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The article investigates the structure and physical properties of the multicomponent high-entropy alloy CoCrosCuo.s4FeNi in the cast
and quenched state. The composition of the alloy under study is analyzed using the criteria available in the literature for predicting the
phase composition of high-entropy alloys. These parameters are based on calculations of the entropy and enthalpy of mixing and also
include the concentration of valence electrons, the thermodynamic parameter QQ, which takes into account the melting point, entropy
of mixing, and enthalpy of mixing. Another important parameter is the difference in atomic radii between the alloy components 6. Cast
samples of the CoCro.sCuo.c4FeNi alloy of nominal composition were prepared on a Tamman high-temperature electric furnace in an
argon flow using a copper mold. The weight loss during the manufacture of ingots did not exceed 1%, and the average cooling rate
was ~ 10%K/s. Thereafter, the cast ingot was remelted, and films were obtained from the melt. The splat quenching technique used in
this work consisted of the rapid cooling of melt droplets when they collide with the inner surface of a rapidly rotating (~ 8000 rpm)
hollow copper cylinder. The cooling rate, estimated from the film thickness, was ~ 10° K / s. X-ray structural analysis was performed
on a DRON-2.0 diffractometer with monochromatic Cu Kq radiation. Diffraction patterns were processed using the QualX2 program.
The magnetic properties of the samples were measured using a vibrating sample magnetometer at room temperature. The microhardness
was measured on a PMT-3 device at a load of 50 g. In accordance with theoretical predictions confirmed by the results of X-ray
diffraction studies, the structure of the alloy, both in the cast and in the quenched state, is a simple solid solution of the FCC type. The
lattice parameters in the cast and liquid-quenched states are 0.3593 nm and 0.3589 nm, respectively. Measurements of the magnetic
properties showed that the CoCrosCuos4FeNi alloy can be classified as soft magnetic materials. In this case, quenching from a liquid
state increases the coercivity. On quenched samples, increased microhardness values were also obtained. This can be explained by
internal stresses arising during hardening.
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The development of theories and technologies in the field of creating new materials has led to an increase in the
number of elements in the composition of multicomponent alloys. In recent decades, a new class of metal compounds has
been developed - the so-called multicomponent high-entropy alloys (HEAs) [1-3]. Such alloys contain at least five
elements in equiatomic or close enough to equiatomic concentrations (usually from 5 to 35 at.%). The main feature of
HEAs is the formation of single-phase, thermodynamically stable substitutional solid solutions with a cubic body-centered
(BCC) or face-centered (FCC) lattice. Stabilization of the solid solution during crystallization is provided by the high
entropy of mixing the components in the melt. The maximum value of the entropy of mixing, obviously, is achieved at
equimolar ratios of elements.

Studies of HEAs have shown that they can form nanoscale structures and even amorphous phases [1-7]. This is due
to significant distortions of the lattice, which are due to the difference in the atomic radii of the substitution elements.
This also reduces the rate of diffusion processes, which decreases the growth rate of crystallites, which in turn leads to a
fine crystalline structure.

Recently, it has been proposed in the literature to consider as HEAs only equimolar alloys in the structure of which
there are exclusively simple solid solutions with crystal lattices of BCC and FCC. For other alloys with high entropy but
with non-equimolar component content or more complex phase composition, in which there are also ordered solid solutions
and intermetallic compounds, it was proposed to introduce new terms, namely: multi-principal element alloys (MPEA), or
complex concentrated alloys (CCA) [3]. However, at present, these terms are not yet common.

Casting methods are usually used as methods for producing high-entropy alloys. However, it should be noted that
the formation of the structure of the solid solution, doped with many elements, should complicate the casting process, in
particular, we can assume a heterogeneous distribution of elements, as well as the presence of significant internal stresses
in the ingot. There is an obvious need to increase the number of melts to increase the homogeneity of the chemical
composition and control the cooling rate during crystallization.

One of the widespread methods of improving the physical, chemical, mechanical and other properties of metals and
alloys is quenching from a liquid state [8]. The development of quenching methods has led to a growing interest in
materials with thermodynamically nonequilibrium structures worldwide. In these methods, the cooling rate of the melt
reaches values above 10*K/s, due to which a wide range of metastable structural states is formed in the alloys, including
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nanocrystalline and amorphous, with unique sets of properties [9]. Due to this, quenching from the liquid state is a
promising method for obtaining high-entropy alloys with improved characteristics.

The properties of HEAs are determined by their elemental composition and structure. Due to the resistance to
ionizing radiation, wear resistance, high hardness, and, at the same time, sufficient ductility, they can be promising
materials for many fields of technology [10-17].

One of the possible applications of HEAs as not only structural but also functional materials is their use as magnetic
materials. In work [18], using the density-functional theory (DFT) and a magnetic mean-field model, the possible
ferromagnetic properties for a set of four- and five-component high entropy alloys were predicted. Some of these alloys
look promising in terms of combining high mechanical and magnetic properties. Substances that combine the properties
of several different types of materials have always been of considerable scientific interest [19,20]. This work aims to
obtain a multicomponent high-entropy alloy CoCrsCugssFeNi and to study the effect of rapid quenching from the melt
on its phase composition, microhardness, and ferromagnetic properties.

EXPERIMENTAL DETAILS
The as-cast samples of CoCrsCugssFeNi alloy with nominal composition presented in Table 1. were prepared by
means of a Tamman high-temperature electric furnace in the argon gas flow using a copper mold.

Table 1. Nominal chemical composition of CoCro.sCuo.c4FeNi alloy

Co Cr Cu Fe Ni
Composition of CoCrgsCugesFeNi, at. % 22.52 18.02 14.42 22.52 22.52

The mass losses during ingot preparation did not exceed 1% and the average rate of cooling was ~10? K/s. The as-
cast ingot was thereafter remelted and the films were obtained from the melt by splat quenching (SQ) technique. A
technique for splat quenching used in the present work consisted of rapid cooling of melt drops upon their collision with
the internal surface of a rapidly rotating (~8000 RPM) hollow cylinder of copper. The cooling rate was estimated using
the expression [8,21]

9
V:OL_, (1)
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where c is the heat capacity of film, p is the film density, a is the coefficient of heat transfer, 3 is the excess temperature
of the film and § is the thickness of the film.

Taking into consideration the thickness of fabricated splat quenched films, i.e., ~40 um, the estimated rate of cooling
was ~10°® K/s. The X-ray diffraction analysis (XRD) was carried out using a DRON-2.0 diffractometer with
monochromatized Cu Ka radiation. The diffraction patterns were processed using QualX2 software [22]. The magnetic
properties of the samples were measured by a vibrating sample magnetometer (VSM) at room temperature. The
microhardness was examined using a tester PMT-3 at a load of 50 g.

RESULTS AND DISCUSSION
Electronic, thermodynamic and atomic-size criteria of phase formation in high-entropy alloys
There are two main criteria by which the high-entropy alloys are usually characterized. This is the entropy of mixing

AS,.. and the enthalpy of mixing AH,, . However, to predict the phase composition of HEAs, some additional

mix
parameters were proposed [1-3]. These parameters include in particular the valence electron concentration (VEC), the
thermodynamic parameter Q, which takes into account the melting temperature, mixing entropy and the mixing enthalpy.
The important parameter is an atomic-size difference between alloy components which is denoted as 6. Let's take a closer
look at the above parameters
The basic principle of HEAs is the solid solution phase stabilization by the significantly higher configurational
entropy of mixing AS,,. compared to conventional alloys. The configurational entropy of mixing during the formation

of regular solution alloy can be determined as
AS,. =—RD ¢;Inc; 2)
i=1

¢, - atomic fraction of the i-th component, R - universal gas constant. Increasing of mixing entropy reduces the Gibbs
free energy of the alloy and improves the stability of the solid solution. For the alloy where 7 is the number of components
maximum mixing entropy is when they are mixed in equal atomic fractions.

Usually in HEAs AS

X

value is in the range of 12-19 J/(mol-K). Due to the high mixing entropy HEAs are solid

solutions typically having simple crystal structures (FCC or BCC), but to avoid the appearance of brittle intermetallic
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compounds, complex microstructures and amorphous phases in the structure of alloys, some phase formation criteria are
required to be completed. According to [1, 2], the Q parameter can be used to estimate the phase composition of HEA.

T ASmi)c
Q=ﬁg—- (3)

b
mix|

where T, is the average melting temperature of alloy and AH,,; - mixing enthalpy

T, =T, 4)
i=1
AH,,;. = D, Qcc;, 5)
i=Li)

where the regular melt-interaction parameter between i-th and j-th elements (3, = 4AH, rfﬁ, and AH % - mixing

enthalpy of binary liquid AB alloy. Alloy components should not have a large atomic-size difference, which is described

by the parameter
n . 2
5=100 gc[(l—%) , (6)

where 7 = Zciri ; 1, - the atomic radius of the i-th element.
i=1
According to [1,2] the HEA alloys for which >1.1 and 8<6.6 % can form the solid solutions without intermetallic
compounds and amorphous phases. However, simple (not ordered) solid solutions form if -15 kJ/mol < AH . <5 kJ/mol

and 6<4.6 %.
The other useful parameter is the valence electron concentration, VEC, which has been proven useful in determining
the phase stability of high entropy alloys [1,2]. VEC is defined by:

mix

VEC = Zn:cl.(VEC)i : ™

i=1
where (VEC), - valence electron concentration (including the d-electrons) of the i-th element. As pointed in [1,2] at VEC

>8.0, the sole FCC phase exists in the alloy; at 6.87 < VEC < 8.0, mixed FCC and BCC phases will co-exist and the sole
BCC phase exists at VEC<6.87. It should be noted, however, that the exact boundaries of the valence electron
concentration range, in which one should expect the formation of solid solutions based on BCC and FCC lattices are
rather individual for each specific alloy. For example, the VEC criteria work on the assumption that solid solutions are
the only constituents of the alloy, that is, no intermetallics or amorphous phases are formed [1,2]. In addition, the VEC
criteria are most effective for HEAs containing mainly 3d or 4d transition metal elements [1,2]. Despite the above
limitations, the empirical rules for predicting the phase composition of alloys are widely used in the literature and have
recently been confirmed by the computational thermodynamic approach [23]. Using the data from [24], we calculated

AS,..,AH, ., 38, VEC, and Q of the CoCrogCugesFeNi HEA (Table 2).
Table 2. Electronic, thermodynamic and atomic-size parameters of the CoCro.sCuo.s4aFeNi high-entropy alloy
Alloy ASmix, J/(mol-K) | AHmix, kJ/mol Q VEC 5, %
CoCro3CugesFeNi 13.26 1.68 14.05 8.75 1.26

The analysis of these parameters shows that in CoCry sCuy ¢4sFeNi alloy the formation of a single-phase solid solution
of the FCC type without intermetallic compounds should take place.

Structure and properties of CoCrosCuo.csFeNi high-entropy alloy

The phase composition of the studied alloy and the crystal lattice parameters (Table 3) were determined from the
XRD patterns (Fig. 1).

An analysis of the X-ray diffraction patterns made it possible to establish the following: a single-phase FCC structure
is formed in both cast and SQ samples. Thus, for this alloy, the consistency of the previously considered theoretical
criteria for predicting the phase composition has been confirmed. We can also see that quenching from the liquid state
does not change the phase composition of the CoCrosCugssFeNi alloy.
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Fig. 2 shows the magnetic hysteresis loops of the as-casted and splat quenched high-entropy CoCrysCugesFeNi
samples measured at room temperature. Both are characterized by typical ferromagnetic behavior. According to the values
of coercivity H. of the samples (Table 4), they can be classified as soft magnetic materials. As can be seen from Fig. 2
and Table 4, the value of the specific saturation magnetization My practically does not change with an increase in the
cooling rate. This is because the magnetization M of the alloy mainly depends on the composition and crystal structure,
which are unchanged for both samples. At the same time, the coercivity value has doubled. Obviously, this is due to
internal stresses arising in the material during quenching from the liquid state, as well as to the formation of a
microcrystalline structure containing many defects and nanoprecipitates, which complicates the displacement of domain
walls during magnetization reversal [25].
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Figure 1. XRD patterns of CoCro.sCuo.c4FeNi high_entropy alloy

Table 3. The phase composition of CoCro.sCuo.c4sFeNi high_entropy alloy

Alloy

Phase composition

As-cast CoCrggCugesFeNi

FCC (a=0.3593 nm)

SQ film COCI‘o,gCuOlmFeNi

FCC (a=0.3589 nm)
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Figure 2. Hysteresis loops of as-cast (a) and splat-quenched (b) samples of CoCro.sCuo.c4FeNi HEA
Table 4. Magnetic characteristics of CoCro.sCuo.c4aFeNi high-entropy alloy
Specific saturation .
p N Coercivity A,
Alloy magnetization A/m
M. S, A~m2/ kg
As-cast CoCrgsCup esFeNi 3543 120+10
SQ film CoCr3Cug¢4FeNi 3243 240+20
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Measurement of the microhardness of the SQ CoCrygCuqg.c4FeNi alloy showed that the value of H,, is higher than for
the alloy in the as-cast state. (Table 5).

Table 5. Microhardness of CoCro.sCuo.c4FeNi high-entropy alloy

Alloy H,, MPa
As-cast CoCrggCugssFeNi 2200+100
SQ film CoCrogCugesFeNi 2600+100

This result is not unexpected, since, taking into account the results of [21], it can be concluded that in the cast alloy
in the process of segregation, a microstructure with typical morphology of dendrites and interdendritic joints is formed.
In the structure of the SQ alloy, the structure of a thin conglomerate of phases is observed. Thus, the microstructure and
mechanical properties of the as-cast alloy significantly differ in its more equilibrium multiphase state, while the splat
quenched alloy provides higher values of hardness and strength due to internal elastic stresses.

It should be noted that the relatively low value of microhardness is specific for HEAs with an FCC lattice, which is
characterized by plasticity and not very high values of hardness. At the same time, alloys with a BCC lattice have a much
higher microhardness but are brittle.

CONCLUSIONS

In this work, a CoCrgsCu c4sFeNi high entropy alloy was obtained for the first time in the as-cast and splat quenched
state. The studies carried out made it possible to establish that the alloy has an FCC structure, which is not affected by
the cooling rate. The CoCrsCug¢4sFeNi HEA shows ferromagnetic properties, and quenching from a liquid state increases
the coercivity practically without changing the magnetization value. An increase in the cooling rate also increases the
value of the microhardness of the alloy. Thus, the splat quenched CoCrysCupesFeNi alloy can be recommended for
applications where the ductility characteristics of the FCC alloy together with increased microhardness values are
important.
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CTPYKTYPA TA ®I3UYHI BIACTHBOCTI BACOKOEHTPOIIIMHOI'O CIVIABY CoCrosCuo.csFeNi Y JUTOMY TA
3ATAPTOBAHHOMY 3 PIIMUHU CTAHAX
O. I. Kymineposos, B. ®. bamesn
Kadgheopa excnepumenmanvroi ¢izuxu, [ninposcokuil HayionarvHutl yrnieepcumem imerni Onecs I onuapa
72 np. I'aeapina, [ninpo, 49010 Yxpaina

VY crarTi JOCHIIKEHO CTPYKTYpY Ta (i3WyHi BIACTHBOCTI 0araTOKOMIOHEHTHOTO BHCOKOeHTpomiiHOro cruiaBy CoCrosCuo.c4FeNi y
JUTOMY Ta 3araproBaHoMy crali. CKiaj IOCIIJPKYyBaHOTO CIUIaBY IIPOAHAI30BaHMI 3 BHKOPHCTAHHAM HAsBHHUX Yy JITEpaTypi
KpHTEpiiB I IPOTHO3YyBaHH: (ha30BOro CKJIay BUCOKOSHTPOIIHHIX CcIIaBiB. Ll mapameTpu 6a3yloThest Ha po3paxyHKax eHTPOIii Ta
SHTaJIBIIIT 3MILIyBaHHS, a TAKOXK BKIIIOYAIOTh KOHIICHTPAIII0 BAJICHTHUX €JICKTPOHIB, TEPMOJUHAMIYHUN apameTp €2, sIKHii BpaxoBye
TeMIIepaTypy IUIaBJICHHs, SHTPOIIIIO 3MilllyBaHHS Ta CHTANBIIIO0 3MilnyBaHHs. [1{e oAHIM BaXKITMBUM HapaMETPOM € Pi3HULSI B ATOMHUX
paliycax MiX KOMIOHeHTamH ciuiaBy O. JIuti 3pasku crutaBy CoCro.sCuos4FeNi HOMiHaIBHOrO CKiIagy OTpUMaHi 3a JOHNOMOTOO
BHCOKOTEMIIEPATypHOI eIeKTPUYHOI evi TaMMaHa B IOTOIIl aproHy 3a IOMOMOTor0 MiTHOT popMu. Brparta Baru miz 4ac BUTOTOBIICHHS
3MUTKIB He nepeBuiyBaia 1%, a cepeHs MBHAKICT OXONOKEHHs cTaHoB/Ia ~ 102 K/c. TToTiM IuTHIT 3pa30K MEPETLIABIIIN, a 3
po3IUIaBy OTpPHMYyBalM IUTIBKH. TexXHiKa rapTyBaHHS 3 PIJKOTO CTaHy, BUKOPHCTaHa B JaHiii poOOTi, moysrasa B IIBUIKOMY
OXOJIOJDKEHHI Kpameib PO3IUIaBy IIPH 3iTKHEHHI iX i3 BHYTpIIIHBOIO MOBEPXHEIO MOPOXKHBOTO MiJHOTO HIUIHIpA, 0 o0epTaBcs i3
Beaukoo mBMAKicTI0O (~ 8000 06 / xB). IlBMAKICTH OXONOIKEHHS, OLiHEHA 3a TOBIIMHOK IUIiBKHM, craHoBuna~ 10°K/c.
PenrtreHoctpykTypHuii aHaniz npoBoawin Ha audppakromerpi DRON-2.0 y monoxpomarmyHomy BunpominioBanHi Cu Kao.
Hudpakrorpamu 00pobsiucs 3a gonomororo mporpamMu QualX2. MarHiTHI BIacTUBOCTI 3pa3KiB BUMIPIOBAIUCS 32 IOIIOMOTOIO
BiOpauiitHoro MarHiroMmerpa rnpu KiMHaTHiil Temieparypi. MikpoTtBepaicts BumiproBanu Ha npruiaii [IMT-3 npu naBanTaxeHHi 50 r.
BignoBigHO 10 TEOPETUYHUX MPOTHO31B, MiATBEPKCHUX Pe3yIbTaTaMU PEHTTEHIBCHKUX TOCIIKEHB, CTPYKTYpa CIUIaBY SK Y JIUTOMY,
TaK i B 3arapToBaHOMY CTaHi € MpocTuM TBepauM pozunHoM tumy I'LIK. ITapamMeTpu peliiTKH B JIUTOMY Ta MIBHIKO3arapTOBAHOMY
CTaHax CTaHOBIATH BixnoBimHOo 0.3593 mM T1a 0.3589 HM. BumiproBaHHS MarHiTHHX BIACTHBOCTEH IOKa3ajo, IO CIUIaB
CoCrosCuo64FeNi mokHa kinacudikyBaTH SK MarHitom skuid Matepian. [Ipm mpoMy rapTyBaHHS 3 piIKOro CTaHy 30UIbIIyeE
KOCPLUTHUBHY CHIy 3pa3kiB. Ha 3araproBaHmx 3pa3kax Takox OyjiM OTpHMaHi IMiJABUILIEHI 3HaueHHs MikpoTBeppocTi. lle mMoxHa
MIOSICHUTH BHYTPIIIHIMU HaIIpyramy, 10 BUHUKAIOTH I/l Yac rapTyBaHHs.

Kuro4oBi ci10Ba: BHCOKOGHTpOMINHUI CIJIaB, CTPYKTypa, (a30BUil CKIaj, rapTyBaHHS 3 PiIKOTO CTaHy, MiKpOTBEpAiCTh, MarHiTHi
BJIACTHBOCTI.



