I1ZVESTIYA. FERROUS METALLURGY. 2024;67(3):283-292.
Gromov VEE., Konovalov S.V, etc. Ways to improve the properties of high-entropy alloys Cantor CoCrFeNiMn and CoCrFeNiAl

BT | UDC536.425:539.25:539.351
h- .. BY

Review article
0630pHasi cmamvs

WAYS TO IMPROVE THE PROPERTIES
OF HIGH-ENTROPY ALLOYS CANTOR CoCrFeNiMn AND CoCrFeNiAl

V. E. Gromov©, S. V. Konovalov, M. O. Efimov,
I. A. Panchenko, V. V. Shlyarov

| Siberian State Industrial University (42 Kirova Str., Novokuznetsk, Kemerovo Region — Kuzbass 654007, Russian Federation)

&3 gromov@physics.sibsiu.ru

Abstract. Created one of the first and studied more than 20 years ago, high-entropy five-component alloys CoCrFeNiMn (Cantor alloy) and
CoCrFeNiAl still attract the attention of researchers in the field of physical materials science due to their possible application in various industries
because of their successful combination of strength and plastic properties. To date, a large amount of experimental materials has been accumulated
on the ways to control the properties of these alloys. This article reviews the publications of domestic and foreign authors in two areas of improving
the properties of these alloys: alloying, precipitation and heat treatment, and the use of CALPHAD phase diagrams. In the first direction, the role
of alloying with B, Al, V, Si, Nb is analyzed; y and y’ nanoprecipitations, various modes of thermal and deformation processing. It was concluded
that it is necessary to conduct experiments on the alloying of HEAs with Zr and Nb, which have proven themselves well in hardening steels.
Creation and modification of the properties of five-component HEAs is possible using the CALPHAD computer programs developed for calcu-
lating state diagrams. The results of publications on the thermodynamic description of five-component alloys analyzed in the article are confirmed
by comparing the phase diagrams with the available experimental data. In one of the analyzed works on the phase formation of five-component
HEAs consisting of Co, Cr, Fe, Ni, Al, Mn, Cu, 2436 compositions were considered, which made it possible to determine 1761 variants of reliable
prediction of the formation of bee/B2 and fee phases, bypassing amorphous phases and intermetallic compounds, thereby designing a certain level
of mechanical properties. It is shown that the design of a new generation of HEAs is possible based on calculation of the CALPHAD phase diagrams.
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Annomayus. Co3taHHBIC OJHUMH W3 TIEPBBIX U MicciIefoBaHHbIe Oosee 20 JIeT Ha3a BRICOKOAHTPONHUITHEIE ATHKOMITOHEHTHBIE cIutaBbl CoCrFeNiMn
(crumaB Cantor) u CoCrFeNiAl mo-nipexxHemy MpUBIEKarOT BHUMaHHE HCCIeoBaTesieil B 001acTu (GU3NUECKOro MaTeprUaioBEICHHS H3-32 BO3MOXK-
HOCTH UX TPUMEHEHHS B PA3IMYHBIX OTPACISIX IMPOMBIIUICHHOCTH OJlarogaps ylIadHOMY COYETaHHIO HMPOYHOCTHBIX M IUIACTHYECKHX CBOMCTB.
K nHacTosiieMy BpeMeHH HAKOIUICH OOJBIION SKCIIEPUMEHTANIBHBIN MaTepuall 1Mo YIpaBJICHUIO CBOMCTBAMHU ATHX CIUIaBOB. B Hacrosieit padore
BBITIOJIHEH 0030p MyONUKAILMi OTEIECTBEHHBIX U 3apyOCKHBIX aBTOPOB 110 JBYM HAIPABJICHUSIM YJIyUIICHHUs CBOWCTB STHUX CIUIABOB: JICTHPOBa-
HHUEM, BBIICJICHUSME U TepMOOOpabOoTKOii 1 ucoib3oBanueM (aszoBbix auarpamm CALPHAD. ITo mepBoMy HampaBlieHHIO POaHAIM3UPOBAHA
poJib JierupoBanus O6OpOM, aTIOMHHHEM, BaHAJIUEM, KPEMHHUEM, HUOOHWEM; Y- M Y'-HAaHOBBIICICHHUSAMH, PA3IHYHBIMH PEKUMAMH TEPMUUCCKON
u neopMarioHHON 00paboTku. CrenaH BBIBOJ O HEOOXOAMMOCTH MPOBEACHHS AKCIIEPUMEHTOB 110 JierupoBanuio BOC Zr u Nb, xoporio 3apeko-
MEH/IOBaBILHX ceOsi B ynpouHenun craieil. Co3nanue 1 MOIU(UIIMPOBAHHE CBOHCTB MATHKOMIIOHEHTHBIX BOC BO3MOXKHO TIPH HCTIOIb30BAaHUH
kommbroTepHbIX TporpamM CALPHAD, pa3paboraHHbIX Uls pacueTa quarpaMm cocTosiHus. [I[poaHani3upoBaHHbIC B CTAThe PE3yJbTaThl MyOIIH-
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Kalui 1Mo TepMOIMHAMUYECKOMY OIMCAHUIO IMATHKOMIIOHEHTHBIX CIUIABOB ITOATBEPIKICHBI CpaBHEHHEM ()a30BBIX JHArPaMM C MMEIOIIUMUCS
9KCHEPUMEHTAIBLHBIMHU JIAaHHBIMU. B OJIHON M3 aHamM3MpyeMbIX padoT no ($pa3000pa3oBaHmIO MSITHKOMIIOHEHTHBIX cocTosmnx u3 Co, Cr, Fe, Ni,
Al, Mn, Cu BOC paccmoTpeno 2436 KOMIO3HUIINH, TTO3BOJIMBIINX ONpeenuTh 1 761 BapuaHT HaeKHOTO MporHo3upoBanus odpazosanus OL[K/B2
u 'K ¢a3, munys amop¢HbIe (a3bl 1 HHTEPMETAIIHABI, TEM CAMBIM KOHCTPYHUPYSI ONPEICTICHHBIN YPOBEHb MEXaHHYIECKHUX cBOMCTB. [lokasaHo,
4TO Ha OCHOBE pacyera (a3osbix aAuarpaMm CALPHAD Bo3moxkeH au3aiiH HoBoro rnoxosnenust BOC.
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B INTRODUCTION

Created in the early 21% century, a new class of metal-
lic materials known as high-entropy alloys (HEAs) has
attracted the attention of researchers in the field of physi-
cal materials science due to their superior properties com-
pared to conventional alloys [1 — 5]. Among the first five-
component HEAs studied were the CoCrFeNiMn (Cantor
alloy) and CoCrFeNiAl HEAs [5 — 10], which exhibit
a successful combination of strength and plasticity.

Discussion on improving the mechanical and
operational properties of these HEAs began shortly
after their creation and continues actively to this day.
Reviews [11 — 14] have analyzed methods for enhan-
cing the mechanical properties of the CoCrFeNiAl and
CoCrFeNiMn HEAs, considering their potential indust-
rial applications. Approaches to solving this problem
include grain boundary strengthening [10], solid solu-
tion strengthening, creating a nanocrystalline state,
strengthening through precipitates, partial amorphiza-
tion, surface strengthening treatments, developing new
production methods for HEAs [14 — 19], ultrasonic treat-
ment [20], and the formation of structure gradients [21].
These methods can significantly expand the applica-
tion areas of these HEAs. Based on the analysis of experi-
mental results, it has been noted [22] that there are several
hundred five-component HEAs containing over 40 dif-
ferent elements. All HEAs are conventionally divided
into nine families: / — transition 3d-metals Al, Co, Cr, Fe,
Ni, Mn, Cu, Ti; 2 — refractory metals Hf, Mo, Nb, Ta, Ti,
V, W, Zr; 3 — Al, Be, Li, Mn, Se, Sn, Ti, Zn; 4 — transi-
tion 4f-metals Dy, Gd, Lu, Tb, Tm, Y; 5 — bronzes and
brasses; 6 — Ag, Au, Co, Cr, Cu, Ni, Pd, Pt, Rh, Ru with
catalytic properties; 7 — high-entropy metallic glasses
of the Fe, .Co,, Ni, SigB,, type; & — high-entropy
borides, carbides, nitrides, oxides, silicides; 9 — HEA
films and coatings.

Due to the extensive volume of information, the authors
limited their analysis to experimental works from the last
three years on strengthening and modifying the proper-
ties of CoCrFeNiMn and CoCrFeNiAl HEAs, as well
as those with similar compositions using CALPHAD.
The second research approach involved analyzing works
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on predicting the composition of HEAs with specific high
functional properties using CALPHAD software deve-
loped for phase diagram calculations [23 —26]. These
calculations are often combined with experimental veri-
fication of the created materials at the final stage known
as integrated computational materials engineering —
ICME. 1t is believed that this approach can lead to fur-
ther progress in creating HEAs with desired industrial
properties [22]. The need for such analysis is justified by
the fact that the most detailed examination of the proper-
ties and prospects of HEAs was conducted 3 — 4 years
ago [27 — 29], which is a significant period given the pace
of publication activity.

In the past 2 — 3 years, there has been an exponential
growth in the number of publications dedicated to high-
entropy alloys (HEAs) CoCrFeNiAl and CoCrFeNiMn.
Consequently, there is a need to identify and analyze the
most promising directions for predicting ways to improve
the mechanical and operational properties of these HEAs,
which is the objective of this work.

[ RESULTS AND DISCUSSION

For Cantor CoCrFeNiMn and CoCrFeNiAl alloys,
the main approaches to solving the fundamental prob-
lem of solid-state physics — improving their mechanical
properties — can be identified as follows: analysis of heat
treatment, plastic deformation, and external influences;
quantum mechanical calculations of crystalline and
electronic structure; computer simulation; and the use
of phase diagram calculations (CALPHAD), among
others [22].

[l /mprovement of mechanical properties of HEAs

by alloying, precipitation, and heat treatment

The first approach involves searching for patterns
among a large amount of fresh experimental data and
forming criteria for improving the strength and plastic
properties of HEAs.

Optimally, in terms of strengthening effect for Cantor
alloys with FCC and BCC lattices, is vanadium. This is
due to its atomic size: it is large for BCC alloys and small
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for FCC alloys. There is both quantitative and qualitative
evidence for this across a large number of alloys. Accord-
ing to the authors of a study, the optimum concentra-
tion of vanadium should be approximately 25 at. %.

By varying the annealing temperature conditions
(720 h at 800 °C), it is possible to achieve the precipi-
tation of an FCC phase enriched with chromium and
a sigma (o) phase in the Cantor alloy with manganese
content of 10 — 15 and 25 — 30 at. %, respectively. These
precipitates do not have an orientation relationship with
the BCC matrix. Comparisons with a calculated phase
diagram based on a thermodynamic database confirmed
the stability prediction of the BCC phase but did not pre-
dict the stability of the ¢ and FCC phases [11; 12; 22].
Microhardness measurements showed that the pre-
cipitation of the o phase significantly strengthens
the CoCrFeMnNi, (x =1.25; 1.50) alloy. The obtained
results serve as a basis for the development of the compo-
sition and heat treatment of the Cantor alloy.

In recent years, attempts have also been made
to improve the mechanical properties of the Cantor
alloy through alloying with various elements. In a study
by Japanese researchers, the role of titanium and silicon in
the phase equilibrium and changes in the mechanical
properties of the equiatomic Cantor alloy was analyzed.
It was shown that titanium stabilizes the ¢ phase, Al2,
and C14 Laves phases, while silicon stabilizes the A13
phase. Phase relationships were presented as projections
on the isothermal cross section of (CoFeMnNi)-C, |
at 1000 °C of the Cantor alloy. Mechanical tests showed
an increase in ultimate strength and yield strength with
the addition of titanium and silicon, with the effect
of titanium additives being more significant. This may
be attributed to the different deformation strengthening
of the Cantor alloy with these additives.

In a brief overview, it is not possible to provide a com-
prehensive analysis of the state of the problem of improv-
ing the properties of even two HEAs, but the main
trends and approaches can be noted based on the review
of the most significant recent publications.

One of the most discussed issues in strengthening these
equiatomic alloys is the role of y and y’ nanoscale precipi-
tates. In[32], a series of Nig,  Co Cr Fe, Al ,;Mo, HEAs
(x=30; 20; 10; 0) with enhanced strength and plastic
properties was presented. Increasing the nickel concen-
tration and decreasing the cobalt concentration resulted
in the formation of a BCC phase with y’ particles within
it. In the as-cast state, the Ni  Cr, Fe, Al Mo, alloy with
BCC/y' + B2 phase structure exhibited very high values
of 6., (831 MPa).

A systematic study was conducted on the influ-
ence of temperature (660 — 960 °C) and time (1 — 48 h)
of aging on the mechanical properties of niobium-con-
taining HEAs such as CoCrNi, [Nb,. It was observed

that aging at 660 °C led to the formation of nanoscale y”
precipitates with a DO22 superlattice, which strengthened
the HEAs through a dislocation slip mechanism [33].
The ultimate strength and yield strength increased
with increasing aging time, resulting in an increase in
the volume fraction and size of y” precipitates, while
the elongation decreased. Aging at 860 and 960 °C for
1 h resulted in the formation of semi-coherent € precipi-
tates with a DO19 structure, changing the strengthening
mechanism to the Orowan one.

For the design of microstructure and correspond-
ing properties of nearly equiatomic HEAs such as
AlICoCrFeNi, the development of next-generation dis-
persion-strengthened alloys, a template based on an
FCC matrix reinforced with ordered B2 precipitates,
was proposed [34]. Using thermodynamic modeling
of Al; ;CoCrFeNi HEA solutions, isothermal solid-state
aging was performed to precipitate fine-scale intragran-
ular B2 phases. Previous studies by these authors have
already analyzed the positive role of the B2 phase in
ultimate strength and deformation strengthening. In this
work, the positive influence of the fine-scale B2 phase
on wear resistance and dynamic compression was noted.
The yield stress at a true strain of 0.02 % increased more
than two times from 670 to 1350 MPa, and the compres-
sive strength increased by 20 % from 1160 to 1500 MPa.
Moreover, the wear resistance increased more than five-
fold. This result is considered exceptionally important
within the proposed approach to improving mechanical
properties.

The role of boron in increasing the strength of steel
and wear resistance of overlay coatings by forming high-
hardness compounds is well-known in classical metal-
lurgy. However, the number of studies on the influence
of boron on the structural-phase state and mechanical
properties of five-component HEAs is extremely lim-
ited. In [35], this gap was addressed for CoCrFeNiCuB,_
(x =0 -5 at. %) samples obtained by two-stage sintering
and vacuum arc melting, using modern methods of physi-
cal materials science. It was shown that HEAs based
on an FCC matrix contain dendritic phase with a high
content of FeCrCoNi and interdendritic phase with a high
content of copper. The hardness increased to 337 HV
with increasing boron content. At 3 at. % B, the maxi-
mum strength of 1900 MPa was achieved in bending tests
with good ductility.

In the creation and investigation of strengthening new
HEAs, the role of heat treatment is more important than
ever. This is demonstrated in [36], where a sample was
fabricated using the combined method of cable-pulse
arc additive manufacturing (CCW-AAM), and the evo-
lution of microstructure and mechanical properties
of the dual-phase CoCrFeNiAl alloy (FCC + ordered B2
phase) was studied during an 8 h heat treatment.
At 600 °C, the formation of a large amount of chromium-
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rich o-phase was observed in the B2 matrix, and nanoscale
ordered L12 phase was observed in the FCC matrix,
resulting in an increase in hardness from 338 to 420 HV,
yield strength from 654 to 810 MPa, and ultimate strength
from 876 to 1115 MPa, while the elongation decreased
from 3.11 to 2.46 %. With an increase in heat treatment
temperature to 800 °C, the size of the o-phase particles
increased, and the L12 phase transformed into a B2 phase
with high AINi content. The tensile properties remained
unchanged, but the elongation increased by 176 %.
Heat treatment at 1000 °C led to significant coarsening
of the dissolved o-phase in the B2 matrix and rod-like
precipitates of B2, resulting in strengthening of the alloy.
Hardness (308 HV) and yield strength (542 MPa) notice-
ably decreased, but the elongation increased significantly
to 14.2 %. Analysis of these results suggests the poten-
tial for creating CoCrFeNiAl HEAs with a combina-
tion of high mechanical properties and control over
the physical nature of these properties through heat treat-
ment conditions.

One attractive strategy for creating multicomponent
cast HEAs is the separation (and/or precipitation) induced
by decreasing the configurational entropy during cooling
and solidification, as proposed in [37]. It has been noted
that the presence of copper in alloys similar to the Can-
tor alloy expands the phase separation (and precipitation)
due to the high positive enthalpy of mixing between cop-
per and various transition metals. It has been suggested
that reducing the enthalpy of mixing through the sepa-
ration of the copper-enriched phase from the Co—Cr or
Fe—Cr enriched phases induces two- or three-phase struc-
tures. Previous work by the authors of [37] has shown
that the hierarchically structured CrFeNiMn, .Cu,, HEA
exhibited an excellent combination of strength and ductil-
ity (1.02 GPa, 28 %), suggesting its potential for indus-
trial applications. However, the deformation mechanisms
of this cast alloy with micro- and nano-precipitates are
not yet fully understood.

Dispersion strengthening and quasi-linear deforma-
tion strengthening in the cast CoCrCu, ;MnNi HEA pro-
vide an excellent combination of yield strength and duc-
tility at both room temperature (431.5 MPa, 55 %) and
cryogenic conditions (600 MPa, 67 %) [37]. This alloy
has a dual FCC phase structure with dendritic regions
enriched in Co—Cr and interdendritic regions enriched in
Cu—Mn. These regions contain submicron and nanoscale
precipitates, respectively, due to the reduced solubility
of elements in the two phases. The nature of the quasi-
linear deformation strengthening is associated with
the accumulation of dislocation-related defects, packing
defects, and twins induced by deformation.

The design of the eutectic AlICoCrFeNi,, HEA is
considered in [38] based on the analysis of mechanical
properties and mechanisms of cold and hot deforma-
tion. This HEA has a typical eutectic microstructure and
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consists of an FCC phase and eutectic B2 phases with
nanoscale precipitates. The yield strength and elonga-
tion are 1.2 GPa and 22.8 %, respectively. At —196 °C,
the yield strength is 857 MPa, the ultimate strength is
1.48 GPa, and the elongation is ~20 %. This good ducti-
lity may be related to the transformation of the L12 phase
into a disordered solid solution phase during low-tempe-
rature deformation. At high temperatures, the strengthen-
ing of the nanoscale B2 and L12 phases occurs through
the Orowan mechanism and dislocation cutting. It is
noted that the plate-like structure in the as-cast state
transformed into a fine equiaxed structure, resulting in
improved strength and ductility. The authors considered
the construction of HEAs comprehensively from four
perspectives. The first method was based on the phase dia-
gram and its modeling, where CoCrFeNi was considered
as one of the elements in pseudo-binary eutectic alloys.
The second method considered the enthalpy of mixing in
multi-component alloys, with AICoCrFeNi, | as a refe-
rence. Elements with a large negative enthalpy of mixing,
such as zirconium, niobium, and hafnium, were selected
to replace aluminum. The third method considered
valence electrons. The fourth approach focused on cre-
ating HEAs without cobalt due to its weak influence
on microstructure and phase composition. The impor-
tance of the results in [38] lies in the necessity of consi-
dering all four perspectives when designing ecutectic
HEASs with superior properties.

A new paradigm of low-cost Cantor HEA develop-
ment was proposed in [39]. The strategy of design-
ing super-strong and ductile multi-component BCC
alloys involves introducing the so-called “local chemi-
cal order” controlled by interstitials and created through
simple thermomechanical processing. In the experi-
mental multi-component CoCrFeMnNi alloy, processed
by partial recrystallization annealing, a high density
of thin racks containing domains of close and medium
order predominates. These racks develop from flat dis-
location slip bands caused by the internal close order
of the alloy during prior cold deformation. In the multi-
component metastable alloy Fe, Mn, Co, Cr,  (at. %)
with reduced content of expensive nickel and cobalt
(compared to the Cantor alloy), the local chemical order
consisted of forming heterostructures with non-recrystal-
lized grains with thin racks and a small amount of recrys-
tallized submicron-sized grains with nanonitrides. Due
to the strengthening effect of racks, the local chemical
order provides an ultra-high yield strength of 1.34 GPa,
and deformation twinning contributes to a relative elon-
gation of 13.9 %. The universality of the design strategy
is confirmed in multi-component austenitic steel. Using
the example of the CoCrNiMnAl HEA, it is shown that
one way to achieve a good combination of strength
and ductility is by changing the chemical composi-
tion. In HEA without iron, this is largely determined by
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the absence of brittle -phase. Based on thermodynamic
predictions, three single-phase BCC HEAs were pro-
posed: Co,Ni, Mn, Cr, Al,,, Co, Ni,.Mn, Cr Al,., and
Co,,Ni, Mn,.Cr Al ,, which do not contain the 6-phase.
It is shown that the addition of a minimal amount of alu-
minum provides a strengthening effect due to the forma-
tion of a controlled amount of NiAl-B2 precipitates in
the microstructure. The alloys, subjected to intensive
cold rolling with subsequent short annealing at 1000 °C,
achieved high strength values without loss of ductility.
The Co,Ni;Mn, Cr, Al ; high-entropy alloy, with low
defect packing energy, fine grain size, a large volume
fraction of twinning, and the formation of small-scale
precipitates, represents a HEA with the best combina-
tion of strength and ductility.

In summary, considering the publications on the
strengthening of five-component HEAs, it can be noted that
the number of articles on all HEA families strengthened
by vanadium, zirconium, and niobium is limited [41; 42].
From works on classical metallurgy dedicated to study-
ing the effect of microalloying on the properties of steels,
the positive role of vanadium, zirconium, and niobium
in strengthening, such as in pearlitic steels, is well
known. This suggests the need to clarify their role in
HEA strengthening, which should become a priority area
for further research. Breakthrough achievements can be
expected in this field.

[ Using CALPHAD software

According to its chemical composition, the equi-
atomic Cantor alloy is expensive for practical appli-
cations. In [43], an analysis of alloys with a composi-
tion of Co, Cr,Fe,;Mn Ni, was conducted using
CALPHAD (Calculation Phase Diagram) software,
revealing a cost 40 % lower than that of the equiatomic
Cantor alloy. Although these alloys had reduced strength
compared to the equiatomic BCC structure at room tem-
perature, they exhibited significantly higher strength
at 873 K. This can be largely attributed to deforma-
tion twinning due to low defect energy in packing at room
temperature. The Labusch model was used to calculate
the “softening” effect in the solid solution strengthening
of the Cantor alloy. Such calculations allow for the devel-
opment of an algorithm for designing alloys with specific
mechanical properties.

The attempt to automate the evaluation of the kinetic
database for BCC equiatomic HEAs seems justified.
The development of accurate kinetic databases through
parameterization of composition and temperature-depen-
dent atomic mobilities is necessary for correcting multi-
component calculations and CALPHAD modeling. Using
the example of the CoCrFeNiMn HEA, an automated
evaluation procedure is proposed, which includes storing
raw data and evaluation results, automatic weighting,

parameter selection, and re-evaluation. The proposed
software, written in Python, only uses diffusion indicator
data for clear separation of thermodynamic and kinetic
data. The created database is valid for the entire composi-
tion range of five-component HEAs.

Based on experimental data, the authors of [45]
were able to obtain a polynomial equation for strength
(hardness) for BCC HEAs containing 4 — 5 elements
of the Cantor alloy system. An important conclu-
sion of the study is that as the iron content increases,
the strength of the five-component Cantor alloy
decreases. This is due to a decrease in the shear modu-
lus with decreasing iron concentration. The role of mix-
ing enthalpy and electron concentration is also important.
It is shown that the strength in Cantor alloys increases
with decreasing mixing enthalpy and increasing concent-
ration of valence electrons. This is particularly important
for controlling mechanical properties, as it allows for
purposefully increasing or decreasing their values.

The CALPHAD thermodynamic calculation pro-
gram can be very useful for the development of new
CoCrFeNiMn HEAs with increased strength. Compu-
terized thermodynamic prediction of phase equilibria is
the basis for this, as mechanical properties are largely
determined by the phase composition of alloys. This
task is quite complex due to the incomplete descrip-
tion of ternary systems. In [46], a successful attempt
was made to develop a self-consistent thermodynamic
description of the five-component Cantor alloy system by
completing the description for all triple subsystems and
making new thermodynamic assessments for CoCrNi and
CoCrMn.

The reliability of the developed thermodynamic
description of the five-component Cantor alloy is con-
firmed by comparing the calculated vertical sections
of the five-component phase diagram with available
experimental data. This provides a basis for higher-order
thermodynamic descriptions of systems with various
additional elements.

To improve the strength characteristics of the Cantor
alloy, various alloying elements have been and are being
introduced [47 —52]. When designing a new Cantor
alloy, it is necessary to consider the possibility of forming
intermetallic - and B2-phases [53 — 55]. The influence
of alloying elements on phase stability is very complex,
and their individual contributions to a multi-component
alloy like Cantor are small, which makes reliable predic-
tion difficult.

The way forward lies in considering the simulta-
neous influence of various alloying elements. This can
be achieved within the framework of CALPHAD (Cal-
culation of Phase Diagram) [56]. Commercial databases
(TCHEA and PanHEA) do not allow for the reproduc-
tion of experimental vertical sections of five-element
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HEAs and, consequently, cannot adequately predict
phase equilibrium between FCC, BCC, and c-phases.
To achieve this, thermodynamic descriptions are needed
for all binary and ternary systems. Unfortunately, for
most multicomponent HEAs, these have not been deve-
loped. According to publications, alloying of HEAs is
carried out over a wide range of concentrations, which
highlights the importance of developing thermodynamic
descriptions for all ternary systems that significantly
impact the prediction of phase equilibrium.

The most detailed analysis of phase formation in five-
component HEAs consisting of cobalt, chromium, iron,
nickel, manganese, aluminum, and copper was conducted
in a particular study [57]. A total of 2436 compositions
were considered, of which CALPHAD selected 1761
variants for reliable prediction of FCC/B2 and BCC phase
formation, excluding the amorphous phase and interme-
tallics. It was shown that thermodynamic calculations and
experimental data closely matched. As the atomic size
difference between elements increases, more FCC/B2
phase alloys are formed compared to HEAs with BCC
structures. It was found that the concentration of valence
electrons is the most important parameter for predicting
FCC/B2, BCC, and FCC/B2 + BCC phases. These results

are crucial for designing HEAs with specific structures
and, consequently, properties.

A new approach to creating five-element eutectic
HEAs is proposed in [58]. It is based on the possibi-
lity of using composite phase diagrams and the mixing
entropy of two- and three-component eutectic alloys
in the development of new HEAs. The search for such
HEAs is justified, as five-component eutectic HEAs dem-
onstrate a successful combination of high strength and
plastic properties [59 — 62] due to their lamellar compos-
ite microstructures.

Reliable phase diagrams for five-element alloys are
clearly insufficient, so the approach proposed in [58]
looks promising. This is confirmed by experimental
results in creating eutectic alloys in the AICoCrFeNi and
CoCrFeNiTi systems.

To develop new HEAs with high yield strength,
a method combining CALPHAD phase diagram calcu-
lations, electronegativity differences, and machine lear-
ning [63] is proposed. In the first stage, this method allows
avoiding the formation of undesirable brittle phases.
Following the trend of creating new HEAs, points with
high yield strength and elemental ranges are identified

TEM images of the destroyed alloy Co,,Cr, Nis, Mo, [63]:
a, b — images of shear bands in a light field and corresponding diffraction patterns of the selected area;
d, e — interaction of dislocations with shear bands; f— light field, images of a tangle dislocation substructure in another grain

TIOM-uzo6paxenus paspymennoro criasa Co, ,Cr, Ni; Mo, [63]:
a, b — 1300pakeHus OJIOC CBUTA B CBETIIOM II0JIE U COOTBETCTBYIOIIHE TU(PPAKINOHHBIEC KAPTHHBI BHIOPAHHON 00J1aCTH;
d, e — B3aMMOJIENCTBHE IUCIOKALIMH C MTOJIOCAMU C/IBHUTA;
f— cBemnoe nose, N300paxeHuUs KIIyOKOBOI AUCIOKAIIOHHOM CyOCTPYKTYPBI B IPyTOM 3epHE
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in the single-phase region. Additionally, if the content
of molybdenum and iron is 6 and 0 at. % respectively,
the ranges for nickel and cobalt are expanded. The next
step is the experimental verification of the developed
alloy. It is shown that the yield strength of the single-phase
Co,,CryNig;Mo, HEA with a grain size of 17.1 pm was
472 MPa with an electronegativity difference of 0.136.
The high ductility and deformation strengthening ability
of the alloy are due to the high density of dislocation slip
bands and their interaction. The distance between slip
bands is about 100 nm (refer to Figure, ). The contrast
from the slip bands is darker than the FCC matrix, and
the presence of high-density dislocation tangles in the slip
bands (refer to Figure, f). indicates intensive deformation.

For the aerospace industry, the Al, Co ,Cr, Fe, Ni;,
HEA, obtained in the cast state, homogenized at 1200 °C
for 8 h, and subjected to step annealing at (24 h) and
590 °C (120 h) [64], can be useful. This provided an FCC
matrix microstructure with B2 precipitates and chromium-
enriched carbide. The design of this HEA was based
on CALPHAD phase diagram calculations. Mechanical
testing showed an excellent combination of strength and
ductility: the yield strength was 470 MPa, the ultimate
strength was 790 MPa, and the elongation was 48 %.
The results of this study vividly demonstrate the possi-
bilities of creating next-generation HEAs based on phase
diagrams.

- CONCLUSIONS

Due to the large number of publications accumu-
lated on various directions for improving the mechani-
cal properties of the CoCrFeNiMn (Cantor alloy) and
CoCrFeNiAl HEAs, an analysis of works from the last
three years on alloying, strengthening by precipitations,
heat treatment, and the use of CALPHAD phase diagrams
has been carried out.
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