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The concentration dependences of melting temperature 7. , Debye temperature O} and lattice pa-

rameter as.. for massive high-entropy alloys based on Fe, Ni, Co, Cu and Al were analyzed within the concept
of additivity of physical values of high-entropy alloys. 4- and 5-component alloys were considered in the form

of single-phase solid solutions. It was established that T, * can vary within 150 K, thatis, T,

. 1sinsensitive

to changes in the concentration of individual atoms. It is even less sensitive to concentration @‘BS‘ since the

maximum value is A@}" =80 K. The lattice parameters change in accordance with Vegard's rule.
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1. INTRODUCTION

The phenomenological concept of additivity of physi-
cal quantities in solid solutions (s.s.) of high-entropy al-
loys (HEA) was developed in previous works [1, 2]. The
concentration dependences of specific resistance (o) and
electron mean free path (1) [1], thermal coefficient of re-
sistance (fr) and coefficient of longitudinal strain sensi-
tivity () [2] were analyzed in film s.s. of HEA. To calcu-
late the concentration dependences of p and A, Br and y,
the authors [1, 2] used a huge amount of experimental
data accumulated by them for single-layer films of indi-
vidual components of 4- or 5-component HEA.

Due to the absence of similar data for the Fermi en-
ergy (Er) and the Curie temperature (®c), the concen-
tration dependences were obtained for massive samples
and therefore, unlike previous calculations, they can cor-
respond to the film HEA only qualitatively.

The purpose of this work is to study the concentra-
tion dependences of thermodynamic characteristics

(melting temperature 7, ) and dynamic characteristics

(Debye temperature (®%) and lattice parameter ass.).

4- and 5-component systems based on Fe, Ni, Co, Cu and
Al were analyzed, in which the concentration x of one of
the components was set in turn: (s.s. FeNiCoCu)1 - xAly;
(s.s. FeNiCoAl)1 - xCuy, etc., where x =0, 0.10, 0.15, 0.20,
and 0.30. The necessary data of TSMe , ®gg and aMe were
taken from literary sources [3, 4]. The results of the con-
centration dependence of 7. are of practical interest
from the point of view of the application of HEA.
Obtaining and researching the concentration de-
pendences of the physical parameters of HEA based on
metals remains an urgent task of both solid-state phys-
ics and functional electronics (see, for example, [1]). In
this regard, high technological requirements are placed
on HEA: thermal stability of the structural-phase com-
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PACS numbers: 63.70. + h, 64.70.dj

position and stability or, on the contrary, sensitivity of
operating characteristics to the effect of temperature,
deformation, magnetic field, etc. This can be achieved
first of all by choosing the method (layer-by-layer or sim-
ultaneous condensation of components) and conditions
of formation (pressure in the vacuum chamber, conden-
sation rate, temperature of the substrate, etc.) of film
materials, as well as by changing the thickness or con-
centration of atoms of individual components of the sys-
tem. On the basis of the concentration and temperature
dependences, it is possible to control the magnetoresis-
tive, magneto-optical, electrophysical and other proper-
ties of films within wide limits. The widespread use of
the phenomenon of giant magnetoresistance in instru-
mentation has caused a new wave of both experimental
and theoretical research of the HEA properties as func-
tional materials for micro- and nanoelectronics. At the

same time, the results of ®%" and as.s will be of interest

from the point of view of understanding the lattice dy-
namics, as it has not been considered by anyone yet.

2. RESULTS AND DISCUSSION
2.1 Melting Temperature 7,

We started from the concept of additivity [1, 2] and
used the following ratio in the case of a four-component

system when calculating 77 :

=

—-X

TS.S. —

s

[y

n—
where n is the number of components.

X . ..
indicates

It must be noted that the multiplier 1=

that the basic (phase-forming) combination of atoms is
always in an equiatomic ratio both at n =4 and at n = 5.
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Fig. 1 — Dependence of Tss's‘ on concentration x for 4- (a) and 5-
(b) component HEA systems: (s.s. FeNiCo)1 - »Cux (1); (s.s. Fe-
NiCu)1-2Cox (2); (s.s. FeCoCu)1-xNix (3); (s.s. NiCoCu)1-Fex (4);
(s.s. FeNiCoAl): - :Cux (5); (s.s. FeNiCoCu): -Cox (6); (s.s. FeCo-
CuAl): - :Nix (7); (s.s. CoNiCuAl): - sFex (8) and (s.s. FeCo-
NiCu)1-.Al: (9)

In addition, it is clear that in the case of a 5-compo-
nent HEA in relation (1) there will be a term associated
with the fifth component.

Fig. 1 presents the results of the calculations of the

dependence of 7% on concentration x, which are ex-

trapolated to TsMe at x — 1. It is also necessary to give a

further explanation for Fig. 1.

In both cases, we assume that HEA with a stable
phase composition is limited by the interval 0 < x < 0.30,
and at x ~ 0.30-0.50, a multicomponent alloy (MCA) will
form next to HEA.

A single-phase alloy based on Mes or Mes will even-
tually form beyond this intermediate interval. At the
moment, it is not possible to indicate more precisely the
intermediate interval of HEA + MCA.
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2.2 Debye Temperature
The calculation of @3 for a 4-component HEA was
carried out according to a relation similar to (1):

1-

n-—

e} = ’i (0" +0p + o) +x -0 2
If in the case of the melting temperature (Fig. 1a)
there is a significant decrease of AT, =100-200 K, then

in the case of ©%" (Fig. 2) the effect of A®};" can be con-

sidered insignificant. This means that the HEA phonon
spectrum is insensitive to changes in the concentration
of atoms. In our case, this can be explained by the close-

ness of the value of ®g€ for four metals Cu, Co, Ni, and

Fe, although the value of Ggl differs very significantly.
It is also necessary to point out on graphs 7 and 8 in
Fig. 2b, according to which the temperature ®7" does
not depend on the concentration of Ni and Fe atoms,
which is due to the practically identical value of ®} and

F
o5 .
2.3 The Lattice Parameter

We attribute the change in the lattice parameter to
the concentration of atoms and to dynamic effects of the
lattice. The lattice parameter was calculated using for-
mulas similar to (1) and (2). In the case of a 4-component
system, the relation has the following form:

—

-X

a =

» -(aM“l +a 4 oM ) +x-a™ 3)

[ay

n-—

Concentration dependences of ass. for 4- and 5-com-
ponent systems are presented in Fig. 3, which in previ-

ous cases were extrapolated to the parameter o™ . It is
possible to establish the fact that slight changes in as.s.
fully correlate with changes in ©7".
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Fig. 2 — Dependence of @} on concentration x for 4- (a) and 5-
(b) component HEA systems. Designations of systems are the
same as in Fig. 1
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Fig. 3 — Lattice parameter ass for different 4- (a) and 5- (b)
component systems. Designations are the same as in Fig. 1

3. CONCLUSIONS

The analysis of the concentration dependences of
T7%, ©F" and ass of 4- or 5-component HEA was car-

ried out at the phenomenological level for the first time.
Despite the fact that the analysis cannot claim high ac-
curacy, it qualitatively allows us to understand the be-
havior of the melting temperature, Debye temperature
and lattice parameter of the high-entropy s.s. Together
with the results of works [1, 2], we have covered a wide
range of properties of HEA in both solid and film states.
Having no fundamental comments on the concept of ad-
ditivity of physical quantities in HEA, it is necessary to
emphasize that it works only in the case of a single-
phase alloy in the form of s.s. The formation of side
phases will lead to a decrease in the accuracy of calcula-
tions. The next stage of our research will be the experi-
mental verification of the obtained results.
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Konneurpaniiiua sajie:kHiCcTh TEpMOAMHAMIYHUX i JUHAMIYHUX TapaMeTpiB
BHCOKOEHTPOIIIMHUX CILIABIiB

L.IO. IIpouenxo, JI.B. Ogaonsopens, H.I. lllymaxosa, B.C. Knouox, }0.M. [llabenpunk, A.B. Xumua

Cymcoruli Oeporcasruil ynisepcumem, 8ya. Pumcorozo-Kopcarosa 2, 40007 Cymu, YVrpaina

V paMKax KOHIIEIMIIl] aJUTUBHOCTI (PI3MYHMX BEJIMYNH BUCOKOSHTPOIINHIX CILIABIB IIPOAHAII30BAHI KOH-
LieHTpaniiiHi 3aIesHOCTI TeMuepaTypy IwiasineHHs 1, , remneparypu Jebas O} i mapamerpa pemritkn
Qs.s. IJISI MACUBHUX BHCOKOEHTPOIMMHMX cItaBiB Ha ocHoBl Fe, Ni, Co, Cu ta Al. PoarysayTi 4-u Ta 5-T KOM-
[IOHEHTHI CILIABY Y BUIJISA] TBEPIUX PO3YMHIB 0JHODASHOTO CKJIAIY. ¥ CTAHOBJIEHO, IO Tss's' MO’Kke 3MIHIOBA-

tcs y meskax 150 K, To6To T:‘S' He JIy’Ke UyTJIUBA J0 3MIHI KOHIeHTparil okpemux atomis. llle y memrmiit

.. S.S. . S.S. 3 .
Mipi dyTamBa 10 KoHIeHTparil ©) , ockinpku MakcuMansHa BeaumuuHa A®p" =80 K. 3mina mapamerpis

PeLIITKH BimOyBaeThesA BIAIOBIIHO 10 mpaBuiia Berapaa.

Kmiouosi cioBa: BucoxoenTpomitini criasu, Jlunamiuai mapamerpu, Temmneparypa miasienus, TeMmepa-
typa Jlebas, I[lapamerp rpaTkm.
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