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Previously obtained calculation data on the dependence of dynamic characteristics (lattice parameter (@) and
Debye temperature @p) and experimental data on kinetic characteristics (resistivity p and mean free path of
electrons 1) on the concentration of elements in high-entropy alloys (HEAs) were generalized. In the first case,
calculations were carried out for bulk solid solutions with an FCC lattice based on Cu, Co, Ni, Fe, Cr, Al, or Ti
atoms; in the second case, on the basis of experimental data.

A correlation was established between @p and a, and between p and X! in four- and five-component solid
solutions, in which Al and Ti atoms are absent. The reason for the unsatisfactory correlation in the presence of Al
and Ti atoms is explained by the relatively large value of the parameter J — the difference in atomic radii (5.2—
7.1%) in solid solutions containing Al and Ti atoms. The individual parameter J; has an even larger value: 10.3%
(Al) or 12.0-15.4% (Ti). Relatively large values of ¢ and d; can cause deformation of the solid-solution lattice,
which manifests itself in the absence of correlation between @p and a, as well as between p and 1.
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Introduction

At the moment, in the study of the properties of high-
entropy alloys (HEAs), one of the varieties of which is
solid solutions (S.S.), significant experimental material has
been accumulated regarding the physical, mechanical and
magnetic properties of multicomponent metal coatings in
the form of HEAs or their nitrides. In our work, we
analyze the effect of the concentration of paramagnetic
and magnetic components on the electrophysical
properties of films [1-3] and the dynamic characteristics
(lattice parameter and Debye temperature) of bulk solid
solutions [4—6].

The cited works addressed issues related to the
formation of the phase composition without secondary
phases; electrophysical studies (resistivity, temperature
coefficient of resistance, gauge factor) and
magnetoresistive properties (normal and anisotropic
magnetoresistance) as a function of the concentration of
doping atoms. This opens up potential opportunities for
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producing sensitive elements for functional electronics
devices with predictable characteristics, as well as
promising applications of HEAs in aerospace, energy, and
instrumentation industries.

The aim of our study is to generalize previously
obtained [1-6] experimental data for individual
components (resistivity p and mean free path of electrons
(MFPE) — 1) and calculated results for bulk metals (Debye
temperature — @p and lattice parameter — a) from the point
of view of the influence of the concentration (atomic
fraction) of individual HEA components on the mentioned
properties and characteristics.

In the equiatomic approximation, data were analyzed
for HEAs in which: four-component solid solutions were
formed based on Cu, Co, Ni, and Fe; five-component ones
were based on these four elements with the addition of Cr
or Al; six-component alloys, in which the sixth component
was either HCP-Ti atoms or virtual FCC-Ti atoms. In the
latter case, the parameters arcc and atomic radius » of Ti

were calculated using the relationships apce = V2 - aycp
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and 4r = V2 apcc .

I. Working Relationships, Methodology
of Calculations

The calculation of the lattice parameter, Debye
temperature, resistivity, and mean free path for high-
entropy solid solutions was carried out on the basis of
relationships presented in our previous works [3-6],
which, in accordance with the principle of additivity, are
written as follows:

_1-Xon-

1 .
— i1 O+ XAy

1- —
Op = — X1 Opi + X Opy; (1)
1- —
p=" 3P+ X pntpy
and
ey A b

.1 1-x . .
where the multiplier —y denotes the equiatomic

composition of the phase-forming system of elements; n —
the number of components; /~ the index of the doping
element; .+ — atomic fraction; pr — residual resistivity,
which satisfies the condition p, < p.

We proceed from the assumption that the principle of
additivity can be applied when calculating the magnitudes
of properties or characteristics of high-entropy solid
solutions if, for each component, the property or
characteristic is not collective in nature but an individual
one. These may include atomic sizes, mass, magnetic
moment; Debye temperature; relative change of resistivity
upon annealing or deformation.

It should be noted that resistivity p itself is not a
strictly individual characteristic. However, since

2

p_ma

where A is a certain constant; N is the concentration of
conduction electrons, then the value A~! can be considered
conditionally as an intrinsic characteristic, although it is
more correct to consider the value (NA)™tas such.

In Section II, we will attempt to establish correlations
between the p i (A71), which will serve as confirmation or
refutation of the considerations given above.

It is very important to emphasize the following. The
concentration dependences of p and /4 were calculated for
HEA thin films, while those of a and @p were calculated
for bulk alloys. For this purpose, we used our extensive
experimental data on the properties of single-component
films with a thickness of 50-70 nm (see [1,3,5] and
references therein). As for the values of 1 in single-
component films, they were obtained after processing
experimental dimensional and temperature dependences
of p within the theoretical models of Tellier, Tosse, and
Pishar (see details in [7]).

In the case of concentration dependences of a and @p,
we used tabulated data [8,9]. It should be noted that
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experimental data for films could also be used in this case,
since the difference Aa = ar— ao (index “0” denotes bulk
single-component samples) is negligible, about 0.001—
0.003 nm. At the same time, the value of p,in films is
larger py by an order of magnitude, while for 4 and A, this
difference is even more significant. With regard to Op, it
can only be stated that it differs noticeably between films
and bulk single-component metals, but such data for
single-component films, which could be used, are absent
in the literature.

II. Results of Calculations and Their
Discussion

2.1. Lattice Parameter and Debye Temperature

Using relations (1), calculations were carried out for
the dependence of the lattice parameter (Table 1) and the
Debye temperature (Table 2) on the concentration x of the
doping n-th element, where each HEA component was
alternately considered as a dopant. The right columns of
these tables present extrapolated data for dependencies
a(x) and Op(x) given in [6], which are not related to HEAs
but correspond to the stability region of multicomponent
alloys (MCAs).

Several features of the concentration dependences of
a can be noted. In the case of a four-component HEA, the
maximum lattice parameter a 0.350 nm and the
minimum a = 0.334 nm (highlighted in Table 1) are
realized at x = 0.10 when the dopant is Fe or Cu.

For a five-component HEA, the minimum and
maximum values of a occur at x = 0.30 and x = 0.10,
respectively. For a six-component HEA, the smallest
value @ = 0.320 nm is observed at x = 0.10 (dopant Cu),
and the largest @ = 0.326 nm at x = 0.10 (dopant Fe or Cr).

Thus, by changing the number of components and the
concentration of the dopant, HEAs can be obtained whose
lattice parameters vary within 4a = 0.04 nm. In our
opinion, such changes in the lattice parameter affect the
gauge factor of HEA films, as we described in [1].

In Table 2, the results of calculations of @p as a
function of the atomic fraction x of the dopant element are
presented. It is noteworthy that @p varies within the
following ranges: 40p =25 K (n =4), 50 K (n =5), and
24 K (n = 6). This opens the possibility of influencing the
temperature dependence of the heat capacity of HEAs.

A comparison of Tables 1 and 2 shows that there
exists a correlation between @p and a, the essence of
which is the following.

Since

_ hwmax - 1

Tk

6p

Amin

(where A — Dirac’s constant; £ is Boltzmann’s constant;
Amin = 2@pmin 1s the minimal phonon wavelength), the
maximum lattice parameter corresponds to the minimum
value of @p, and vice versa (the corresponding values are
marked in Tables 1 and 2). It should be noted that in the
case of five- and six-component alloys, when Al (n = 5)
and Ti (n = 6) are added to the classical group of elements
Cu, Co, Ni, and Fe, only a conditional correlation can be
observed. This suggests that Al and HCP-Ti or virtual
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FCC-Ti atoms do not fully satisfy the third criterion for

HEA formation — the difference in atomic radius &

should not exceed 6.6% [10] or 8.5% [11] (other values in
the range § = (6.7 -7.3) % [12,13], are also found in the
literature, depending on element concentrations).

In the equiatomic approximation, we calculated &

according to the relation:

6= 1/2221 a(1="i/)?

3)

Table 1.

Influence of concentration (atomic fraction) x doping elements (DE) on the lattice parameter (nm) of four-, five-, and
six-component alloys

TiHCP TiHCP
El cu | co | Nii | Fe Al Cu | Co | Ni | Fe al
X Cr TiFC Cr TiFCcC
Calculations of the HEA lattice parameter, nm Extrapolation of the MCA lattice parameter, nm
0.00 | 0328 | 0330 | 0331 | 0353 | - - - - - - - -
0.10 | 0.334 | 0336 | 0.336 | 0350 | - - 5 - - - - 5
0.15 | 0338 | 0337 | 0337 | 0346 | - - 5 - - - - 5
020 | 0339 | 0338 | 0338 | 0342 | - - 5 - - - - 5
030 | 0340 | 0.340 | 0.340 | 0335 | - - 5 - - - - -
040 | - : - - - T 0344 | 0342 | 0341 | 0327 | - 3
050 | - 3 - - - T 0347 | 0344 | 0349 | 0321 | - 3
060 | - 3 - - - T 0349 | 0345 | 0344 | 0313 | - 3
000 | 0349 | 0351 | 0352 | 0368 | &% ] ] ] ] ) ]
I~
0.10 | 0351 | 0352 | 0352 | 0.360 | 34 ] ] ] ] ) ]
0.15 | 0351 | 0352 | 0352 | 0356 | 2% . ] ] ] ] ) ]
020 | 0352 | 0352 | 0352 | 0352 | 297 . ] ] ] ] ) .
030 | 0353 | 0352 | 0352 | 0.344 | 035 . ] ] ] ] ) ]
040 | - ] ] ] ] - | 0353 | 0352 | 0350 | 0332 | WO
050 | - ] ] ] ] - | o355 | 0353 | 0352 | 0328 | 08
060 | - ] ] ] ] - | 0357 | 0353 | 0352 | 0319 | KT
0.00 | 0340 | 0341 | 0342 | 0355 | 3 3291 ] ] ] ) )
0.35 .
B 338
0.10 | 0342 | 0343 | 0344 | 0.348 | 3, : ] ] ] ] ) )
3 342
0.15 | 0343 | 0343 | 0344 | 0345 | 3 - ] ] ] ] ) )
3 345
020 | 0344 | 0344 | 0343 | 0341 ] ] ] ] ) .
0.34 :
050 | - - ] ] ] - [ 0351 | 0346 | 0346 | 0320 | 3 0372
060 | - ; ] ] ] - [ 0354 | 0348 | 0347 | 0313 | Q382
0.00 | 0315 | 0317 | 0317 | 0330 | (350 039 ] ] ] ] ) .
0.10 | 0320 | 0321 | 0321 | 0326 | ;5 |53 ] ] ] ] ) .
0.15 | 0322 | 0322 | 0323 | 0324 | 55 |33 ] ] ] ) ) .
020 | 0325 | 0324 | 0324 | 0322 | (550|353 ] ] ] ) ) .
050 | - ] ] ] ] - | 0338 | 0336 | 0334 | 0307 | S5 | s
060 | - ] ] ] ] - | 0342 | 0339 | 0337 | 0303 |35 |0
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where 7 is the average atomic radius.

The results are: § = 1.05 % (HEA — CuCoNiFe); 5.2%
(CuCoNiFeAl); 5.4% (CuCoNiFeCr HCP-Ti) and 7.1%
(CuCoNiFeCr FCC-Ti).

These data confirm that Al and Ti atoms do not fully
meet the requirements of the third HEA formation
criterion. Additionally, we propose considering the
parameter §; — the individual difference of atomic radius
of components:

3)

For the HEAs analyzed, the following values were
obtained &; for four-component HEA: -1.6% (Cu), 0.8%
(Co,Ni) and -0.8% (Fe); five-component HEA: 1.2%
(Cu), 3.5% (Co,Ni), 2.0% (Fe) and -10.3% (Al); six-
component HEA: -4.1% (Cu), -1.6% (Co,Ni), -3.3% (Fe),
-5.7% (Cr) and 15,4% (atomic FCC-Ti); six-component

Table 2.
Influence of concentration x of doping elements on the Debye temperature (K) of four-, five-, and six-component
alloys
‘HCP ‘HCP
PElcu | co | Ni | Fe Abp T Cu | Co | Ni | Fe Al T
X Cr Cr
Calculations of the HEA Debye temperature, K Extrapolation of the MCA Debye temperature, K
0.00 435 419 393 392 - - - - - - - -
0.10 429 420 404 404 - - - - - - - -
0.15 424 418 407 407 - - - - - - - -
0.20 419 416 411 410 - - - - - - - -
0.30 409 412 412 417 - - - - - - - -
0.40 - - - - - - 398 408 421 422 - -
0.50 - - - - - - 387 405 430 431 - -
0.60 - - - - - - 378 401 439 440 - -
0.00 | 495 484 464 463 - - - - - -
4 -
0.10 | 479 474 464 463 - - - - - - -
9
0.15 472 469 464 464 - - - - - - -
1
0.20 | 464 464 464 463 - - - - - - -
4
0.30 | 449 454 464 464 - - - - - - -
9
0.40 - - - - - - 430 448 464 464 508 -
0.50 - - - - - - 417 438 465 465 530 -
0.60 - - - - - - 400 425 465 466 565 -
0.00 | 472 463 447 446 - | 457 - - - - - -
414
0.10 459 455 448 448 -| 453 - - - - - -
435
0.15 452 451 450 449 -| 451 - - - - - -
447
0.20 | 445 447 450 450 - | 448 - - - - - -
457
0.40 - - - - - - 418 430 454 454 - | 435
501
0.50 - - - - - - 403 422 456 457 - | 430
520
0.60 - - - - - - 380 413 460 461 - | 417
542
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HEA: 7.7% (Cu), 3.8% (Co,Ni), 2.3% (Fe), 0.8% (Cr) and
-12.0% (atomic HCP-Ti).

This confirms the conclusion that Al and Ti
components do not fully satisfy the third HEA formation
criterion. Large §; values can be the cause of significant
lattice microstresses and deformation of the phonon
spectrum.

2.2. Resistivity and Mean Free Path

Figure 1 and Tables 3 and 4 present the dependences
of resistivity p(x) and mean free path A(x), calculated
according to relation (1) for p and A7!. As noted in

Section I, the values of p and A at x = 0 for individual
components correspond to experimental data for single-
component films, while all other calculated data refer to
HEAs. Although we compare only p and 1 (since no data
on the carrier concentration N are available), it can be
stated that the largest (or smallest) values of p correspond
to the smallest (or largest) values of 4, i.e., a correlation
between p~A~1 exists.

Furthermore, a comparative analysis of the data in
Tables 3 and 4 indicates a tendency for resistivity to
increase when the mean free path decreases, and vice
versa. Additionally, it should be noted that resistivity

Table 3.

Dependence of resistivity (Ohm-m) on the concentration of the doping element in four- and five-component HEAs
based on Cr, Ni, Co, Fe, and Cu atoms.

¥ S Cr Ni Co Fe Cu Remark
0.00 | 5.50 | 5.15 | 4.00 | 3.35 -

0.05 | 540 | 5.15 | 4.15 | 3.65 -

0.10 | 5.20 | 4.95 | 4.25 | 3.80 -

0.15 495 | 4.80 | 4.25 | 4.00 - | The factor 107 Ohm-m
0201 4.62 | 4.60 | 430 | 4.25 - around the value
0.23 |1 440 | 440 | 440 | 4.40 - of the resistivity
0.00 | 4.85 | 4.65 | 3.75 | 3.00 | 4.55 is omitted.
0.05 | 4.60 | 440 | 3.75 | 3.40 | 4.35

0.10 | 445 | 4.35 | 3.95 | 3.70 | 4.30

0.15 435|430 |4.07 | 3.95| 4.25

0.20 | 4.23 | 4.23 | 4.23 | 4.25 | 4.23

Table 4.

Dependence of the mean free path (nm) on the concentration of the doping element in four- and five-component

HEASs based on Cr, Ni, Co

Fe, and Cu atoms.

DE
¥ Cr | Ni | Co| Fe [Cu| Cr | Ni | Co | Fe | Cu
0.00 37.1 | 41.8 | 42.0 | 40.3 35.1 1 39.5 | 40.0 | 39.0 | 38.0
0.05 3751424 |1 41.8 | 404 35.8 | 38.2 1393385374
0.10 37.8 | 41.3 | 40.8 | 40.0 36.9 | 38.8 | 39.3 | 38.5 | 38.1
0.15 39.0 | 41.2 | 40.5 | 40.3 38.0 | 38.9 139.6 | 39.0 | 394
0.20 40.1 | 41.3 | 41.2 | 40.8 38.6 | 39.8 | 38.5 | 38.6 | 384
0.21 - - - 38.7 | 38.8 | 38.8 | 38.7 | 38.7
0.25 41.1 |1 41.0 | 41.0 | 41.0 - - - - -
a b
4,5 7%
4
15 e
3
2,5
0 0,05 0,1 0,15 0,2 0,25 0 0,05 0,1 0,15 0,2 0,25
X, af. X, a.f.

Fig. 1. Dependence p(x) for four-component HEA
(a): (FeCoNi)ix — Crx (1); (FeCoCr)1.x — Nix (2); (FeNiCr);x — Cox (3) Ta (CoNiCr).x — Fex (4) and for five-
component HEA
(b): (FeCoNiCu)ix — Crx (1); (FeCoCrCu)ix —Nix (2); (FeCoNiCr)ix — Cux (3); (FeNiCrCu);x — Cox (4) and
(CoNiCrCu)ix — Fex (5).
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growth is observed when Co and Fe act as dopant
elements, which correlates with the magnitude of the
average atomic magnetic moment («) of the HEA.

Although in the case of Ni atoms both p(x) and A(x)
dependencies do not exhibit a clearly pronounced trend
(they appear “smeared”), it can still be stated that they
show partial correlation.

Our corresponding calculations indicate that the value
of u (in units of Bohr magneton) changes with increasing
x from 0 to 0.20 in the following intervals: 1.135 — 0.908
(dopant elements Cu i Cr); 0.984 -0.912 (Co) Ta 0.580 —
0.908 (Fe). The change of resistivity p(x) in accordance
with the change of /1 is associated not only with electron—
phonon interaction but also with spin—orbit interaction.

Conclusions

Generalized previously obtained calculation results
(for lattice parameter and Debye temperature) and
experimental data (resistivity and mean free path of
electrons) for four- to six-component high-entropy alloys
in the form of FCC solid solutions allow us to draw the
following conclusions:

A correlation exists between Debye temperature @p
and lattice parameter @, which is determined by the
individuality of these dynamic characteristics, for which
the principle of additivity holds.

This correlation is realized more clearly in HEAs
based on Cu, Co, Ni, Fe, and Cr, and to a lesser extent in
alloys where the fifth or sixth component is Al or Ti.

The weaker correlation @p i a is explained by
relatively large values of the parameter § (atomic radius
difference) for the HEA as a whole: 5.2-7.1% with doping
elements Al and Ti atoms; and individual parameter &;
values of: 10.3 % (doping elements Al) end (12.0-15.4)%
(Ti).

Relatively large § and 6; values can cause
deformation of the lattice and the phonon spectrum, which
in turn results in the absence of correlation between @p
and a.

Al and Ti atoms, as HEA components, may also
influence the correlation between resistivity and mean free
path of electrons (MFPE), since phonon spectrum
deformation leads to reduction MFPE and corresponding
increase values p(x).

In addition to electron—phonon interaction p(x) is
strongly dependent on the spin—orbit interaction of
conduction electrons, which is particularly effective in the
presence of magnetic components.
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BruinB KoHIeHTpAIIIl eJIeMeHTIB HA KiHeTUYHI Ta INHAMIYHI BJIACTUBOCTI
BHCOKOEHTPONiHUX TBEPAUX PO3YHUHIB

Cymcokuil oeparcasnuii yHisepcumem, Cymu, Ykpaiua, i.protsenko@aph.sumdu.edu.ua

3niificHeHO y3aranbHEeHHs paHillle OTPUMAaHUX PO3PaxXyHKOBHX JaHUX CTOCOBHO 3QJISKHOCTI JAMHAMIYHHX
(mapametp pemritku (a) Ta Temmeparypa Jlebas GOp) Ta eKCIIepHMEHTAIbHUX JAaHUX CTOCOBHO KIHETHYHHUX
XapakTepucTuK (muToMuil omip (p) Ta cepemHs JOBKHHA BUTLHOTO MpoOiry enexTpoHiB (1)) Bix KOHUIEHTpAIi
€JIEMEHTIB y BUCOKOCHTPOIIHUX CIUIaBax. Y MEepIIOMY BUIAIKy PO3paXyHOK IPOBOAMBCS Ha IIPUKIIAII MACUBHUX
1.p. i3 'lIK pemitkoro Ha ocHoBi atomiB Cu,Co,Ni,Fe,Cr, Al a6o Ti, a y apyromy BHUIaaKy — Ha OCHOBI
EKCIECPHUMEHTATbHUX JAaHUX JJS IUTIBKOBUX BHCOKOCHTPOIIHHHMX T.p. Ha OCHOBI THX € €JNEMEHTIB 3a
ukiroueHHAM Al 1 Ti. Y 000X BUMaakax po3paxyHKHU 3I1HCHIOBAJIICS y €KBIaTOMHOMY HAOMMKEHHI ISl YOTHPHU-
IIECTH KOMIOHEHTHUX T.p. ByJa BcTaHOB/IeHa Kopesuis Mix @piaTa piA~!y 4OTHPH- ’TH KOMIOHEHTHUX
T.p., B kX BiacyTHi atomu Al i Ti. IlprmuuHy He3amoBinbHOI Kopensuii npu HasBHocTi atoMmiB Al 1 Ti mMu
MOSICHFOEMO BIZIHOCHO BEJMKHMM 3HAueHHAM mapamerpa § — pisHuI aToMHMX paniyciB (5,2 — 7,1%) y 1.p. i3
aromaM Al i Ti. [nguBigyaneHuit napamerp 6; mae me Oinbiue 3Hadenns: 10,3% (Al) a6o 12,0-15,4% (Ti).
BigHoCHO Benuki 3Ha4YeHHs 6 Ta §; MOXKYTh 00yMOBUTH [1e)OPMALIif0 PELIITKH T.p., IO TPOSBUTHCS Y BiICYTHOCTI
xopensauii OGpiaTapiA~t.

Kiwuosi cioBa: BucokoeHnTtpomiiini criasu, Teepni poszumuy, [lapamerp pemitku, Temmneparypa [leGast,
IMuromuii onip, CepenHst 1oBXKHHA BiTbHOTO 1po0iry, ITiniska, Kopemsmis, [Tapamerp pi3HHII aTOMHHX pafiyciB.
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