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ENTROPY EVOLUTION IN Ni-Co—(Fe-Mn)—(Cr—-Cu) ALLOY SYSTEMS FROM
ORDERED INTERMETALLICS TO HIGH-ENTROPY SOLID SOLUTIONS

EHTPOMIINHA EBOJIIONISI B CHCTEMAX CILIABIB Ni—Co—(Fe-Mn)—(Cr—Cu):
BIJI YIIOPSIIKOBAHUX IHTEPMETAJILIIB IO OHO®A3HUX
BUCOKOEHTPONIIHUX TBEPINX PO3YNHIB

The transition from conventional intermetallics to high-entropy alloys (HEAs) marks a fundamental
shift in materials design, driven by the stabilizing effect of configurational entropy of mixing. This work presents
a systematic thermodynamic analysis of the evolution from binary NisoCoso through quaternary NizsCozsFezsMnas
(medium-entropy alloy) to senary Niis.s7Cors.c7F e16.s7Mnus.s7Cris.67Cuis.o7 using integrated CALPHAD, DFT, and
MATLAB calculations of ASix, AHmix, and AGmix in the temperature range 300—1500 K.
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Results reveal a logarithmic rise in configurational entropy 4Smix from 0.693R to 1.792R, that
progressively suppresses intermetallic ordering. The critical threshold ASwix = 1.5R is identified as the
point where the —T4Smix term dominates the Gibbs free energy, stabilizing a single-phase FCC solid
solution across the entire temperature range and eliminating brittle ordered phases (L1o, B2, etc.). The
parameters of atomic size mismatch (0 = 0.24—1.19 %) and valence electron concentration (VEC =
8.50—9.50) remain firmly within the FCC stability domain.

The study demonstrates quantitative “entropy engineering”’ principles and provides a predictive
framework for designing next-generation high-performance alloys via thermochemical pressing, with
direct applications in aerospace, energy, and biomedical sectors.

Keywords: high-entropy alloys, configurational entropy, intermetallics, thermodynamic model-
ing, Ni—Co system, CALPHAD, entropy engineering.

Ilepexio 6i0 mpaouyitinux inmepmemanioie 0o eucoxoenmponitnux cniasie (BEC) cmanogumo
@dyHoamenmanvty 3MiHy nAPaAOUSMU CyuacHo20 mamepianro3nascmea. Ls esonioyis 3ymosnena supiwa-
JILHOW CMABINIZYIOY0I0 POJLTIO BUCOKOIL KOHpI2Ypayitinoi enmponii 3Miuly8anHs1, KA npu 3011bUEeHH] Ki-
JILKOCMI KOMNOHEHMIB Nepedadcac Hao eHMAanbniHUM 8HECKOM | NPUSHIYYE YIMBOPEHHS KPUXKUX YHO-
PAOKOBAHUX ¢has.

Y pobomi euxonano cucmemHuli mepmMOOUHAMIYHUL AHATE3 NOCMYNOBOT e8ONIIOYIL CNIAsI8 Ha
6asi Ni—Co: 6i0 6inapnozo exgiamomnoeo NisoCoso uepe3 uemeepHuii cepeoHbOeHMPONItHULL
Niz2sCozsFezsMnzs 0o sucoxoenmponitino2o Niis.c7Cois.e7F e16.67Mni6.67Cri6.67Cutss.67.

Mooenmosannsi nposedeno 3 euxopucmanusim ihmeeposanux memooie: CALPHAD, ab initio
DFT-pospaxyrnxie ma uucenvrux oouucienv y MATLAB 0ns uznauenms Kiiouosux napamempie — KoH-
Qicypayilinoi enmponii 3miuty8anHs, eHmanonii 3miuy8anus ma einvHoi enepeii 1'iooca (AG_mix) y wiu-
poxomy memnepamypuomy oianazoni 300—1500 K.

Pesynomamu demoncmpyroms uimke nozapupmivne spocmanns ASmix 3 30i1bWEHHAM YUCTA
enemenmis. 6i0 0,693R y binapmiii cucmemi 0o 1,792R y wecmuxomnonenmnuii. Lle 3pocmanns nocmy-
1080 NOCADNIIOE eHMANbRILHY nepesazy NopsaOK08anux ¢as. ¥ 6ucoxoeHmponitiHomy cniaei ye 3abes-
neyye mepmooOuHamiyHy cmabinoHicmo 00nopaznozo FCC-meep0oco posuuny 8 ycbomy 00Caioxncysa-
HOMY MeMnepamypHoMy iHmepeaii ma NPaKmuiHo NOHe GUKTIOYEHHS KDUXKUX IHMepMemanionux ¢as.

Iapanenvno nokazano, wo napamempu CmMpyKmMypHoOi HeCyMICHOCMI — Pi3HUYA AMOMHUX pa-
diycis o (610 0,24 % 0o 1,19 %) ma cepedus sarenmmua enexkmponna konyenmpayis VEC (8i0 9,50 do
8,50) — szanuwaiomscs 6 medcax 301 cmabibHOCMI 2pAHeYeHMPOBAHOL KYOIUHOT cmpyKmypu (3a Kpu-
mepiamu Guo ma in.), Hagimov NPU BUPAdICEHOMy cnomeopenni rpamxu 6 HEA.

Hocniodcenna popmynioe KinbKicHi RPUHYUNU «EHMPONIUHO20 THIHCUHIDUHSYY — YINeCHPAMO-
8aH020 Kepy8auHs (haz08um CKIA0OM ULTAXOM BAPIIOGAHHS KLIbKOCMI KOMNOHEHMI8 ma eHmponiiHo2o
8HeCKY. 3anponoHO08aHO NPOSHO3HY MEPMOOUHAMIYHY MOOelb, KA 003608€ NPOSHO3YEAMU KPUIMUYHI
memnepamypu nepexody ma ¢azogy cmabinvuicms 6e3 mpyoomicmkux excnepumenmis. Mooenv mae
BUCOKY NPAKIMUYHY YIHHICIY 01 PO3POOKU MAMeEPianié CneyiaibH020 NPUSHAYEHHSL MemoOoM mepmo-
XIMIUHO20 NPECy8anHsl, WO NOEOHYE GUCOKY MEMNEPAMYPY, MeXAHIUHY 0edhopmayiro ma ek30mepmiuHi
peaxyii 0113 poOpMyBaAHHSA HAHOCMPYKMYPOBAHUX CHIABIS.

Knrouoei cnosa: sucoxoenmponitini cniasu, Kongizypayitina enmponis, itmepmemaniou, mep-
Mmoounamiyne mooeniosanis, cucmema Ni-Co, CALPHAD, enmponitinuil inscunipume.

Problem’s Formulation

Among the many alloys that have found widespread practical application, intermetallics, me-
dium-entropy, and high-entropy alloys have occupied a special place as materials for specialized pur-
poses. Historically, the theory of synthesizing such alloys has been aimed at unlocking the potential of
controlling mixing entropy through diversification of thermodynamic properties by incorporating vari-
ous metals. This opens the way to countless variations of systems, their characteristics, and areas of use,
from the aerospace industry to energy and biomedical materials. To establish correlations between ele-
mental composition, physical, and thermodynamic parameters, mathematical modeling is traditionally
used, which allows predicting phase stability, structural evolution, and mechanical properties.
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Analysis of recent research and publications

High-entropy alloys (HEAs) are a relatively new class of materials proposed in 2004 independently
by two research groups: J.-W. Yeh and B. Cantor [1—2]. Unlike traditional alloys, which are based on one
or two main elements with the addition of minor alloying components, HEAs are formed from five or more
elements in approximately equiatomic proportions. This approach to alloy design radically expands the space
of possible compositions and opens new opportunities for achieving unique properties.

The key idea of HEAs lies in the high configurational entropy of mixing A4S, which is calcu-
lated using the ideal solution formula:

ASmix = —R le- In Xi
where R is the gas constant, x  is the atomic fraction of the i-th element. For an equiatomic alloy with n
components, 4Smix = Rinn, which is significantly higher than the values for traditional alloys where
n =~ 2—3. When n > 5, the entropy exceeds 1R, and for n = 5 it reaches = 1.61R.

This high entropy stabilizes single-phase solid solutions with a simple crystal structure, sup-
pressing the formation of complex intermetallic phases typical of traditional multicomponent alloys. In
classical metallurgy, multicomponent systems usually lead to the appearance of numerous intermetallics
and eutectic phases due to the dominance of the enthalpy of formation of ordered compounds over the
entropic contribution. In HEAS, however, the entropic term (—74Smix) in the Gibbs free energy becomes
dominant at elevated temperatures, promoting the formation of random solid solutions instead of ordered
intermetallics [3].

Traditional intermetallics such as NiAl, TiAl, FeAl are characterized by:

o Clearly defined stoichiometric composition;

e Ordered crystal structure (L12, B2, DO3);

o High strength and heat resistance, but significant brittleness at room temperature due to limited
dislocation mobility and propensity for brittle fracture.

In contrast, HEASs, especially single-phase FCC structures like the classic Cantor alloy CrM-
nFeCoNi, combine high strength, excellent ductility, resistance to corrosion, oxidation, and wear, as
well as exceptional low-temperature stability. Additionally, HEAs exhibit four "core effects"” [4]:
High-entropy effect — stabilization of simple phases;

Sluggish diffusion — slowing of diffusion processes;

Severe lattice distortion — strengthening through local stresses;

Cocktail effect — synergistic combination of properties from multiple elements.

Thus, high-entropy alloys fundamentally differ from traditional intermetallics not only in com-
position but also in phase formation mechanisms and properties: they offer a transition from brittle or-
dered compounds to ductile, strong, and thermally stable solid solutions, making them promising for
aerospace, energy, and other high-tech industries.

In the context of the evolution of materials from traditional intermetallics to high-entropy alloys
(HEAS), the key problem is understanding the mechanisms that determine phase composition and struc-
tural stability. In particular, the increase in the number of components in the alloy and the corresponding
increase in configurational mixing entropy play a decisive role in suppressing the formation of interme-
tallic phases, which dominate in low- and medium-component systems. This problem is not only theo-
retical but also has direct practical significance for designing materials with controlled properties, as
intermetallics often lead to brittleness, while HEAs provide better ductility and multifunctionality [5].

In traditional alloys, such as binary or ternary systems, for example, Ni—Co or Ni-Al, the for-
mation of intermetallic phases is driven by the dominance of the enthalpic contribution AHnix in the
Gibbs free energy. Intermetallics are ordered compounds with a fixed stoichiometric ratio, where atoms
occupy specific positions in the lattice, minimizing enthalpy through strong interatomic interactions.
This leads to the appearance of phases like L10, stabilizing ordered structures [4]. However, such order-
ing is often accompanied by limited diffusion, low ductility, and propensity for brittle fracture, which
limits the application of these materials in dynamic conditions.

With an increase in the number of components (from 2—3 to 5+), the configurational entropy
increases logarithmically, as shown in the previous formula for ASwix. For an equiatomic alloy with n
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elements, ASmix = R In n, which for n=6 reaches ~/.79R — a value sufficient for the dominance of the
entropic effect at synthesis temperatures. This leads to a thermodynamic shift: As a result, instead of
numerous intermetallic phases, the alloy stabilizes as a single-phase solid solution, where atoms are
distributed randomly, without long-range ordering [6].

This mechanism of intermetallic suppression is illustrated by the progression of systems similar
to Ni—Co—(Fe-Mn)—(Cr—Cu): in binary Ni—Co (n = 2, 4Smix= 0.69R), intermetallic phases are stable due
to low entropy; with the addition of Fe-Mn (n = 4, ASmix~ 1.39R), partial suppression occurs, with the
appearance of medium-entropy alloys where ordering is still possible but limited; finally, at n=6
(4Smix = 1.79R), entropy fully dominates, preventing segregation and intermetallic formation, as in Can-
tor-like alloys [6]. The problem lies in quantitatively determining the threshold values of 4Snixat which
this transition occurs, since not all multicomponent systems automatically form HEAs — factors such
as atomic radius difference () or mixing enthalpy can cause phase segregation [7].

Mathematical modeling, including CALPHAD and DFT calculations, allows predicting this
evolution by calculating AGmix as a function of composition and temperature. For example, at T>1200K
for systems with high 4Smix, the negative entropic contribution makes 4Gnmix for the solid solution lower
than for intermetallics, suppressing their nucleation. However, challenges remain: in real systems, vi-
brational and electronic entropy can modify this balance, and kinetic factors (cooling rate) can lead to
metastable phases [8]. Understanding this issue opens the way to "entropy engineering" — targeted alloy
design where increasing components is used to optimize properties, for example, creating materials with
high room-temperature strength without loss of ductility.

The Ni—Co system is an ideal base for illustrating the gradual evolution from an ordered inter-
metallic to medium- and high-entropy solid solutions, as it combines simplicity (only two elements at
the start), a well-studied phase diagram, and the possibility of controlled addition of elements (Fe, Mn,
Cr, Cu), leading to an increase in configurational entropy without radical changes to the base crystal
structure.

Formulation of the study purpose

The purpose of this article is to conduct an in-depth analysis of the alloy evolution from a binary
intermetallic (Ni—Co) through a medium-entropy stage (Ni—-Co—Fe—Mn) to a high-entropy multicompo-
nent alloy (Ni-Co—Fe-Mn-Cr—Cu). This will allow a deeper understanding of the nature of structure
formation, interactions between elements, and the role of configurational entropy in suppressing ordered
phases. To achieve the purpose, thermodynamic modeling based on the CALPHAD approach, integrated
with ab initio calculations (DFT), as well as the MATLAB software package for calculating configura-
tional entropy of mixing 4Smix, mixing enthalpy 4Hnmix, Gibbs free energy 4Gnmix, and constructing phase
diagrams in the temperature range of 300—1500 K, were used.

Presenting main material

Thermodynamic modeling of phase stability in high-entropy alloys is based on classical solution
theory, adapted to multicomponent systems with high configurational entropy. The main parameters
determining thermodynamic stability are the configurational entropy of mixing (4S::), mixing enthalpy
(4Hy:), and Gibbs free energy (4Gni). These quantities allow quantitative assessment of the competi-
tion between random solid solutions and ordered intermetallic phases (tabl. 1).

Table 1. Atomic Radii and Valence Electron Concentration (VEC;) of Elements

Element ri (pm) VEC;
Ni 124.6 10
Co 125.2 9

Fe 124.1 8

Mn 126.0 7

Cr 128.0 6

Cu 127.8 11
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These values are used to calculate the atomic radius difference parameter & and the average
valence electron concentration VEC of the alloys (tabl. 2).

Table 2. Calculated Values of Configurational Entropy of Mixing for the Studied Systems

System n ASpix (J/(mol'K)) ASmix R
Binary NisoCoso 2 5,76 0, 693 R
Quaternary NizsCozsFezsMn:zs 4 11,53 1,386 R
Six—component Niis.s7Cois.s7Feis.s7Mnis.67Cris.s7Cuis.s7 6 14,90 1,792 R

The configurational entropy of mixing (4S,.) is a key factor in stabilizing high-entropy alloys.
For an ideal solution, it is calculated by the formula:

n
A4S, = —Rin In x;,
i=1

where R = 8.314 J/(mol-K) is the universal gas constant; n is the number of components; x ; is the atomic
(molar) fraction of the i-th element. For equiatomic alloys (x ; = I/n), the formula simplifies to:
A4S, = Rin n.
The values correspond to the classification: » = 2 — low-entropy; n = 4 — medium-entropy;
n = 6 — high-entropy, where A4S, > 1.5 R provides a thermodynamic advantage to simple solid solu-
tions.

Table 3. Binary Mixing Enthalpies for Element Pairs

Pair H{’}i"xixj Pair H i’;f"xxixj Pair H{’}”‘xi X;
Ni—Co —4 Co-Fe -1 Fe—Cu +13
Ni—Fe -2 Co—Mn -5 Mn—Cr +2

Ni—Mn -8 Co—Cr —4 Mn—Cu +12
Ni—Cr —7 Co—Cu +5 Cr—Cu +12
Ni—Cu +4 Fe—Mn 0 Fe-Cr -3

The mixing enthalpy (4H,.:») characterizes the energetic interaction between alloy components
(tabl. 3). In the work, the Miedema model is used to estimate binary interaction parameters, adapted for
multicomponent systems [9—10]:

AH,,. = Z 44 HJ™x;x;.
i<j
AH,; 1s calculated exactly using the formula accounting for all binary pairs (tabl. 4). The posi-
tive value for the six-component system is explained by the contribution of pairs with Cu (e.g., Fe—Cu
+13, Mn—Cu +12), which compensates for negative pairs. Additionally, ab initio calculations (DFT) and
CALPHAD (Thermo-Calc) are used for validation.

Table 4. Calculated Values of Mixing Enthalpy 4H,ix, Parameter ¢ (%), and VEC for the Systems

System n AH pix 0(%) | VEC | rayg
(kJ/mol) (pm)
Binary NisoCoso 2 —4.00 0.24 9.50 | 124.90

Quaternary NizsCozsFezsMn:s -5.00 0.57 8.50 124.98

Six-component 6 +1.56 1.19 8.50 | 125.95
Nii.67Co1s.67Feis.c7Mnis.c7Cris.67Cltis.s7

N

The Gibbs free energy of mixing is the criterion for thermodynamic stability:
AG,,;, = 4AH,,;,, — TAS

mix mix mix»
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where T is the absolute temperature (K). In the ideal solution approximation, this formula allows esti-
mating the system's minimum energy. At high temperatures, the term —74S,,» becomes dominant, low-
ering 4Gy, for the random solid solution compared to ordered intermetallic phases (L 1o, B2, etc.), where
AHyix has a strong negative contribution.

To compare phase stability, 4G is calculated as a function of temperature (300—1500 K) for
each alloy. The transition to a single-phase solid solution occurs when 4G (solution) < 4G (interme-
tallic), corresponding to the dominance of the entropic contribution. In the work, minimization of 4G is
performed using numerical methods (fmincon in MATLAB) to estimate critical transition temperatures.

For a systematic study of the evolution of phase composition and thermodynamic stability from
traditional intermetallics to high-entropy alloys, a progressive series of equiatomic systems based on
Ni—Co as the base pair was selected. This choice is motivated by several factors:

e Niand Co have similar atomic radii (124.6 pm and 125.2 pm, respectively), valence electron
concentrations (VEC = 10 and 9), and stable FCC structure at high temperatures, which mini-
mizes lattice distortion at the initial stage and facilitates observation of the entropy increase
effect upon adding new elements;

e The binary Ni—-Co system is well-studied experimentally and thermodynamically, with a clearly
defined order-disorder point (~770—820 °C, taken as 800 K as the threshold), allowing model
validation;

e Gradual addition of elements (Fe, Mn — Cr, Cu) logarithmically increases the configurational
entropy of mixing without radical changes to the base crystal structure (predominantly FCC),
demonstrating an "entropy ladder" from enthalpy-dominated intermetallic to entropy-stabilized
random solid solution.

Modeling is conducted for three stages with equiatomic compositions in the temperature range
of 300—1500 K with a step of 100 K. All calculations are based on unified input data (Tabl. 1—4 in the
"Thermodynamic Basis" section), formulas for configurational entropy, mixing enthalpy, and Gibbs free
energy, as well as the ideal solution approximation with subsequent validation against literature data and
CALPHAD/DFT.

Stage 1: Binary Alloy Ni-Co

The NisoCoso system (n = 2, x; = 0.50) serves as the starting point as a classic example of a low-
entropy alloy with pronounced intermetallic ordering.

At temperatures below ~800 K, the ordered intermetallic phase L /o predominates, where Ni and
Co atoms occupy specific positions, forming antiphase domains. This phase is characterized by strong Ni—
Co interatomic interactions, high ordering energy, and brittleness at room temperature, typical of tradi-
tional intermetallics. At T > 800 K, a transition to a disordered FCC solid solution (y-phase) occurs, where
Ni and Co are distributed randomly, due to the increasing contribution of —74S,, in the Gibbs free energy.

The Ni—Co phase diagram confirms complete solubility in FCC at high temperatures, with lim-
ited solubility in HCP (Co side) and possible metastable phases upon rapid cooling. This stage illustrates
the dominance of enthalpy over entropy in low-entropy systems and serves as a reference for comparison
with subsequent stages.

Stage 2: Quaternary Alloy Ni-Co—Fe—Mn

The NizsCozsFezsMnzs system (n = 4, x; = (0.25) represents a medium-entropy alloy (MEA), where
the configurational entropy increases t0 ASyix = 1.386R (11.53 J/(mol-K), and the mixing enthalpy remains
negative (4Hx = —5 kJ/mol). The increase in the number of components partially suppresses the ordering
characteristic of the binary system but does not yet ensure full stabilization of the single-phase state.

At temperatures below 600—700 K, short-range ordering (SRO) or local clusters are possible,
leading to residual intermetallic tendencies or two-phase nature (FCC + B2-like regions). At higher tem-
peratures (7> 700—900 K), the entropic contribution —74Smix overcomes enthalpic barriers, stabilizing
predominantly a single-phase FCC solid solution. The atomic radius difference parameter ¢ = 0.57 %,
VEC = 8.50, which corresponds to the FCC stability zone according to the Guo et al. criterion.

This stage demonstrates an intermediate state: partial suppression of intermetallics due to in-
creasing entropy, but retention of kinetic and local effects (SRO, sluggish diffusion), characteristic of
MEAs. The NiCoFeMn system is a prototype for many medium-entropy alloys, combining high strength
and moderate ductility.
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Stage 3: Six-Component Alloy Ni-Co—Fe—Mn—Cr—Cu

The Niis.c7Cois.67F €15.67Mnis.67Cr16.67Ctis.s7 System (n = 6, x; = 0.1667) is a high-entropy alloy
with maximum configurational entropy A4S, = 1.792R (14.90 J/(mol-K)). The mixing enthalpy transi-
tions to a weakly positive value (4H, = +1.56 kJ/mol) due to the contribution of pairs with Cu, which
compensates for negative pairs and reduces the enthalpic advantage of ordered phases.

High entropy makes the —74S,. contribution dominant across the entire temperature range of
300—1500 K, ensuring thermodynamic stability of the single-phase FCC solid solution. The parameters
0= 1.19 %, VEC = 8.50 confirm the prediction of FCC structure (according to the criterion VEC > 8).
The addition of Cr stabilizes anticorrosion properties, while Cu promotes increased ductility and re-
duced oxidation propensity.

This stage illustrates complete suppression of intermetallic phases due to the entropic contribu-
tion exceeding enthalpic barriers and corresponds to classic high-entropy alloys like Cantor [5] with
possible modifications. The system serves as a model for further analysis under thermochemical press-
ing conditions, where high entropy combines with mechanical deformation to form nanostructures.

All three stages are modeled within a unified thermodynamic framework, allowing quantitative com-
parison of threshold entropy values and transition temperatures to the single-phase state. The obtained data
are validated by comparison with experimental phase diagrams and literature data for similar systems [5].

Conclusions

In this subsection, graphical representations of key aspects of alloy evolution from binary inter-
metallic to high-entropy solid solution are presented. All graphs are constructed in MATLAB based on
modeling data and visualize key points: entropy growth, change in Gibbs free energy with temperature,
contributions of thermodynamic terms, and preservation of FCC structure stability parameters.

Fig. 1 illustrates the logarithmic growth of configurational entropy of mixing with an increase
in the number of components (n) from 2 to 6. A4S, values increase from 5.76 J/(mol-K) for the binary
Ni—Co system to 14.90 J/(mol-K) for the six-component Ni—Co—Fe—Mn—Cr—Cu. This growth is a key
factor in the transition from a low-entropy state with intermetallic ordering to a high-entropy state dom-
inated by random solid solution. The threshold value ~12.5 J/(mol-K) (=1.5R) is clearly distinguished
between the quaternary and six-component systems, confirming the hypothesis of the critical role of
entropy in suppressing intermetallic phases.

Configurational Entropy of Mixing vs Number of Components

T
14.90

Binary Ni-Co Quaternary NiCoFeMn Hexary NiCoFeMnCrCu
Number of Components (n)

Fig. 1. Configurational Entropy of Mixing vs Number of Components
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Fig. 2 shows the dependence of Gibbs free energy of mixing on temperature (300—1500 K) for
the three systems. For binary Ni—Co, the curve has a clear transition at T = 800 K: at lower temperatures,
AGuix 1s higher; at higher, 4G, decreases rapidly due to the —74S,. contribution. In the quaternary
system, the transition shifts to lower temperatures (~600—700 K), and in the six-component, 4G
monotonically decreases and becomes the most negative across the range. This visually confirms the
thermodynamic advantage of the single-phase FCC solution in HEAs due to the dominance of the en-
tropic term at elevated temperatures, characteristic of thermochemical pressing (7> 1000 K).
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Fig. 2. Gibbs Free Energy of Mixing vs Temperature

Fig. 3 demonstrates the contribution of each thermodynamic term to the Gibbs free energy at a
fixed temperature of 1000 K (typical synthesis and pressing temperature). In the binary system, negative

Contributions to AGmix at 1000 K

1.56

Energy Contribution (kd/mol)

L L 1
Binary Ni-Co Hexary NiCoFeMnCrCu Quaternary NiCoFeMn
Alloy System

Fig. 3. Contributions to 4G at 1000 K
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AHyix (-4 kJ/mol) is partially compensated by the entropic contribution (—7A4Su: = —5.76 kJ/mol), but
AGni remains relatively high. In the quaternary system, the entropic contribution already exceeds the
enthalpic (—74Suix = —11.53 kJ/mol vs =5 kJ/mol), lowering AGix. In the six-component system, the
entropic contribution maximally dominates (=748 = —14.90 kJ/mol), making 4Gy, the most negative
(= —13.34 kJ/mol) despite weakly positive AHx (+1.56 kJ/mol). This illustrates the "entropy stabiliza-
tion" mechanism — key to the transition from intermetallics to high-entropy alloys.

Fig. 4 shows the change in atomic radius difference parameter ¢ (%5) and valence electron con-
centration VEC with the growth in the number of components. J increases from 0.24% (binary system)
to 1.19% (six-component) but remains significantly below the critical threshold ~4—6% for solid solu-
tion formation. VEC decreases from 9.50 to 8.50 and stabilizes in the FCC structure zone (according to
Guo et al. criterion, VEC > 8). This confirms that even with enhanced lattice distortion (severe lattice
distortion) in HEAs, the parameters 0 and VEC remain within the stability limits of the single-phase
face-centered cubic structure, independent of entropy growth.

A:cgmic Size Difference (4) and VEC vs Number of Compone?ots
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Fig. 4. Atomic Size Difference (8) and Valence Electron Concentration (VEC) vs Number of
Components

Conclusions

In this work, thermodynamic modeling of alloy evolution from binary intermetallic Ni-Co to
high-entropy multicomponent alloy Ni-Co—Fe-Mn-Cr—Cu was conducted, with emphasis on the role
of configurational entropy of mixing in suppressing ordered phases. The results are based on calculations
using the Miedema model, ideal solution approximation, and MATLAB software, with validation
against literature data.

The modeling demonstrated logarithmic growth of configurational entropy of mixing with an
increase in the number of components (n) from 2 to 6: from 0.693R (5.76 J/(mol-K)) for the binary
Ni—Co system to 1.792R (14.90 J/(mol-K)) for the six-component Ni—Co—Fe—Mn—Cr—Cu. This growth
leads to a thermodynamic shift in Gibbs free energy, where the entropic contribution —74S,x becomes
dominant at temperatures >800 K, suppressing intermetallic phases and stabilizing a single-phase FCC
solid solution in the high-entropy alloy. The threshold value A4S, =1.5R is critical for the transition: in
the medium-entropy system (n = 4), short-range ordering (SRO) is still possible at 7<700 K, whereas in
HEA (n=6), 4G remains the most negative across the entire range of 300—1500 K. The mixing
enthalpy 4H,,;x changes from negative values (—4 to —5 kJ/mol) in low- and medium-entropy systems to
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weakly positive (+1.56 kJ/mol) in high-entropy, confirming compensation of interactions and loss of
enthalpic advantage for intermetallics. The parameters ¢ (0.24—1.19%) and VEC (8.50—9.50) remain
in the FCC structure stability zone.

The proposed models have practical significance for designing specialized materials, particu-
larly for thermochemical pressing of high-entropy alloys. They allow predicting phase stability and crit-
ical transition temperatures without expensive experiments, optimizing composition for applications in
aerospace, energy, and biomedical fields. For example, quantitative assessment of threshold entropy
(4Six > 1.5R) helps avoid brittle intermetallic phases, ensuring a combination of high strength, ductility,
and thermal stability. The models can be integrated into synthesis processes such as thermochemical
pressing, where simultaneous exothermic reactions and deformation (at 7>1000 K) enhance the entropic
effect, promoting the formation of nanocrystalline structures with improved mechanical properties. The
practical benefit also lies in accelerating developments: MATLAB scripts provide rapid prototyping,
making the models accessible to materials engineers and facilitating industrial implementation, for ex-
ample, in creating heat-resistant turbine components or biomedical implants.

Further research may be directed toward expanding models beyond equiatomic compositions:
studying non-equiatomic compositions for fine-tuning properties such as corrosion resistance or wear
resistance, accounting for additional kinetic factors like diffusion, grain growth. Integration of machine
learning will enable processing large databases of thermodynamic parameters, accelerating the design
of new HEAs from millions of possible combinations. Expansion to other systems, such as refractory
HEAs (7Ti-Zr—Nb—Hf-Ta) or high-entropy oxides/carbides, will open prospects for extreme conditions
(T>1500 K), with emphasis on thermochemical pressing for creating composites. Experimental valida-
tion incorporating vibrational/electronic entropy will improve model accuracy, contributing to the de-
velopment of "entropy engineering" in materials science.
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