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In the equiatomic approximation, the dependence of the lattice FCC parameter and the Debye temperature
from the atomic fate x of the doping element, which is alternately represented by all elements of a multicomponent
solid solution, including high-entropy alloys were obtained. The calculations were carried out on the example of a
five-component (based on Cu, Ni, Co, Fe, and Al) or six-component (based on Cu, Ni, Co, Fe, and Cr, Ti) metal
systems. It was found that by varying x within x = (0 - 0.3), it is possible to obtain a change in the lattice FCC
parameter from 0 to 0.03 nm and the Debye temperatures from 0 to 80 K. The proposed new characteristics are
integral and differential concentration coefficients, the magnitude and sign of which can predict concentration
dependences for the lattice parameter and the Debye temperature.
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Introduction

The authors [1-3] attempted to apply the principle of
additivity of physical quantities (average d-orbital energy
and melting temperature) in their calculations in the case
of high-entropy alloys (HEA). The work [4] also analyzed
the issue of the possibility and limits of applying the
principle of additivity to physical properties (for example,
specific resistance, strain sensitivity, magnetization, etc.)
or characteristics (for example, the atom magnetic
moment, melting temperature, lattice parameter, Debye
temperature and etc.) in the case of multicomponent
metallic solid solutions (s.s.), including high-entropy
ones. It was concluded that calculations of physical
quantities or characteristics using the principle of
additivity, which can be presented in the following form:

A = Q)
where i- is a component number and its atomic fraction
(c); A and 4; — the value of a physical quantity or
characteristic for s.s. or i components respectively, can
claim accuracy if 4; represent the own characteristics of
atoms (their size, mass, magnetic moment, etc.).

From this point of view, such dynamic characteristics
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as the s.s. lattice parameter and the Debye temperature,
magnetization, valence of atoms can be indirectly
interpreted as their own characteristics, and for their
prediction (calculations) you can use relation (1).

In the case of the thermal resistance coefficient and
the strain coefficient:

dinp(T)
dar

dInR _ dinp(g)
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Br = and y, = + 1+ 2py, 2

where p is resistivity; R — resistance; ¢ — longitudinal

deformation; u; — Poisson's ratio, relations -2 and -2
p(T) p(e)

with a certain degree of convention, they can also be
considered as their own characteristics and prognosis Sy
and y; lead within the framework of relation (1). At the
same time, such physical quantities as resistivity (p), mean
free path of electrons (4,), melting point (Tw), Fermi
energy(er) have a collective character and cannot be
predicted using relation (1), although experimentally
determined values 4, and p HEA films [5] well correspond
to the calculated ones. This can be explained by the fact
that the experimental values were obtained on the example
of film HEAs with a random ratio of components, and the
calculations were carried out for the case of an equiatomic
composition of bulk crystals, and the indicated
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coincidence may be situational.

In the case of the lattice parameter fcc s.s. (a = 0.360 —
0.365 nm) [6] a very good correspondence of experimental
and calculated results is observed. It should also be noted
that the physical properties of film HEAs have been
studied quite widely in the last decade (see, for example,
[7- 10]), but, all the same, not enough concrete results
have been obtained for comparison with calculated ones.
For this reason, we were able to compare calculations and
experimental results only in the case [5, 6].

I. Methodology of calculations, working
ratios

For lattice parameter calculations («) and Debye
temperatures (6p) s.s. depending on atomic fraction (x)
doping element (n-element) obvious ratios were used:
a= YP5c a; +Xay, O0p =X ¢ Oy + X 0py (3)
in the case of arbitrary atomic fractions (concentrations)
of (n—1) elements or

1-X wn—
=—Yla + xay,
1-x —
Op = y Z?:ll Opi + x Opy (4)

in the case of equiatomic composition (n—1) components
that act as phase-forming. It should be noted that, for
convenience, we denote the atomic fraction of the doping
element by the symbol x.

Note that there is no fundamental difference between
(3) and (4), but relations (4) are more convenient.

Typical dependenciesag (x) and 655 (x) presented
in Fig. 1. When receiving them, we used data about a and
6y, presented in the academic directory [10, 11]. Let's note
their characteristic features.

First of all, at a certain equiatomic atomic fraction he
for all five elements, they all intersect at a certain point,
which can be interpreted as the realization of the
equilibrium state s.s. Secondly, by changing the doping
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element (and all n elements appear alternately), we can
vary both 65 and a, ¢ within wide limits. This opens up
the possibility of changing the phonon spectrum, which
may allow offering a sensitive element of one of the
acoustoelectronic sensors. As for the lattice parameter, in
this case we are not talking about the practical application
of the effect of varying the parameter a, .

Finally, extrapolation as¢(x) and 63°(x) at the
x = 1 allows you to at least approximate the behavior of
these characteristics in multicomponent alloys (MCA).
We will also note the following detail of our calculations
in the case of a metallic system, one of which is a
component Ti with HCP (low temperature phase) or BCC
(high temperature phase) lattices We made calculations
using the value aucp, assuming that the Ti atoms occupy
their specific positions in the FCC lattice s.s. Along with
this, in the case of Co, we used the value of the parameter
FCC Co as a high-temperature phase. Sensing some
incorrectness of various approaches in the case of
hexagonal Ti and Co, we made a calculation using the
value of the virtual parameter FCC phases Ti, which was
calculated according to a known ratio
Arce = V2 ancp (see section 3).

Analyzing the data on Fig. 1, we come to the
conclusion that they must be supplemented with the
dependence of the so-called concentration coefficients on
the atomic fraction x. We denote the integral and
differential concentration coefficients by indices «i» and
«d» means as follows:
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indices «i» and «(i+1)» concentration intervals are
numbered. This is implemented on the example of a six-
component system (Fig. 2).
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Fig. 1. Concentration dependence of the lattice parameter (a) and the Debye temperature on x (b) for bulk samples
of the five-component system (HEA) based on Cu, Ni, Co, Fe, and Al. MCA is a multi-component alloy.
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Il. Concentration coefficients of the
lattice parameter and the Debye
temperature

In fig. 2 presents calculated dependencies a,, and
65° from the atomic fraction x of the doping element for
the six-component system for bulk samples; dependencies
are also presented here (5, )a and (Bg,)a from x. Based
on these data, the following features of the presented
dependencies can be indicated.

In the case of a, (x), as expected, the dependences
are linear regardless of the nature of the doping element,
since in the HEA the atomic radii satisfy the high-entropy
condition. At the same time linear character 65° is
optional and is most likely implemented in the case of
close values 63 for individual components.

We will also point out that the use of the virtual phase
lattice parameter the  calculations  Ti
arcc = 0.4160 nm does not lead to fundamentally new
results, since the linear dependence is preserved ag ¢ (x),
but the equilibrium point shifts to a magnitude
as s = 0.3425 nm and the slope changes its negative value
to a positive one. Thus, the question of the correctness of

5
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use in calculating the value ancp hexagonal or arcc of the
virtual Ti phase remains open to a large extent.

With regard to concentration coefficients, then with
linear dependencies a, ; (x) and 685 (x) they will have a
constant value at each doping element. Their negative
value will be associated with a decrease a ; and 63° with
an increase in the value of x for certain doping elements,
and a positive value - on the contrary, will be associated
with an increase in these characteristics. Thus, the
magnitude and sign of the concentration coefficients allow
us to qualitatively predict the nature of the change a, ; and
65° when varying the atomic fraction of doping elements.

Conclusions

In the equiatomic approximation, the dependence of
the lattice parameter was calculated a, ¢ and temperature
Debye 65 from the atomic fraction of the doping
element x, which alternately acts as one of the components
of the five-component (based on Cu, Ni, Co, Fe i Al) or
six-component (based on Cu, Ni, Co, Fe and Cr, Ti)
multicomponent bulk s.s., including high entropy (HEA).
Based on these results, the dependences of the integral and
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Fig. 2. Concentration dependence of the lattice parameter (a), Debye temperature (c), and differential concentration
coefficients (b, d), respectively, for a six-component system based on Cu, Ni, Co, Fe, Cri Ti.
MCA — multicomponent alloy.

286



Concentration effects in multicomponent metallic solid solutions

differential concentration coefficients, which are proposed Odnodvorets L.V. — Head of Department, Doctor of
for consideration for the first time, were calculated. Physical and Mathematical Sciences, Professor,
Because dependencies a, and 85° from x have a linear Department of Electronics, General and Applied Physics,
character, then the concentration coefficients for each Sumy State University, Sumy, Ukraine Sumy State

doping element practically do not depend on X, in contrast University;

to their magnitude and sign. Using concentration Shumakova N.I. — Associate Professor of the Department,

coefficients, it is possible to predict values ag ¢ and 65 candidate of physical and mathematical sciences,
The work was carried out with the financial support associate professor, Sumy State University;

of the Ministry of Education and Science of Ukraine 2022- Pasko O.0. — Senior lecturer of the Department, candidate

2024 pp. (Ne0122U000785). of pedagogical sciences, Sumy State University;

Protsenko 1.Yu. — Professor of Department, Doctor of
Protsenko S.I. — Chief Researcher, Doctor of Physical and Physical and Mathematical Sciences, Professor,
Mathematical Sciences, Professor, Department of Department of Electronics, General and Applied Physics,

Electronics, General and Applied Physics, Sumy State Sumy State University.
University;

[1] Yiping Lu, Yong Dong, Li Jiang, Tongmin Wang, Tingju Li, Yong Zhang, Criterion for topological close-packed
phase formation in high-entrony alloys, Entropy 17, 2355 (2015); https://doi.org/10.3390/e17042355.

[2] Y. Zhang, X. Yang, P.K. Liaw, Alloy design and properties optimization of high-entropy alloys, JOM 64,830
(2012); https://doi.org/10.1007/s11837-012-0366-5.

[3] A.B. Melnick, V.K. Soolshnenko, K.H. Levchuk, Termodinamic prediction of phase composition of transition
metals high-entropy alloys, Metallophysics and Advanced Technologies 42(10), 1387(2020);
https://doi.org/10.15407/mfint.42.10.1387.

[4] 1. Yu. Protsenko, On the possibility of applying the principle of physical quantities additivity of multicomponent
metallic materials, J. Nano- Electron. Phys. 15 (5), 05011 (2023); https://doi.org/10.21272/jnep.15(5).05011.

[5] Yu. S. Bereznyak, L.V.Odnodvorets, N.I. Shumakova, 1.Yu. Protsenko, Thermal coefficient of resistance of high-
entropy film alloys, IEEE 8-th International Conference of Nanomaterials: Application & Properties, NAP-2018,
19210930 (2018); https://doi.org/10.1109/NAP.2018.8915319.

[6] Yu. Bereznyak, L.V.Odnodvorets, D. Poduremne, I.Yu. Protsenko, A. Rylova, N.l. Shumakova, The Phase
Composition of Film Materials with Different Degrees of Entropy, IEEE 9-th International Conference of
Nanomaterials: Application & Properties, NAP-2019 (2019).
https://ieeexplore.ieee.org/xpl/conhome/9067832/proceeding.

[7] Ming-Hung Tsai, Physical Properties of High Entropy Alloys, Entropy 15, 5338 (2013);
https://doi.org/10.3390/e15125338.

[8] Xue Hui Yan, Jin Shan Li, Wei Ran Zhang, Yong Zhang, A brief review of high-entropy films, Materials
Chemistry and Physics, Vol. 210, 12 (2018);. https://doi.org/10.1021/acsomega.3c07721.

[9] L.V. Odnodvorets, I.Yu. Protsenko,Y.M. Shabelnyk, N.I. Shumakova, Correlation between the entropy degree
and properties of multi-component (high-entropy) film materials, J. Nano- Electron. Phys. 12 (2), 02014 (2020);
https://doi.org/10.21272/jnep.12(2).02014.

[10] L.Yu. Protsenko, L.V. Odnodvorets, M.V. Vasyukhno, V.S. Klochok, A.K. Rylova, N.I. Shumakova,
Concentration Effects in the Electronic Properties of High- entropy Film Alloys, , J. Nano- Electron. Phys. 14 (4),
04021 (2022); https://doi.org/10.21272/jnep.14(4).04021.

[11] Fizikatverdoho tela. Enciklopedicheskii slovar. Vol. 1 (Ed. by Bar'yakhtar V.G.) — Kyiv: Naukova dumka, 1996.
— 656 p. [in Russian].

[12] Fizika tverdoho tela. Enciklopedicheskii slovar. Vol. 2 (Ed. by Bar'yakhtarVV.G.) — Kyiv: Naukova dumka, 1998.
— 644 p. [in Russian].

287


https://doi.org/10.3390/e17042355
https://doi.org/10.1007/s11837-012-0366-5
https://doi.org/10.15407/mfint.42.10.1387
https://doi.org/10.21272/jnep.15(5).05011
https://doi.org/10.1109/NAP.2018.8915319
https://ieeexplore.ieee.org/xpl/conhome/9067832/proceeding
https://doi.org/10.3390/e15125338
https://www.sciencedirect.com/author/55961813400/yong-zhang
https://www.sciencedirect.com/journal/materials-chemistry-and-physics
https://www.sciencedirect.com/journal/materials-chemistry-and-physics
https://www.sciencedirect.com/journal/materials-chemistry-and-physics/vol/210/suppl/C
https://doi.org/10.1021/acsomega.3c07721
https://doi.org/10.21272/jnep.12(2).02014
https://doi.org/10.21272/jnep.14(4).04021

S.1. Protsenko, L.V. Odnodvorets, N.I. Shumakova, O.0. Pasko, I.Yu. Protsenko

C.I. IIpouenko, JI.B. Ongnoasopeusp, H.I. [Illymakosa, O.0O. ITacsko, [.}O. I[Ipouenko

Konuenrpauiiini egpekT B 0ararTOKOMIIOHEHTHUX METAJEeBUX TBEPIUX
PO3YMHAX

Cymcwruil depoicasnuii ynisepcumem, m. Cymu, Yrpaina, Serhiy.Protsenko@gmail.com

B exBiaromHOMYy HaOmmkeHHI oTpuMaHo 3anexHicTs ['IIK-mapamerpa rpatku ta temmepatypu [lebas Big
aTOMHOI JI0JIi X JIETYIOUOTO €IeMEHTa, SIKMH TI0 Yep3i MpeICTaBIeHUH yciMa eJeMeHTaMH 0araTOKOMIOHEHTHOT'O
TBEPIOTO PO3YMHY, B TOMY YHCIIi BHCOKOCHTPONIMHMMH cIulaBaMH. PO3paxyHKH NPOBOAWIMCH Ha TMPUKIAJI
I’ ITUKOMITOHEHTHOT (Ha ocHOBI Cu, Ni, Co, Fe ta Al) abo mectukommnonenTHoi (Ha ocHoBi Cu, Ni, Co, Fe Ta Cr,
Ti) MetaneBux cucteM. BcTaHOBIECHO, 110 3MiHIOIOYH X B Mexkax X = (0 - 0,3), MoskHA OTpUMAaTH 3MiHY MapameTpa
I'IK rpatku Bix 0 mo 0,03 uM i temneparyp de6as Bix 0 mo 80 K. HoBi xapakTepHcTHKH, 10 OYIJIH 3apOIIOHOBaHi,
€ IHTerpajJbHUMHU 1 IudepeHmiaTbHIMA KoedilieHTaMu KOHIEHTpamii. 3a iX BEIWYHHOK 1 3HAKOM MOJKHA
nepe0aYnTH KOHICHTPALIHHI 3aJISKHOCTI IS TapaMeTpa peniTky i Temmeparypu Jeoast.

Kurouosi cioBa: [lapamerp rpatky; Temmepatypa Jlebas; 6araTOKOMIIOHEHTHi 1 BUCOKOGHTPOIIiHHI TBepi
pO34YMHH; E€KBiaTOMHE HAOIMKCHHS; KOHIICHTPAIITHI KOe(IIliEHTH.
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