperature. The addition of yt-
trium helped stabilise the average grain size at approximately 31 nm after
annealing at 1173 K and preserved 82% of the hardness (=8.56 + 0.3 GPa)
achieved in the ball-milled base alloy.

In study [70], composites based on the high-entropy alloy ZrC/
AlCoCrFeNi were produced by incorporating zirconium carbide (ZrC) into
AlCoCrFeNi using spark plasma sintering. The influence of ZrC addition
on microstructure, mechanical properties, and wear resistance was evalu-
ated. The introduction of ZrC particles significantly refined the grain
structure of the HEA matrix. At the ZrC content of 5 wt.%, the particles
were uniformly distributed throughout the matrix. As the ZrC content
increased, the coefficient of friction initially rose and then declined. The
wear mechanism transitioned from adhesive and fatigue wear to abrasive
and oxidative wear. Cross-sectional wear analysis showed that the oxide
layer in the composite was thicker than in the HEA alone, with noticeable
cavities present at the bottom of wear pits in the HEA but absent in the
composite. This indicated that the addition of ZrC significantly enhanced
the composite’s wear resistance.

768 ISSN 1608-1021. Prog. Phys. Met., 2025, Vol. 26, No. 4



Current State of Research in the Field of High-Entropy Alloys’ Production

In study [71], high-entropy alloy coatings CoCrMoNb(TiC), with vary-
ing TiC content were fabricated using laser cladding technology. The in-
fluence of TiC content on the coatings’ microstructure and mechanical
properties was assessed. The tribological properties of CoCrMoNb(TiC), ..,
coatings were evaluated over temperatures ranging from room temperatu-
re to 800 °C. Results showed that the coatings primarily consisted of b.c.c.,
f.c.c., and a small amount of Laves phases. The addition of TiC introduced
new compounds such as Cr,C, and NbC. As the TiC content increased, the
skeleton-like structure gradually bonded and fused, leading to a denser
microstructure. The CoCrMoNb(TiC), ;, coating exhibited the highest mi-
crohardness of 938 HV,, and excellent wear resistance (1.6-10° mm?3/
(N-m)) at room temperature, attributed to a synergistic effect of solid
solution strengthening, fine-grain strengthening, and dispersion strength-
ening by hard phases like TiC, Cr,C,, and NbC. This coating also demon-
strated the best tribological properties at 800 °C, primarily due to the
formation of a dense-glaze layer composed of Cr,0,, Co,0,, Nb,O;, and
other oxides on the worn surface, which effectively reduced friction and
enhanced wear resistance.

Eutectic high-entropy alloys (EHEAs) such as AlCoCrFeNi, , show con-
siderable potential for high-temperature applications due to their two-
phase lamellar structure [72]. This study examined the high-temperature
oxidation behaviour and scaling mechanisms of three EHEAs: AlCoCrFeNi, ,
(EHEA), Y-Hf EHEA, and Pt—-Y-Hf EHEA. It was observed that the ox-
ide formed on the AlCoCrFeNi,, EHEA spalled over a large surface area
following short-term oxidation. Diffusion-induced voids accumulated at
the oxide/alloy interface, causing spallation of the oxide under thermal
stress. In contrast, the Y-Hf EHEA and Pt—-Y—Hf EHEA formed continu-
ous and adherent Al,O, scales. Internal oxidation of the reactive elements
Y and Hf was observed in the Y-Hf EHEA, leading to rapid growth of
surrounding oxides. The addition of platinum in the Pt-Y-Hf EHEA sup-
pressed the over-alloying effect of Y and Hf, resulting in the formation of
a more homogeneous and protective a-Al,O, scale.

3.2. Medium-Entropy Alloys

Medium-entropy alloys (MEAs) typically consist of three principal ele-
ments in equal atomic proportions, and their mixing entropy lies between
that of conventional alloys and HEAs.

For example, the CoCrNi alloy (MEA) exhibits superior mechanical
properties compared to the CoCrFeNi MEA and the CoCrFeMnNi high-en-
tropy alloy, which possess similar microstructures, primarily due to its
lower stacking fault energy [73]. Neutron diffraction results reveal sig-
nificant differences in lattice strain evolution among the three alloys,
with the CoCrNi MEA displaying the highest dislocation density, particu-
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larly during the later stages of deformation. The more active dislocation
movements in the CoCrNi MEA contribute to its enhanced ductility com-
pared to the CoCrFeNi MEA and the CoCrFeMnNi HEA.

In study [74], strong interfacial bonding was achieved through solid
solution strengthening and secondary phase reinforcement using FeCoNiCr
medium-entropy alloy (MEA) particles fabricated by spark plasma sinter-
ing (SPS). Experimental results showed that the boundary layer consists
of a multilayer f.c.c. solid solution and an c-phase structure formed by the
interaction between FeCoNiCr and the TijAl,V matrix, as well as micro-
structural features such as stacking faults and twins. The tensile strength,
yield strength, and hardness of the composites improved with increasing
MEA content.

In study [75], a refractory medium-entropy alloy based on Ta—W rein-
forced with carbide was fabricated by spark plasma sintering. It was demon-
strated that the alloy possesses high compressive ductility at room tem-
perature and exhibits high strength at elevated temperatures. The micro-
structure of this alloy consists of a b.c.c. matrix with M,C carbides, with-
in which nanoscale HfO, particles are dispersed. The M,C carbides have a
micron-scale size, with metallic matrix interlayers situated between them.
The presence of carbides significantly enhances the high-temperature
strength of the alloy, resulting in yield strength of 352 MPa and a com-
pressive strength of 426 MPa at 1750 °C.

Study [76] investigated the effect of grain size on the corrosion resist-
ance of TiZrNb medium-entropy alloys (MEAs) in physiological saline so-
lution (0.9 wt.% NaCl solution). The results indicate that the corrosion
resistance of TiZrNb decreases as the grain size decreases. This deteriora-
tion in corrosion resistance can be attributed to the synergistic effect be-
tween defect accumulation and grain refinement caused by surface me-
chanical attrition treatment (SMAT).

Study [77] focused on the development of a low-friction coating material
using a ternary medium-entropy alloy comprising lead (Pb), tin (Sn), and
copper (Cu). The alloy investigated in this study was fabricated by induc-
tion melting. It was found that stable Pb—Sn phases enriched with Pb and
Cu—Sn phases formed. The average microhardness was 25.3 = 13.61 HV,
which is suitable for coating applications. Corrosion tests conducted in a
3.5 wt.% NaCl environment revealed the formation of a stable passive layer.

3.3. Design of HEAs

Study [78] presents a method for adjusting cross-scale heterostructures in
HEAs and provides design recommendations for CoCrNi-based HEAs with
high strength, high ductility, and excellent antioxidant properties. High-
entropy alloys with a single-phase f.c.c. structure are widely used as struc-
tural materials due to their excellent plasticity and ductility. However,
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the strength and oxidation resistance of single-phase f.c.c. alloys remain
insufficient. Conventional methods for increasing strength often reduce
ductility, making them unsuitable for practical use. This study proposes a
strategy for preparing Al CoCr,NiV,, alloys based on CoCrNi, characte-
rised by unequal atomic ratios and high entropy, incorporating aluminium
and vanadium. In each alloy composition, short-range order was observed,
varying in size and crystal plane families. At the aluminium content of x =
0.85, both f.c.c. and b.c.c. dual phases were present in the alloy. The het-
erogeneous structure and presence of dual phases significantly enhanced
the strength and oxidation resistance of the HEA at high temperatures.
The yield strength of the HEA increased from 235 MPa to 974 MPa, while
the oxide layer thickness decreased from 37.5 to 8.3 um, representing a
reduction of 77%.

In study [79], various thermodynamic parameters were calculated, and
their dependencies on the content of alloying elements were established.
The alloying limits of the experimental alloys were determined in accord-
ance with the criteria defined for high-entropy alloys (HEAs). Melting
temperatures were calculated, and the liquidus domain of the NiCoCrAl-
(Ti,Nb) system was delineated.

In study [80], the temperature dependence of the propagation velocity
and attenuation of plane-polarised ultrasonic waves at a frequency of 50 MHz
in the high-entropy alloy Al, ,CoCrCuFeNi was investigated using ultra-
sonic spectroscopy over the temperature range of 77-300 K. The aniso-
tropy of the alloys’ acoustic properties was found to be attributable to
growth texture. A significant level of ultrasonic wave attenuation was
also observed.

In study [81], theoretical guidelines are proposed for the design of
high-performance lightweight refractory high entropy alloys. The occupa-
tion of oxygen atoms in interstitial sites within HEAs demonstrates site
preferences, thereby affecting the alloy properties. First-principles calcu-
lations were used to investigate the physical origins of local site prefer-
ences for oxygen in the HEA Ti,Zr, ,NbVAI,.. The results show that for-
mation energies are closely correlated with the coordinating atoms in the
interstitial environment. Interstitial oxygen tends to occupy coordination
environments rich in Ti and Zr, which does not favour the stabilisation of
Al coordination environments. This local site preference primarily depends
on the amount of charge transfer and lattice distortion, which drives in-
terstitial oxygen to occupy Ti- and Zr-rich environments. Conversely, min-
imal charge transfer between Al and oxygen hinders the solid solution of
interstitial oxygen.

The use of multiple elements in alloying offers promising opportuni-
ties for developing new alloys from multicomponent scrap and electronic
waste, reducing dependence on critical metals and highlighting the need
for advanced data generation methods. Given the vast potential offered by
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this multicomponent raw material, modelling and Al-based tools are es-
sential for efficiently exploring and optimising new alloys, supporting
sustainable progress in metallurgy [82]. These advances require a reima-
gined alloy design framework, emphasising reliable data acquisition, alter-
native design parameters, and advanced computational tools compared to
traditional composition-focused methodologies.

Partially recrystallized precipitation-strengthened HEAs have demon-
strated high mechanical properties with yield strengths up to 2 GPa.
However, the recrystallization kinetics of precipitation-strengthened
HEAs is not well understood due to the complex interactions between pre-
cipitation and recrystallization. The authors [83] report anomalous recrys-
tallization behaviour in precipitation-strengthened HEAs, where the re-
crystallization kinetics at 600 °C is faster than at 800 °C. Moreover, the
recrystallization period at 800 °C is significantly shorter than at 600 °C.
Through comparative analysis, the anomalous recrystallization kinetics
were attributed to a delayed pinning effect caused by slow precipitation
kinetics at 600 °C, while the shortened recrystallization period at 800 °C
was due to a high nucleation rate of recrystallization through particle-
stimulated nucleation.

The growing demand for lightweight, high-performance materials in
modern structural applications drives research into developing new alloys
with low density and high entropy, as well as shape memory alloys. Study
[84] focuses on the development and characterisation of a non-equiatomic,
low-density, multiphase alloy (Ti Al V),,(Ni + Co),,. The alloy exhibits an
improved microstructure, significantly reduced density of approximately
5.2 g/em® (lower than conventional Ni-based shape memory alloys and
other low-density HEAs) and excellent mechanical properties, including
high compressive yield strength.

Study [85] examines as-cast, homogenised, and aged states with pre-
cipitation properties of alloys Co Cr Fe Nig, ,.V,, . in a low-entropy alloy
(x =1, 2, and 5) and a high-entropy alloy (x = 10, 15, and 20). After solu-
tion treatment, the phase stability of the six alloys was individually com-
pared, and the formation of c-phase was comprehensively calculated and
predicted using valence electron concentration (VEC) parameters and
paired o-phase forming elements (PSFE), resulting in a structure contai-
ning both f.c.c. and o-phases. As vanadium content increased beyond the
solid solution criteria in the high-entropy alloys, the homogenised and
aged states precipitated o-phases. It was observed that for low-entropy al-
loys, the activation energy increased with rising configurational entropy.
Conversely, for high-entropy alloys, the influence of entropy decreased,
while the effect of sluggish diffusion became more pronounced.

In study [86], a framework for material design combining solid solu-
tion strengthening with machine learning (ML) was proposed. The frame-
work integrates two approaches: (1) a machine learning method using
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Gaussian process regression (GPR) with forward/backward selection and
Yeo—Johnson transformation, and (2) a heuristic approach employing sym-
bolic transformation (ST) to derive interpretable descriptors. SHapley
Additive exPlanations (SHAP) analysis identified activation energy barri-
ers, mixing entropy, and volume mismatch as critical physical character-
istics. The ST algorithm further highlighted a three-term descriptor: an
enthalpy element, a heavy element mass component, and a correction fac-
tor, achieving a Pearson correlation of 0.86. Based on the solution pro-
posed by the constructed Gaussian regression model, five compositions in
the ZrTiNbTaV system were fabricated, and their microstructure and me-
chanical properties were tested. The model demonstrated reliable generali-
sation for various HEA systems, showing <15% deviation in yield strength
predictions.

In study [87], the behaviour of HEAs and single-layer graphene-ad-
sorbed high-entropy alloys (Gr/HEA) during nanoscratching was investi-
gated using molecular dynamics modelling. Analysis of surface morpholo-
gy, tribological properties, and stress distribution revealed a significant
influence of the graphene layer on the tribological behaviour of HEAs
during scratching. The results showed that the HEA exhibited stronger
surface plastic deformation, higher transverse force (¥.), lower normal
force (F,), and a higher coefficient of friction compared to Gr/HEA.
Additionally, the stress distribution region in the HEA was significantly
larger, with higher stress concentration. The graphene layer effectively
enhanced the tribological properties of the HEA through lubrication
mechanisms, stress damping, and load distribution. This study provides
a theoretical basis for applying graphene as a surface modification layer
for HEAs.

Study [88] demonstrates the feasibility of developing multicomponent
high-entropy filler materials for brazing based on the NiCoCrPdGe sys-
tem. This was achieved using computational methods, binary phase dia-
grams, and classical Hume-Rothery rules for solid solution formation.

Study [89] utilised molecular dynamics modelling to investigate the
femtosecond laser ablation process of the CrCoFeMnNi HEA, focusing on
changes in internal microstructure, temperature, stress, and mechanical
properties. The results showed that increasing the laser energy density led
to a substantial rise in both temperature and stress within the lattice
structure. At a fixed pulse width, higher laser energy densities correlated
with elevated lattice temperatures and accelerated cooling rates, high-
lighting the pronounced impact of laser energy on thermal dynamics. In
contrast, the effect of pulse width on temperature relaxation time was
comparatively minimal. When the temperature at the laser focus exceeded
5000 K, the morphology of the high-temperature region aligned with the
laser beam, demonstrating that femtosecond lasers exhibited minimal
thermodiffusion effects.
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In study [90], first-principles calculations were used to investigate the
maximum hydrogen storage capacity of two HEAs: VNbTaTi and
VNbTaTiAl. Based on the binding energy calculations of the high-entropy
hydrides, it was found that hydrogen atoms predominantly occupied octa-
hedral interstitial sites in b.c.c. structures and tetrahedral interstitial
sites in f.c.c. structures. The VNbTaTi and VNbTaTiAl hydrides, both ini-
tially b.c.c., transformed into f.c.c. structures at hydrogen-to-metal ratios
(H/Me) of 1.17 and 1.27, respectively. As the hydrogen content increased,
the stability of the b.c.c. hydride decreased, while the stability of the
f.c.c. hydride increased. Radial distribution function calculations indicat-
ed that, after the phase transition, hydrogen atoms in both hydrides were
more orderly arranged. The thermodynamic and dynamic stability of the two
HEA hydrides was assessed. Results indicated that VNbTaTiAl had a high-
er maximum hydrogen storage capacity (2.46 wt.% ) than VNbTaTi (2.01—
2.12 wt.%), highlighting its potential for hydrogen storage applications.

Rapid melt quenching to produce metastable or amorphous phases is a
promising method for developing new high-strength and corrosion-resist-
ant HEA materials [91]. In the present study, the effect of rapid quench-
ing on the phase formation process of the Zr—Al-Ni—Co—Cu HEA was in-
vestigated. Samples of the Zr,Al, Ni.Co,,Cu,, alloy were produced using
conventional arc melting under an argon protective atmosphere. Rapidly
quenched samples in the form of cylindrical rods with a diameter of 3 mm
were obtained from the alloy ingots by vacuum casting into a copper
mould. The structure of the ingots and rods was examined using x-ray dif-
fraction and scanning electron microscopy, and their heating behaviour
was studied by differential scanning calorimetry. It was shown that the
rapidly quenched alloy predominantly comprised the Laves phase ZrCoAl,
a Cu, ¢ZrCo, , solid solution, and the ZrNiAl phase. An exothermic reaction
in the rapidly quenched sample occurred at 960-980 K. The Kissinger
method was used to calculate the activation energy of the detected reac-
tion. Rapid quenching significantly refined the grains of the Laves phase,
increased stability, and boosted the volume fraction of the solid solution.
The obtained results could be applied to further practical use of rapidly
quenched HEAs.

Material property studies based on atomic structure are a widely used
approach. However, when studying complex systems such as HEAs, atom-
ic structure not only encompasses an overly vast chemical space but also
has imprecise correlations with chemical properties. The authors [92] pro-
pose a machine-learning model based on spectroscopic descriptors to study
the catalytic properties of AgAuCuPdPt HEA catalysts. Even if the atomic
structures of two such alloys differ, they may exhibit similar catalytic
properties if their spectral characteristics coincide. This model can be ex-
tended to other systems with similar outcomes. It not only highlights the
potential of spectral analysis for identifying high-performance alloy cata-
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lysts but also contributes to the development of a new spectrum-based
modelling approach and theoretical framework in materials science.
Cluster analysis of CO spectra adsorbed on AgAuCuPdPt HEAs, combined
with the catalytic properties of each cluster, revealed a group of HEAs
with high selectivity towards C}, products.

Study [93] compares the microstructure and mechanical properties of
the Al, ,CoCrFeNiTi,,; HEA fabricated using additive manufacturing pro-
cesses, namely, direct energy deposition (DED) and selective laser melting
(SLM). The results showed that the DED-produced alloy exhibited large
grains, predominantly columnar with central equiaxed grains. Mechanical
property tests revealed that the DED-fabricated sample achieved a tensile
strength of 930.1 = 19.3 MPa and ductility of 10.9 = 1.6%, while the
SLM-fabricated sample demonstrated a tensile strength of 979.6 =26.7 MPa
and ductility of 30.3 = 2.1% . The SLM process demonstrated superior
overall performance in fabricating the Al, ,CoCrFeNiTi, ,; HEA.

Study [94] reports the production of a solid AITiVCr HEA using self-
propagating high-temperature synthesis (SHS) in the Cr,0,—V,0,—TiO,—Al
system. To reduce production costs, various grades of Cr,0, were used as
raw materials. Results showed that the alloy consisted of a solid solution
phase with a b.c.c. crystalline structure, while Al,O, was the primary
phase in the slag. Microstructural analysis confirmed the development of
an intermediate Ti,Al phase in alloys produced with laboratory-grade
Cr,0,. The hardness and density of the produced alloy ranged from 608 HV
to 863 HV and 4660 to 5059 kg/m?, respectively. These results confirmed
that SHS is a simple method for producing lightweight AITiVCr alloys
with high hardness.

A brazed joint of high-entropy carbide (HfZrTiTaNb)C (HEC) bonded
with a simple CoCrFeNi HEA was studied at 1440-1550 °C [95]. At these
temperatures, HEC grains dissociated into the liquid alloy, and self-dif-
fused Zr atoms at the grain boundary between HEC and the liquid alloy led
to the formation of a Zr-enriched HEC phase (ZHEC) attached to HEC
grains. The ZHEC phases were characterised by increased Zr content up to
21.44 at.% and coherent orientation with the HEC. The CoCrFeNi alloy
did not undergo phase separation after solidification. A joint strength of
266 MPa was achieved when brazed at 1460 °C. At a testing temperature
of 1000 °C, the joint strength remained at 87 MPa, indicating its potential
for high-temperature applications. Intergranular fracture of the CoCrFeNi
alloy at elevated temperatures was the cause of the reduced joint strength.

In study [96], a new approach to the development of eutectic high-en-
tropy alloys (EHEASs) combining high strength and high ductility was con-
sidered. These alloys were designed using a combination of methods, in-
cluding thermodynamic modelling and practical experiments. Additionally,
improvements in the mechanical characteristics of EHEAs were achieved
by creating a composite microstructure. This microstructure encompasses
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a eutectic structure with a solid solution phase of either f.c.c. or b.c.c.
type, as well as intermetallic or bimodal eutectics consisting of two dis-
tinct eutectic structures.

High entropy alloys (HEAs) of the CuCrCoFeNi Ti system (x =0, 0.5,
1, 1.5, 2.0) were developed [97]. As the Ni content increased, the density
of the HEA increased, the lattice constant decreased, and Poisson’s ratio
increased, indicating that the fracture mode of the HEAs shifted from
brittle to ductile. Density of states diagrams showed that CuCrCoFeNi,Ti
had the highest density. Finally, CuCrCoFeNi Ti HEAs were prepared by
vacuum arc melting followed by homogenisation. As the Ni content in-
creased, the microstructures of the HEAs became more homogeneous, the
compressive strength increased from 710.3 to 1878.5 MPa, and the elon-
gation increased from 4.9 to 14.7%. The fracture morphology of the
CuCrCoFeNi Ti HEAs exhibited quasi-cleavage, primarily manifested as
cleavage steps.

Additively manufactured (AM) HEAs exhibit high yield strength and
significant tensile ductility [98]. A eutectic HEA (EHEA) AlCoCrFeNi,
was fabricated using laser powder bed fusion (L-PBF) in as-printed form
(EHEA1) and subsequently annealed at 1000 °C (EHEAZ2) and 600 °C
(EHEAB3) to achieve a wide range of mechanical properties. The recrystal-
lized EHEAs retained their original mechanical properties, with EHEAS3
being 47% harder than EHEAZ2, largely due to the higher B2-phase con-
tent and the preservation of the nanolamellar morphology.

The HEA Fe,,Co,,Ni,Al,, exhibits a dual-phase structure consisting of
b.c.c. and face-centred cubic (f.c.c.) crystals. Study [99] examines the ef-
fects of deep cryogenic treatment (DCT) at —196 °C for durations ranging
from O to 48 hours on Fe,,Co, Ni, Al,, HEA synthesised by vacuum induc-
tion melting. The microstructure, mechanical properties, and fracture be-
haviour of the alloy were thoroughly analysed. The results showed that
dislocations formed and migrated during DCT, creating dislocation tang-
les. After 36 hours of DCT, the Vickers hardness increased by 13.3%,
reaching 461.5 HV. Additionally, the tensile strength improved by 31.4%,
reaching 886.2 MPa, while elongation increased by 129% to 6.70% compa-
red to the untreated sample. These improvements were attributed to mul-
tiple strengthening mechanisms, including grain refinement, dislocation
strengthening, strengthening from nanosize dislocation cell structures, and
second-phase strengthening. This study confirms that DCT is an effective
method for improving the mechanical properties of Fe, Co,,Ni, Al,, HEA.

Refractory HEAs with exceptionally high-temperature mechanical
properties are attracting increasing interest in aerospace applications.
However, the presence of multiple principal alloying elements poses chal-
lenges in selecting a suitable and cost-effective alloy for specific applica-
tions. A multi-property composition design method combining machine
learning and thermodynamic calculations was proposed. Out of several
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hundred thousand candidates, three TiZrHfNbVMoTa alloys were selected
[100]. These alloys exhibited enhanced synergy between compressive
strength and ductility, achieving fracture strains exceeding 60% and a
yield strength of 1051 = 23 MPa at room temperature.

Several studies have also examined the use of HEAs as coatings.
Article [101] describes the defects that may be caused by laser cladding of
HEA coatings, discusses various optimisation methods, and summarises
the optimisation process. This article provides an in-depth analysis and
summary of these aspects for the first time and investigates process opti-
misation measures in terms of processing parameters, material properties,
and thermal treatment.

Laser cladding [102] was wused to fabricate coatings of the
AlCoCrFeNiTiWC, HEA (x =0, 0.5, 1, 1.5, 2) reinforced with p-phase and
in-situ (Ti, W)C carbides. The effect of carbon content on the microstruc-
ture, microhardness, and wear resistance of the coatings was investigated.
The results showed that all coatings exhibited a dominant b.c.c. phase. As
the carbon content increased, the p-phase evolved from a blocky to a net-
work structure, while its volume fraction decreased. Simultaneously, the
carbides transformed from nearly spherical to flower-shaped and dendritic
morphologies, with their volume fraction increasing. Wear resistance ini-
tially improved and then decreased, with the C, coating showing the high-
est resistance.

Tribocorrosion has long been a challenge in marine environmental pro-
tection. To address this issue, study [103] employed in-situ laser cladding
synthesis to fabricate composite coatings of CrMnFeCoNi HEA containing
multiple ceramic reinforcing phases. By analysing the microstructure, mi-
crohardness, electrochemical properties, and tribocorrosion performance
of the cladding layer, the influence of different B,C and Ti mixture addi-
tions (10%, 20%, and 30%) on the composite coatings was examined. The
results showed that the synergistic effect of carbides and borides signifi-
cantly enhanced the passive surface capability of the composite material.
The C,, coating with 20% addition exhibited the best corrosion resistance.
The deposition of TiC particles not only suppressed dislocation movement
but also effectively blocked corrosion development. At 30% mixture addi-
tion, the C,, coating achieved the highest microhardness of 380.35 HV,,
demonstrating optimal tribocorrosion resistance.

Dissimilar laser joining of AA6061 aluminium alloy and low-carbon
steel was performed using a porous FeCoCrNi HEA coating [104]. At low
laser power, the interfacial reaction zone mainly consisted of n-Zn solid
solution, eutectoid Zn—Al structure, and extremely thin AINi. Due to poor
wettability of the filler metal on the steel substrate, the joint strength was
low (218.3 N/mm), and the fracture mode was brittle. At high laser pow-
er, the n-Zn solid solution decreased, and AINi thickened. Improved wet-
tability enhanced the joint strength. The maximum joint strength of 297
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N/mm was achieved at a laser power of 3000 W. The fracture mode was a
mixture of brittle and ductile fractures.

Study [105] proposes a novel approach for producing a high-entropy
alloy based on the Cantor system using wire arc additive manufacturing
(WAAM) with a metal powder-filled cored wire.

Study [106] reported the characteristics of a cobalt-free, two-phase
FeCrNiMoSi, coating as a function of silicon content. It was found that
the FeCrNiMoSi, , coating exhibited optimal corrosion resistance, attri-
buted to the synergistic effect of the two-phase structure. Hardness in-
creased with silicon addition, but wear resistance remained unchanged.

In study [107], a microarc oxidation (MAO) coating method was pro-
posed for the surface of the AICoCrFeNi HEA. By regulating the sintering
temperature of the HEA, a high-performance HEA-based MAO coating
was successfully produced. Wear and corrosion resistance of the coating
were evaluated using friction testing and electrochemical corrosion tes-
ting. The results showed that the coating mainly consisted of Al,O, with
small amounts of Co, Fe, and Ni oxides on the surface, among which Co,0,
was the primary cause of the blue spots observed. Compared to the HEAT7
sample, the HEA7-M coating was thicker, had a lower coefficient of fric-
tion, higher hardness, and demonstrated excellent wear resistance and
significantly improved corrosion resistance.

3.4. Effect of Microstructure on the Mechanical
and Physical Properties of HEAs

The study [108] presents the results of an investigation into the structure
and properties of high-entropy cermets of the Ti—Cr—Fe—Ni—C system,
synthesised from a precursor mixture comprising ferrotitanium, high-car-
bon ferrochrome, and nickel powders using powder metallurgy (hot for-
ging of powder compacts) and arc melting techniques. According to the
x-ray diffraction analysis, the alloys’ phase composition includes two dis-
ordered solid solutions with predominantly f.c.c. and b.c.c. structures, as
well as carbide phases: cubic MC (in hot-forged specimens) and M ,C,, (in
specimens obtained by arc melting). A substantial difference in the micro-
structural features of the alloys fabricated via the two processing routes
was demonstrated.

Study [109] investigated the correlation between the microstructure,
mechanical, and magnetic properties of the high-entropy alloy
FeCoNiAl, ,:Nb, ,.. The results showed that the alloys’ microstructure in-
cluded a b.c.c. solid solution phase along with a eutectic mixture of f.c.c.
phases and intermetallics. Thermal treatment led to significant micro-
structural evolution. The precipitation of needle-like intermetallic phases
occurred rapidly with increasing annealing temperature, peaking at 825 °C
before decreasing markedly at 1000 °C. Consequently, the alloys’ hardness
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and compressive yield strength increased rapidly, reaching maximum val-
ues of approximately 600 HV and 2000 MPa, respectively. However, pre-
cipitation negatively affected the magnetic properties. The best values in
the as-cast condition for saturation magnetisation and coercive force were
0.67 T and 716 A/m, respectively, while the hardness remained at 493 HV.
Therefore, this alloy is highly suitable for magnetic components requiring
superior mechanical performance.

Authors of Ref. [110] report on the microstructure and mechanical
properties of Al, ,Cr, . FeNi,V,, alloy after cold rolling, recrystallization,
and ageing at 600 °C for varying durations. The results revealed that the
b.c.c. solid phase formed in all aged alloy samples, while the L1, phase was
detected only in the alloy aged for 48 and 96 hours. The precipitation of
L1, and b.c.c. phases enhanced the alloys’ hardness. Over extended ageing
periods, the grain size initially decreased and then increased, with the
b.c.c. phase gradually coarsening. As a result, the alloy aged for 48 hours
demonstrated the best properties, with a tensile strength of 1514 MPa and
an elongation of 23% . These findings clarify the effects of grain size and
precipitate type on the mechanical properties of the alloy.

In study [111], the evolution of structure and phase composition in
cast multicomponent alloys based on the MnFeCoNiCu system was exam-
ined in relation to variations in mixing enthalpy and entropy, atomic size
difference, and valence electron concentration, starting from a medium-
entropy TiFeCoNi alloy and progressing towards a Cantor-like composi-
tion. The findings revealed a transformation in crystal structure from
f.c.c. to b.c.c., along with changes in phase composition. These structural
modifications were shown to result in substantial strengthening while re-
taining ductility.

Using an ultrasonic ball mill (USBM), ultrafine powders (UFPs) of the
AlCoCrCuFeNi system were produced from coarse-grained powder mix-
tures (CGPMs) of aluminium, iron, cobalt, copper, nickel, and chromium.
Study [112] investigated the influence of copper content on the phase com-
position and magnetic properties of the resulting powders.

The f.c.c.-structured high-entropy alloys (HEAs) exhibit exceptional
strain-hardening capabilities under both ambient and cryogenic conditions
due to deformation mechanisms such as twinning and stacking faults.
Study [113] examined the microstructure and mechanical properties of
Al ,.CoCrFeNi. As the grain size decreased, the yield strength at both
25 °C and -196 °C increased due to grain boundary strengthening. At
25 °C, the deformation mechanism transitioned from dislocation slip to
deformation twinning as the grain size increased. At —196 °C, deformation
twins were observed in fine-grained samples, with their density increasing
and spacing decreasing as the grain size grew.

In the f.c.c. HEA CrCoNi, dislocation dissociation, nanotwinning, and
transformation-induced plasticity are enhanced at cryogenic temperatures
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(<77 K)[114]. In the b.c.c. HEA Nb,,Ta,.Ti,.Hf,,, screw dislocations, twin-
ning, and shear band formation are activated at temperatures ranging
from 77 K to 1473 K. These deformation mechanisms impart exceptional
fracture resistance in both CrCoNi and Nb,Ta, Ti;Hf ;. However, their
stress-strain behaviours differ significantly at these temperatures; while
CrCoNi exhibits extensive strain hardening, Nb, Ta, Ti,,;Hf . shows nearly
elastic, perfectly plastic stress-strain behaviour.

The f.c.c.-HEAs demonstrate generally a high ductility and are ex-
pected to be used in cryogenic engineering [115]. However, their moderate
yield strength at cryogenic temperatures (typically below 1 GPa) and high
cost limit their applications. It was determined that the Fe-based HEA
(Feg,Ni (CogMn,Ti,),,Si, possesses high cryogenic tensile strength (yield
strength and tensile strength of 1325 and 1446 MPa, respectively) and
ductility (uniform elongation of 20%).

Study [116] investigated the microstructure and mechanical proper-
ties of two novel non-equiatomic HEAs, produced at two different average
cooling rates (#1000 and ~250 K/s for samples with diameters of 2 mm
and 4 mm, respectively): Zr,, Hf , Ti; ,Cu,, Ni,, ,Co, ;Al; , and Zr,, Hf ;.
Ti; ,Cug 4Ni,, ;Coq (Al - (at.%). For each cast sample, the cooling rate also
varied with distance from the centre (lowest) to the edge (highest), ena-
bling the study of microstructural evolution across a wide range of cooling
rates. For the composition of Zr,, .Hf,, Ti;,Cu,, ,Ni,, ,Co; ,Al; ¢, variations
in mechanical properties between the most and least cooled regions from a
narrow edge amorphous ring (nanoindentation hardness H =8.2+0.42 GPa)
to the centre of the largest sample (H = 8.2 = 0.35 GPa) were minimal. This
was attributed to slight microstructural differences, mainly the formation
of a b.c.c. solid solution phase with some h.c.p. phase. For Zr,, Hf ;. Ti;,
Cu, ;Ni,, ,Coq ,Al,, 5, more substantial microstructural and mechanical pro-
perty differences were observed between the most and least cooled regions.

The study examined microstructural changes and mechanical proper-
ties of the Fe,,Ni Al ,Cr,, alloy at 600 °C over a one-year testing period
[117]. This dual-phase alloy can be utilised in nuclear power applications
at varying temperatures. During exposure, the overall microstructure re-
mained unchanged. The alloys’ mechanical properties remained stable
without significant degradation in service performance.

Study [118] investigated the microstructure, mechanical, and corro-
sion behaviour of high-entropy alloys (HEAs) AlFeNiMnCu, (x = 0.5, 0.75,
1.0, 1.25). The alloy was identified as a b.c.c. solid solution. Increasing Cu
concentration promoted the formation of reinforcing phases and enhanced
solid solution strengthening, improving mechanical properties. Additio-
nally, Cu inclusion led to the formation of f.c.c. structures, facilitating
the transformation of corrosion modes and thus suppressing corrosion.
Among the studied HEAs, AlFeNiMnCu (x = 1.0) was particularly notable
for its mechanical properties, exhibiting yield strength of 1559 MPa, frac-
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ture strength of 1699 MPa, plastic strain of 14.3%, and a Vickers hard-
ness of 563 HV.

The structural and phase state of the high-entropy alloy CoCrFeNi,
formed by laser alloying of commercially pure iron surface layers with a
powder mixture of pure Co, Ni, and Cr elements in equiatomic propor-
tions, was investigated using x-ray diffraction, electron probe microanaly-
sis, and metallographic examination. As shown in study [119], the forma-
tion of a multicomponent substitutional solid solution with a face-centred
cubic (f.c.c.) lattice (typical for high-entropy alloys) occurred within the
surface layers during the laser alloying process. The influence of the at-
mospheric environment during alloying on the structure formation pro-
cesses and phase composition of the modified surfaces was also analysed.

For the first time, ultrafine powders (UFPs) of high-entropy alloys
(HEAs) in the AlCoCrCuFeNi system were obtained by ultrasonic milling
of a coarse-grained powder mixture of aluminium, iron, cobalt, copper,
nickel, and chromium in a ball mill. X-ray diffraction, Missbauer spec-
troscopy, and magnetic measurements revealed that the phase composition
and magnetic properties of the UFPs were significantly influenced by the
aluminium and chromium content [120].

Study [121] explores the development of high-entropy shape memory
alloys (HE-SMAs). The authors emphasise that these novel HE-SMAs may
offer a promising solution to the fatigue-related limitations of conven-
tional shape memory alloys, owing to their distinctive structure, which
provides superior resistance to irreversible plastic deformation.

In Reference [122], MD simulations were used to study the influence
of structure and plasticity on the tensile deformation of the HEA
Co,,Ni,.Fe, Al .Cu,, ;. The results indicated that the alloys’ strength in-
creased from 1.5 to 2.2 GPa. As the coarse-grain diameter (D,,) increased,
the volume fraction of f.c.c. to b.c.c. phase transformation also increased,
advancing the phase transformation. This transformation predominantly
occurred in coarse-grained areas, where the high hardness of the b.c.c.
phase was mechanically incompatible with the surrounding soft-grained
areas, leading to a strengthening mechanism induced by heterogeneous
deformation (HDI).

4. Quasi-HEAs

It should be noted that a common disadvantage of all the high-entropy al-
loys (HEAs) discussed above is their high cost compared to traditional
materials. This is attributed to the feedstock, as HEAs are produced from
pure metals, as well as the specific features of the melting process, which
often involves mandatory remelting, rapid solidification, and other meth-
ods aimed at improving structural homogeneity.

To address these issues, the development of so-called quasi-high-entro-
py alloys (QHEASs) has become an increasingly popular area of research.
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The general principle of QHEA design is similar to that of HEAs: a
multicomponent system comprising at least five elements is used. However,
strict adherence to equiatomic concentration is not required, and the feed-
stock and melting process requirements for QHEAs are significantly less
stringent. This allows for enhanced commercial viability of QHEAs while
maintaining properties comparable to those of HEAs.

Studies [123-126] investigated the feasibility of producing QHEAs
based on the CoCrFeMnNi system with the partial use of ferroalloys, which
significantly reduces alloy costs.

The following feedstock materials were employed for melting: ferro-
manganese grade FeMn80C05 (GOST 4755-91), ferrochrome grade FX001A
(GOST 4757-91), metallic nickel grade N-1u (GOST 849-97), and metallic
cobalt grade K1Au (GOST 123-2008). The chemical composition of the
feedstock materials is presented in Table 1. The primary element contents
were determined using a Niton spectrometer, while the values for other
elements were provided in accordance with the respective standards.

The feedstock composition was selected so that the proportion of each
component in the final alloy was approximately 20%.

The particle size distribution of all components consisted of 90% frac-
tions within the range of 3—5 mm. The feedstock mixture was thoroughly
blended and melted in a laboratory furnace model UIP-16-10-0.005(Fe)-
UHLA4, equipped with an enhanced cooling system. To achieve composi-
tional uniformity and prevent external contamination, the resulting ingot
(mass 0.9 kg) was poured into a chemically inert KMC crucible, remelted,
and then poured again into a KMC crucible. After complete cooling, sam-
ples were prepared from the ingot for analysis. Chemical composition,
microhardness, strength, and microstructure were examined.

The chemical composition of the experimental ingot was determined
using a Poly Spec-F spectrometer. Fine structural analysis of the experi-
mental samples was conducted using a TESCAN VEGA scanning electron
microscope equipped with an energy-dispersive x-ray spectrometer.

X-ray diffraction studies were carried out using an X’PertPRO dif-
fractometer with CuK  radiation. The experimental spectra were processed
using the diffractometer software packages: X’Pert High Score Plus ver-
sion 2.2b and X’Pert High Score version 2.2b.

Microhardness measurements were conducted using a Willson 1150
instrument, with no fewer than five measurement points. Ultimate
strength was determined using an INSTRON testing machine, with three
replicates performed.

Table 2 presents the results of the chemical analysis of the experimen-
tal ingot.

A comparison alloy was produced by vacuum arc melting of pure metals,
followed by casting into a water-cooled copper mould. To ensure chemical
homogeneity, the ingot was remelted at least five times.
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As shown in Table 2, the composition of the experimental alloy does
not correspond to an equiatomic ratio, although it can still be classified as
a quasi-high-entropy alloy, as the concentration of each element does not
exceed 35% but is greater than 5%.

The relatively low Fe content in the experimental alloy is attributed to
its low concentration in the ferromanganese used (FeMn80C05 grade). The
use of ferromanganese with a higher iron content was not considered, as
such grades typically contain a high carbon content (around 7%), which
was undesirable in this study.

Table 3 presents the results of the microhardness and strength tests.

The data in Table 3 indicate that the experimental alloy is not inferior
to the comparison sample in the specified characteristics.

Table 1. Chemical composition of feedstock materials according to GOST [126]

Element, . .

o Material Mn Fe Cr Ni Co C Si P S
FeMn80C05 |[75.1 |25.2 — — — <0.1 1.85 <0.3 <0.03
DX001A — 132.04| 68.2 | — — <0.01 0.82 <0.02 <0.02
Ni H-1y — — — 199.95 <0.01 0.002 0.001 0.001
Co K1Ay 0.03 | 0.2 — — 199.3 0.02 0.003 0.004
Table 2. Chemical composition of the resulting ingot [126]

No. Element, % Fe Cr Mn Co Ni Si + others

1 |Experimental 15.3 23.3 22.4 19.1 19.2 0.70

2 | Comparison 20.06 19.87 19.46 19.87 19.97 0.77

Table 3. Results of microhardness and strength investigations [126]

Sample Microhardness, Tensile strength, Average grain size,
P HV MPa pm
Experimental 130 430 183
Alloy to be compared 136 443 180
Table 4. Concentrations of chemical elements (wt.% ) [123]
Element content in the selected spectrum, wt.%
Spectrum

Ni Cr Fe Mn Co Si

1 18.9 23.1 15.3 21.43 18.9 —

2 19.32 23.2 14.87 22.13 19.21 —

3 19.21 22.98 15.02 22.31 19.5 —

4 19.28 22.30 15.2 22.48 19.6 —

5 — — — — — 0.9
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Fig. 4. Microstructure of the experimental alloy (left) and its characteristic spectrum
(right) [126]

1000

Fig. 5. Character-
. : | istic spectrum of
1 2 3 4 5 6 7 kev  an inclusion [123]

Figure 4 shows the microstructure of the experimental alloy and the
results of EDS analysis at four points.

As indicated by the data in Table 4 and the corresponding spectrum,
the structure contains Fe, Cr, Mn, Co, and Ni, with concentrations closely
matching those determined by the Poly Spec-F.

The microstructure of the experimental alloy is characterised by a so-
lid solution, presumably of the substitutional type with an f.c.c. lattice [4].
The matrix also contains minor inclusions, presumably of silicate nature.

Table 4 presents the concentrations of chemical elements in the se-
lected spectra.

Spectrum 5 (inclusion) differs in composition from the other spectra
and is the only one containing silicon while lacking other elements en-
tirely. Analysis of the inclusion in Fig. 5 revealed that it is likely of sili-
cate nature, originating from the presence of silicon in the feedstock ma-
terials.

Silicate-type inclusions are undesirable in the matrix, as they disrupt
its homogeneity and may act as a glassy phase, reducing the matrix ductility.

As a result of the conducted research, the feasibility of producing
QHEAS based on the FeCrMnNiCo system with partial substitution of pure
metals by ferroalloys was confirmed. The properties of the experimental
alloy are comparable to those of QHEAs based on a similar system pro-
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duced entirely from pure metals with fivefold remelting. This suggests
that the experimental alloy holds promise for further research aimed at
improving its properties for industrial applications.

5. Conclusions

Based on the conducted research, the following conclusions can be drawn:

. high-entropy alloys exhibit significant potential for use in a wide
range of industrial applications;

« an optimal balance between strength and ductility has not yet been
achieved in HEAs;

» the production technologies for HEAs are quite diverse, ranging
from conventional melting to the relatively rare method of melt spinning;

» compared to traditional amorphous alloys, high-entropy amorphous
alloys demonstrate better thermal stability but reduced glass-forming abi-
lity;

 a relatively small number of studies have addressed HEAs with non-
equiatomic compositions;

e eutectic high-entropy alloys, such as AlCoCrFeNi,,, demonstrate
significant potential for high-temperature applications;

« the feasibility of producing quasi-high-entropy alloys while main-
taining the key properties typical of HEAs based on the FeCrMnNiCo sys-
tem has been confirmed, using partial substitution of pure metals with
ferroalloys, which significantly reduces the cost of such alloys.
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CYYACHUM CTAH OOCJIIIIKEHD ¥V TAJIYV3I BUPOBHUIITBA
BUCOKOEHTPOIIIMTHNX CIIJIABIB V CBITOBIN ITPAKTUIII

MertasieBi 6araToKoMmoHeHTHiI BucokoeHTpotmiiiHi cumaBu (BEC) aBiA0Th c06010 HOBUIL
KJIac MaTepiaJiB, IIT0 Hapasi aKTUBHO BUBUYAIOTHCA. ¥ CTATTi MPOAHAJi30BaHO €BOJIIOIIiI0
mocaimkensp y ranysi BEC, posriigHyTO HOTEHIiMHI HAIPAMM 3aCTOCYBAaHHS IONIOHUX
marepianiB. Posrianyro cyuacHi mocaimxenus BEC, 30Kpema BILIMB Pi3HUX eJIEeMEHTIB
Ha BaactuBocTi BEC 3 pisHOIO 0CHOBOM0O, (hopMyBaHHS MiKPOCTPYKTYpPU TaKMX MaTepia-
JiB i po3poOKU B rayysi mIpoeKTyBaHHA. PesynbraTu aHadisdy moKasaiu, IO IJIA BUTO-
ToBieHHA BEC BUKODPHCTOBYIOTH TOPOIIKMW YWCTUX METaJNiB i 3aCTOCOBYIOTH JOCUTH
CKJIaJHI TeXHOJIOTi1, HATIPUKJIAaJ IJIa3MOBe CIIiKaHHsA, MarHeTPOHHe poanopoIinenus. s
sHMKeHHA BapTocTi BEC mopiBHAHO 3 TpaguniiHMMu MaTepiajsiaMu Jemasti GijbIn mo-
OyJAPHUM HAIPAIMOM CTA€ CTBOPEHHS TaK 3BaHUX KBa3iBUCOKOEHTPOIIMHWX CILJIaBiB
(KBEC). 3aranpunii npunnun crBoperHsa KBEC rakuii camuii, ax i BEC: BukopucroBy-
€ThCA 0AaraTOKOMIIOHEHTHA CHCTeMa, IO CKJIAJaeThCsA IOHANMEHIIe 3 1T ATA KOMIIOHEH-
TiB, IPOTe eKBiaTOMHA KOHIIEHTPAIlid JOTPUMYETHCS HECTPOTO, a IIiJ uac BUPOOHUIITBA
KBEC BuMoru mo muxTu Ta Croco0y MJIaBJeHHSA 3HAYHO HUMKYi. Ile yMOKJIMBIIIOE mif-
BUIlleHHA KoMepiriiinoi mpuBabiauBocti KBEC 3a piBHA BiacTuBOCTEll, AKi MOYKHA IIO-
piBuaTu 3 Biaactusoctramu BEC.

KarouoBi ciroBa: BUCOKOEHTPOIIMHM CIJIaB, KBa31iBUCOKOEHTPOIIITHUH CILIaB, eKBiaToM-
Ha KOHIIeHTpaIlisd, (pepociiaBu, cod0iBapTicTh.
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