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ABSTRACT KEYWORDS
To save time and money before starting the production of a high entropy alloy (HEA), it is High entropy alloy
important to predict the possibility of HEA formation and the probable final microstructure Thermodynamic parameters
using the solid solution phase formation thermodynamic rules. In this research, a step-by-step Solid solution
calculation of thermodynamic parameters is conducted to predict the possibility of formation Phase formation
and determine the final properties such as AHix, ASuix, Or, 8y, Q, VEC, and T,, for three Segregation
NizC0,0Cu;sFesoMnys, NizsCoyCusFesMnss, and NisCosCuzsFe;sMnyy HEAs. Based on the Intermetallic compound
obtained results, it is not possible to form a HEA with a solid solution structure for the
Ni;zsCoy0CusFesMnss and  NisCosCussFe;sMnyy  systems due to a low AS.; value of OPEN, ACCESS

11.28 J.mol'.K™'. Based on the calculated values of AH,y, intermetallic compound formation

and segregation are predicted for Ni3sCo,0CusFesMnss and NisCosCussFessMny, respectively.

© 2024 The Authors. Published by Synsint Research Group.

1. Introduction

In conventional alloys, one element was known as the dominant
element, and other elements were added to less than 5 at%. With the
rapid development of technologies and the need to develop advanced
materials, the number of constituent principal elements gradually
increased from one to two or more. For example, in intermetallic-based
alloys, usually, two elements are considered as dominant elements and
the remaining elements are added in small amounts. It was believed
that alloys containing three or more principal elements would be
complex in terms of microstructure and analysis [1]. The advancement
of alloys has been defined as microstructure modification [2—4],
mechanical properties enhancement [5-7], adding a new alloy element
[8, 9], or surface modification [10] on the existing alloys.

The first results regarding high entropy alloys [11-15] or multi-
component alloys [16] were reported in 2004, about 20 years ago. With
the introduction of high entropy alloys by Yeh et al. [13] and Cantor et
al. [16], the old belief about the complexity of the microstructure

when using a large number of main elements was broken. Unlike

* Corresponding author. E-mail address: E.Borhani@semnan.ac.ir (E. Borhani)

conventional alloys that contain 1 or 2 main elements, high entropy
alloys consist of at least 5 principal elements and the amount of each of
these elements varies between 5 and 35% [13, 17-24]. By a
combination of five or more elements from the periodic table, millions
of alloys can be achieved, and an unlimited number of microstructures
are obtained for each composition. Each of these microstructures has
rare physical and mechanical properties [25].

The name selected for high-entropy alloys is borrowed from their
configurational entropy, although magnetic, electronic, and vibrational
entropies are also essential in determining phase stability [26]. The
elevated mixing entropy attributed to multi-principal element alloys
causes sluggish cooperative diffusion and lattice distortion. These
alloys have a higher propensity to form solid solutions and amorphous
phases rather than intermetallic phases. Also, through an attentive
selection of small-size factors, the formation of amorphous phases can
be blocked in competition with the solid solution phase (BCC/FCC or
both) [27-30].
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Of course, any combination of 5 or more elements does not lead to a
high entropy alloy with desirable microstructure and properties [31]. In
some compounds, there is a possibility of forming a large number of
intermetallic phases, which will ultimately cause the sample to become
brittle and cause problems in the production and analysis of the final
product [32]. Also, by choosing the right combination, it is possible to
predict and achieve a high entropy alloy with a solid solution structure
and the desired crystal structure (FCC, BCC, etc.) [33]. Solid solution
phase formation rules determine the possibility of forming or not
forming a high entropy alloy with desirable properties for a unique
composition [31, 33].

The final microstructure and design lead to achieving excellent
properties such as high plasticity, good fracture toughness, high
strength, excellent oxidation, and corrosion resistance, incredible
specific strength at elevated temperatures, superconductivity, ductility
at low temperatures, high hardness, superior mechanical performance,
and microstructure stability at high temperatures [12, 14, 21, 22, 30,
34-44).

According to the mentioned cases, it seems important to use,
determine, and calculate solid solution phase formation rules before
starting to produce a high entropy alloy. These rules are carefully
explained in various studies. However, the void of doing step-by-step
and detailed calculations of each of these rules to understand them
accurately is felt by researchers who are planning to start the synthesis
of a high entropy alloy for the first time. Therefore, in this article, we
have performed step-by-step solid solution formation rules calculations
for 3 different components.

2. Solid solution formation rules

Yeh et al. [13] predicted the production of HEAs containing several
prominent elements based on the AS,,x parameter. For a multi-principal
high entropy alloy, AS.i« parameter can be calculated using the
following Eq. 1 [13, 45]:

AS,, = —Ri(cianl) (1)
ol

where R represents the universal gas constant (8.314 J.mol".K™), ¢; is
the atomic percentage related to the i™ component element and n is the
number of components. At the beginning of the discovery of HEAs, the
ASmix > 13.38 J.mol' K" conditions were considered sufficient to
achieve a HEA and the lack of simultaneous intermetallic or other
complex phase production [13, 45, 46]. Based on AGpix = AHmix -

TASnix equation, the higher AS,x causes the decrease in the AGpix

parameter especially at high temperatures, where AH,;, is the enthalpy

of mixing and AGyx represents the Gibbs free energy of mixing. Of

course, the high value of AS,,x parameter does not absolutely decrease

the value of AGx and this parameter alone (AS,x) is incomplete for

certifying the production of an HEA solid solution [45, 47, 48].

To ensure production of an HEA, the empirical parameter of atomic

size difference (dr < 6.6%) and scaled ratio of AS,ix to AHy,ix (Q > 1.1)

were used [49]:

Q- T, AS . 2)
‘AH

mix

n n 2
or = Zci(l—r,/Zc,r,j (3)
i=1 i=l

where 1; is the atomic radius of the i component and (Ty); in the
T, :Z:;ci(Tm)i represents the melting point of the i™ constituent
element [49]. AH,,x and &y (Pauling electronegativity difference) can be

determined through the Eq. 4 and Eq. 5, respectively [49, 50]:
AH,, = > 4AH™cc, (4)

i=Li%j

3y = Zc{xi—Zc‘xij )
i=1 i=1

where AH;}'“ represents the enthalpy of mixing of the i" and the j*
components, ¢; defines the atomic percentage of the j™ component
element, and 3 means electronegativity related to the i constituent
element [49, 50].

Also, to predict the crystalline structure related to the resulting solid
solution, the valence electron concentration (VEC) parameter is
determined according to the following equation, where VEC; is the
VEC related to i component [51, 52]:

VEC = >

i

¢,(VEC), (6)

1

3. Thermodynamic parameters calculation
3.1. AS,ix calculation for HEAs

At the first step of AS,,ix calculation, Ln ¢; is determined for each of the
elements, and then Ln ¢; is multiplied by c; for all of the elements. In
the next step, the sum of the numbers obtained for all elements in the
previous step is calculated. Then sum of the obtained values is
multiplied by the -R number (-8.314). The result of this calculation is
reported as the entropy of mixing (ASyix ((J/mol.K)) in Tables 1-3.

Table 1. Simulation results of ASi, for Niy0Co,0Cu;sFe,o)Mn,s HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.2 0.2 0.15 0.2 0.25
Ln(atomic concentration) -1.6094379 -1.6094379 -1.89712 -1.6094379 -1.3862944
(Ln(atomic concentration))x(atomic concentration) -0.3218876 -0.3218876 -0.284568 -0.3218876 -0.3465736

Sum of last step

-1.596804335

Sumx(-8.314)

13.27583125

Entropy of mixing (ASuix (J/mol.K))

13.27583125
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Table 2. Simulation results of AS;, for Ni3sCo,0CusFesMnss HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.35 0.2 0.05 0.05 0.35
Ln(atomic concentration) -1.0498221 -1.6094379 -2.9957323 -2.9957323 -1.0498221
(Ln(atomic concentration))x(atomic concentration) -0.3674377 -0.3218876 -0.1497866 -0.1497866 -0.3674377
Sum of last step -1.356336297
Sumx(-8.314) 11.27657997
Entropy of mixing (ASmix (J/mol.K)) 11.27657997
Table 3. Simulation results of AS;, for NisCosCussFe;sMnyy HEA.
Elements Ni Co Cu Fe Mn
Atomic concentration 0.05 0.05 0.35 0.35 0.2
Ln(atomic concentration) -2.9957323 -2.9957323 -1.0498221 -1.0498221 -1.6094379
(Ln(atomic concentration))x(atomic concentration) -0.1497866 -0.1497866 -0.3674377 -0.3674377 -0.3218876

Sum of last step

-1.356336297

Sumx(-8.314)

11.27657997

Entropy of mixing (ASix (J/mol.K))

11.27657997

3.2. T\u calculation for HEAs

For T, calculation first, the melting point of each element
was multiplied by the ¢; of that element in the main compound.
Then, the sum of the values was calculated. Finally, the
resulting number was reported as the melting point (T,, (K)) in
Tables 4-6.

3.3. AH,yix calculation for HEAs

At the first step of AH, calculation, the mixing enthalpy of each

atomic-pairs (i and j) were multiplied by ¢; and ¢;j and the number 4. In

the next step, the sum of all the calculated values at the last step is

determined and is reported as enthalpy of mixing (AHuix (kJ/mol)) in
Tables 7-9.

Table 4. Simulation results of T,, for Ni»gCo,0Cu;sFe,oMn,s HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.2 0.2 0.15 0.2 0.25
Melting point (K) 1728 1768 1358 1811 1519
(Melting point)*(atomic concentration) 345.6 353.6 203.7 362.2 379.75
Sum of last step 1644.85
Melting point (T, (K)) 1644.85
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Table 5. Simulation results of Ty, for Ni3sC0,,CusFesMnss HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.35 0.2 0.05 0.05 0.35
Melting point (K) 1728 1768 1358 1811 1519
(Melting point)*(atomic concentration) 604.8 353.6 67.9 90.55 531.65
Sum of last step 1648.5
Melting point (T, (K)) 1648.5
Table 6. Simulation results of Ty, for NisCosCussFessMn,y HEA.
Elements Ni Co Cu Fe Mn
Atomic concentration 0.05 0.05 0.35 0.35 0.2
Melting point 1728 1768 1358 1811 1519
(Melting point))x(atomic concentration) 86.4 88.4 4753 633.85 303.8
Sum of last step 1587.75
Melting point (T, (K)) 1587.75
Table 7. Simulation results of AH,,;; for NiyyCo,0Cu;sFe;oMnys HEA.
Elements Ni Co Cu Fe Mn
Atomic concentration 0.2 0.2 0.15 0.2 0.25
AHpix (AB) Ni-Co Ni-Cu Ni-Fe Ni-Mn Co-Cu
0 4 -2 -8 6
Co-Fe Co-Mn Cu-Fe Cu-Mn Fe-Mn
-1 -5 13 4 0
4x(atomic concentration (A))x(atomic concentration (B))x(AH,,x (AB)) Ni-Co Ni-Cu Ni-Fe Ni-Mn Co-Cu
0 0.48 -0.32 -1.6 0.72
Co-Fe Co-Mn Cu-Fe Cu-Mn Fe-Mn
-0.16 -1 1.56 0.6 0
Sum of last step 0.28
Enthalpy of mixing (AH,,;, (kJ/mol)) 0.28
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Table 8. Simulation results of AH,,;x for Ni3sCo,0CusFesMnss HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.35 0.2 0.05 0.05 0.35
AH,ix (AB) Ni-Co Ni-Cu Ni-Fe Ni-Mn Co-Cu
0 4 -2 -8 6
Co-Fe Co-Mn Cu-Fe Cu-Mn Fe-Mn
-1 -5 13 4 0
4x(atomic concentration (A))x(atomic concentration (B))X(AHix (AB)) Ni-Co Ni-Cu Ni-Fe Ni-Mn Co-Cu
0 0.28 -0.14 -3.92 0.24

Co-Fe Co-Mn Cu-Fe Cu-Mn Fe-Mn

-0.04 -1.4 0.13 0.28 0
Sum of last step 457
Enthalpy of mixing (AH,ix (kJ/mol)) 457

Table 9. Simulation results of AH,,x for NisCosCujsFessMny HEA.

Elements

Atomic concentration

AHnix (AB) Ni-Co Ni-Cu Ni-Fe Ni-Mn Co-Cu
0 4 -2 -8 6
Co-Fe Co-Mn Cu-Fe Cu-Mn Fe-Mn
-1 -5 13 4 0
4x(atomic concentration (A))x(atomic concentration (B))x(AHix (AB)) Ni-Co Ni-Cu Ni-Fe Ni-Mn Co-Cu
0 0.28 -0.14 -0.32 0.42

Co-Fe Co-Mn Cu-Fe Cu-Mn Fe-Mn

-0.07 -0.2 6.37 1.12 0
Sum of last step 7.46
Enthalpy of mixing (AHix (kJ/mol)) 7.46

3.4. Q calculation for HEAs

To calculate the Q parameter, the final calculated AS,;,, melting point,

and AH,;, (absolute value) were considered. In the first step, calculated

values for AS,,xand T,, are multiplied, and then the obtained value is
divided by the absolute value of the calculated AH,. Finally, the
resulting number was reported as the omega (Q) in Tables 10-12.

Table 10. Simulation results of Q for Niy)Co0,0Cu;sFe;oMnys HEA.

Elements Ni

Co Cu Fe Mn

Atomic concentration 0.2

0.2 0.15 0.2 0.25

Entropy of mixing (ASix)

13.27583125

Melting point (T.,) 1644.85
Enthalpy of mixing (AHnix) 0.28
| Enthalpy of mixing (AH;,) | 0.28
Omega () 77.98839651
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Table 11. Simulation results of Q for Ni3sCo,0CusFesMns;s HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.35 0.2 0.05 0.05 0.35
Entropy of mixing (ASmix) 11.27657997
Melting point (T.,) 1648.5
Enthalpy of mixing (AH i) -4.57
| Enthalpy of mixing (AH;,) 4.57
Omega () 4.067711616
Table 12. Simulation results of Q for NisCosCuszsFe;sMnyy HEA.
Elements Ni Co Cu Fe Mn
Atomic concentration 0.05 0.05 0.35 0.35 0.2

Entropy of mixing (ASmix)

11.27657997

Melting point (T,,) 1587.75
Enthalpy of mixing (AHix) 7.46
Enthalpy of mixing (AHpix) | 7.46

Omega () 2.400052259

3.5. or calculation for HEAs

At the beginning of dr calculation, the atomic radius of each
element is multiplied by c;. In the next step, the sum of the
obtained values in the previous step is calculated. Then atomic
radius of each element is divided by the sum value of the last
step. In the next step, the values obtained for each element in the
previous step are subtracted by the number 1. Then the value

obtained in the previous step was raised to the power of two. In
the next step, c¢; for each element is multiplied by the value
obtained in the previous step. To get the final sum, the values
obtained for different elements in the previous step are added
together. To calculate or, it is taken from the final sum value
radical. Finally, the resulting number is reported as a percentage
of atomic size difference (dr) in Tables 13—15.

Table 13. Simulation results of or for NiygC0,0Cu;sFe,oMn,s HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.2 0.2 0.15 0.2 0.25
Atomic radius 1.246 1.251 1.278 1.241 1.35
(Atomic radius)*(atomic concentration) 0.02492 0.02502 0.01917 0.02482 0.03375
Sum of last step 0.12768
(Atomic radius)/(sum) 0.97587719 0.97979323 1.0009398 0.97196115 1.05733083
1-(atomic radius/sum) 0.02412281 0.02020677 -0.0009398  0.02803885 -0.0573308
(1-(atomic radius/sum))z 0.00058191 0.00040831 8.833E-07 0.00078618 0.00328682
(Atomic concentration)x((1-(atomic radius/sum))?) 0.00011638 8.1663E-05 1.325E-07  0.00015724  0.00082171
Sum of last step 0.001177118
\(Sum of last step) 0.03430916

(V(Sum of last step))x100

3.430916014

Atomic size difference (6r)

3.430916014
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Table 14. Simulation results of ér for Ni3;sCo,0CusFesMnss HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.35 0.2 0.05 0.05 0.35
Atomic radius 1.246 1.251 1.278 1.241 1.35
(Atomic radius)*(atomic concentration) 0.04361 0.02502 0.00639 0.006205 0.04725
Sum of last step 0.128475
(Atomic radius)/(sum) 0.96983849 0.9737303 0.9947461 0.96594668 1.05078809
1-(atomic radius/sum) 0.03016151 0.0262697 0.0052539 0.03405332 -0.0507881
(1-(atomic radius/sum))* 0.00090972 0.0006901 276E-05  0.00115963  0.00257943
(Atomic concentration)x((1-(atomic radius/sum))’) 0.0003184 0.00013802 1.38E-06 5.7981E-05 0.0009028
Sum of last step 0.001418582
V(Sum of last step) 0.037664074
(N(Sum of last step))x100 3.766407409
Atomic size difference (6r) 3.766407409
Table 15. Simulation results of ér for NisCosCussFe;sMnyy HEA.
Elements Ni Co Cu Fe Mn
Atomic concentration 0.05 0.05 0.35 0.35 0.2
Atomic radius 1.246 1.251 1.278 1.241 1.35
(Atomic radius)*(atomic concentration) 0.00623 0.006255 0.04473 0.043435 0.027
Sum of last step 0.12765
(Atomic radius)/(sum) 0.97610654 0.9800235 1.0011751 0.97218958 1.05757932
1-(atomic radius/sum) 0.02389346 0.0199765 -0.0011751 0.02781042 -0.0575793
(1-(atomic l'adius/sum))2 0.0005709 0.00039906 1.381E-06 0.00077342  0.00331538
(Atomic concentration)x((1-(atomic radius/sum))’) 2.8545E-05 1.9953E-05 4.833E-07 0.0002707 0.00066308
Sum of last step 0.000982754
\/(Sum of last step) 0.0313489

N(Sum of last step))x100 3.134890046
( p

Atomic size difference (6r) 3.134890046

3.6. oy calculation for HEAs
At the first step of Jy calculation, the electronegativity of each

power of two. Then, the obtained values for each element at the

previous step are multiplied by the atomic fraction (c;) of that

element is multiplied by the atomic fraction (c;) of that element,
and then calculates the sum of the obtained values (first sum).
Then, for each element, the calculated sum value at the last step
is subtracted from the electronegativity of that element. In the
next step, the obtained values for each element are raised to the

element. To calculate the final sum, the values calculated in the
last step are added together. Finally, to calculate the value of &y,
it is taken from the final calculated value at the last step radical.
the
electronegativity difference (8y) in Tables 16—-18.

Finally, resulting  number is reported as Pauling
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Table 16. Simulation results of &y for NiyCoy0Cu;sFeMnys HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.2 0.2 0.15 0.2 0.25
Electronegativity 1.91 1.88 1.9 1.83 1.55
(Electronegativity)x(atomic concentration) 0.382 0.376 0.285 0.366 0.3875
Sum of last step 1.7965
(Electronegativity) - (sum) 0.1135 0.0835 0.1035 0.0335 -0.2465
((Electronegativity) - (sum))’ 0.01288225  0.00697225  0.0107123  0.00112225  0.06076225
(((Electronegativity) - (sum))?)x(atomic concentration) 0.00257645 0.00139445 0.0016068 0.00022445  0.01519056
Sum of last step 0.02099275
\(Sum of last step) 0.14488875
Pauling electronegativity difference (8y) 0.14488875
Table 17. Simulation results of dy for Ni3sCoxCusFesMn3s HEA.
Elements Ni Co Cu Fe Mn
Atomic concentration 0.35 0.2 0.05 0.05 0.35
Electronegativity 1.91 1.88 1.9 1.83 1.55
(Electronegativity)x(atomic concentration) 0.6685 0.376 0.095 0.0915 0.5425
Sum of last step 1.7735
(Electronegativity) - (sum) 0.1365 0.1065 0.1265 0.0565 -0.2235
((Electronegativity) - (sum))z 0.01863225 0.01134225 0.0160023 0.00319225 0.04995225
(((Electronegativity) - (sum))?)x(atomic concentration) 0.00652129  0.00226845 0.0008001 0.00015961 0.01748329
Sum of last step 0.02723275
\(Sum of last step) 0.165023483
Pauling electronegativity difference (8y) 0.165023483
Table 18. Simulation results of &y for NisCosCussFe;sMnyo HEA.
Elements Ni Co Cu Fe Mn
Atomic concentration 0.05 0.05 0.35 0.35 0.2
Electronegativity 1.91 1.88 1.9 1.83 1.55
(Electronegativity)x(atomic concentration) 0.0955 0.094 0.665 0.6405 0.31
Sum of last step 1.805
(Electronegativity) - (sum) 0.105 0.075 0.095 0.025 -0.255
((Electronegativity) - (sum))> 0.011025 0.005625 0.009025 0.000625 0.065025
(((Electronegativity) - (sum))?)x(atomic concentration) 0.00055125  0.00028125 0.0031588 0.00021875 0.013005
Sum of last step 0.017215

\/(Sum of last step)

0.131205945

Pauling electronegativity difference (8y)

0.131205945




S. Mamnooni et al.

SYNTHESIS AND SINTERING 4 (2024) 65-78 73

3.7. VEC calculation for HEAs

To calculate the VEC parameter, at first VEC value of each of the
elements is multiplied the by atomic fraction (ci) of that element. At the
next step, the sum of the obtained values at the previous step is
calculated and reported as valence electron concentration (VEC) value
in Tables 19-21.

For a more detailed review and comparison, the summaries of solid
solution formation thermodynamic rules calculated for three
NiyCo,0Cu;sFe;pMnys, NizsCoypCusFesMnss, and NisCosCussFe;sMnjyg
HEAs are given in Tables 22, 23 and 24 respectively. According to
Table 22, the values of AHix, ASmix, 1, 8%, Q, VEC and T,, parameters
for NiyCoyCu;sFesoMnys HEA were calculated as 0.28 kJ.mol",
13.27 J.mol K", 3.43%, 0.14%, 77.98, 8.8 and 1645 K (1372 °C),
respectively. The value of the AS,,x parameter (13.27 Jmol' K™ is
very close to the initial condition for the possibility of forming a high
entropy alloy (ASmix > 13.38 J.mol" K™). As mentioned before, the
critical condition for solid solution formation is ér < 6.6% and Q > 1.1.
Multicomponent systems with lower Q and higher or than critical

conditions form intermetallics compounds and bulk metallic glasses
(BMGs) [1]. The value of Q for intermetallics compounds is higher
than that of BMGs [1]. Based on the values of dr and Q calculated
for the NiyCoyCu;sFexMnys compound, the formation of an HEA
solid solution can be predicted through synthesis roots. As positive
AH,,x equals to the segregation of atoms, highly negative AHx
equals to the formation of intermetallic compounds [53], and a large
value related to dy predicts the possibility of intermetallic formation
[54], therefore the low value of AHuix (0.28 kJ.mol", near zero) and
Sy (0.14%) can indicate solid solution phase formation without
any segregation or intermetallic phase. According to the calculated
value for the VEC parameter (8.8) solid solution with FCC
structure production can be predicted when VEC > 8 [52]. These
predictions for NipsCoxCujoFe;sMnyy HEA have been checked in
practical conditions and their correctness has been confirmed by
various analyses [33, 55].

According to Table 23, the values of AH,,, ASni, Or, 0), Q, VEC

and T,, parameters for Ni;sCo,CusFesMns;s HEA were calculated as

Table 19. Simulation results of VEC for Ni»;Co0,0Cu;sFe;oMnys HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.2 0.2 0.15 0.2 0.25
VEC 10 9 11 8 7
(VEC)*(atomic concentration) 2 1.8 1.65 1.6 1.75
Sum of last step 8.8
Valence electron concentration (VEC) 8.8

Table 20. Simulation results of VEC for Ni3sCo,CusFesMn;s HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.35 0.2 0.05 0.05 0.35
VEC 10 9 11 8 7
(VEC)*(atomic concentration) 35 1.8 0.55 0.4 2.45
Sum of last step 8.7
Valence electron concentration (VEC) 8.7

Table 21. Simulation results of VEC for NisCosCussFe;sMny, HEA.

Elements Ni Co Cu Fe Mn
Atomic concentration 0.05 0.05 0.35 0.35 0.2
VEC 10 9 11 8 7
(VEC)*(atomic concentration) 0.5 0.45 3.85 2.8 1.4
Sum of last step 9
Valence electron concentration(VEC) 9
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-4.57 kI.mol™, 11.27 J.mol K", 3.77%, 0.17%, 4.06, 8.7 and 1649 K
(1376 °C), respectively. Also, based on Table 24, the values of AHyix,
ASnix, 01, 8y, Q, VEC and T,, parameters for NisCosCussFe;sMnyg HEA
were calculated as 7.46 kJ.mol™, 11.27 J.mol™ K™, 3.13%, 0.13%, 2.40,
9 and 1588 K (1315 °C), respectively. Based on the obtained value for
the ASnix parameter (11.27 J.mol' K™), the initial condition for the
synthesis of the NizsCoyCusFesMn;s and NisCosCussFessMny, solid
solutions (ASpix> 13.38 J.mol" K™") was not satisfied. Therefore, it is
not expected to achieve the desired high entropy alloys in these
systems. In the literature about the Cu;sCo35NiyTisAls system, non-
achievement of the high entropy alloy during the milling process is also

reported due to the too much lower value of AS,;, parameter
(11.28 J.mol" X" of critical conditions [31].

As previously mentioned, by reducing the value of the AH,x parameter
from zero to negative numbers, the formation of an intermetallic phase
can be predicted. According to the AH, value (-4.57 kJ.mol™)
obtained for NizsCoyCusFesMnss, there is a possibility of intermetallic
phase formation. On the other hand, despite the possibility of
segregation of atoms for systems with a very positive AH,,x parameter
value, the possibility of segregation is predicted for
NisCosCuzsFe;sMnyy system  with the AH,, parameter value of
7.46 kJ.mol".

Table 22. Summary of thermodynamic calculation results for NiyCo2Cu;sFexoMnys HEA.

Nizoc()zocll 1 5FezoMn25

Mixing enthalpy (kJ/mol) of atomic-pairs Elements Element 1 Element 2 Element 3 Element 4 Element 5
Elements Ni Co Cu Fe Mn
Element 1 Ni Ni 0 4 2 -8
Element 2 Co Co 6 -1 -5
Element 3 Cu Cu 13 4
Element 4 Fe Fe 0
Element 5 Mn Mn
Element 1 Element 2 Element 3 Element 4 Element 5
Ni Co Cu Fe Mn
Atomic size (A) 1.246 1.251 1278 1.241 1.35
Composition fraction 0.2 0.2 0.15 0.2 0.25 1
0.02492 0.02502 0.01917 0.02482 0.03375 0.12768
0.0001164 8.166E-05 1.325E-07 0.0001572 0.0008217 0.0011771
Atomic size difference (%) 3.430916
Melting point (K) 1728 1768 1358 1811 1519
345.6 353.6 203.7 362.2 379.75 1644.85
Melting point (K) 1644.85
Electronegativity 1.91 1.88 1.9 1.83 1.55
0.382 0.376 0.285 0.366 0.3875 1.7965
0.0025765 0.0013945 0.0016068 0.0002245 0.0151906 0.0209928
Pauling electronegativity difference 0.1448888
VEC 10 9 11 8 7
2 1.8 1.65 1.6 1.75 8.8
VEC 8.8
Enthalpy of mixing (kJ/mol) 0.28
Entropy of mixing (J/mol.K) 13.275831
Omega 77.988397
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Table 23. Summary of thermodynamic calculation results for Ni;sCo,CusFesMns;s HEA.

Ni35C020CU5F95MH35
Mixing enthalpy (kJ/mol) of atomic-pairs  Elements Element 1 Element 2 Element 3 Element 4 Element 5
Elements Ni Co Cu Fe Mn
Element 1 Ni Ni 0 4 -2 -8
Element 2 Co Co 6 -1 -5
Element 3 Cu Cu 13 4
Element 4 Fe Fe 0
Element 5 Mn Mn
Element 1 Element 2 Element 3 Element 4 Element 5
Ni Co Cu Fe Mn
Atomic size (A) 1.246 1251 1278 1.241 1.35
Composition fraction 0.35 0.2 0.05 0.05 0.35 1
0.04361 0.02502 0.00639 0.006205 0.04725 0.128475
0.0003184 0.000138 1.38E-06 5.798E-05 0.0009028 0.0014186
Atomic size difference (%) 3.7664074
Melting point (K) 1728 1768 1358 1811 1519
604.8 353.6 67.9 90.55 531.65 1648.5
Melting point (K) 1648.5
Electronegativity 1.91 1.88 1.9 1.83 1.55
0.6685 0.376 0.095 0.0915 0.5425 1.7735
0.0065213 0.0022685 0.0008001 0.0001596 0.0174833 0.0272328
Pauling electronegativity difference 0.1650235
VEC 10 9 11 8 7
35 1.8 0.55 0.4 245 8.7
VEC 8.7
Enthalpy of mixing (kJ/mol) -4.57
Entropy of mixing (J/mol.K) 11.27658

Omega

4.0677116
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Table 24. Summary of thermodynamic calculation results for NisCosCussFessMn,y HEA.

NisCOsC U35Fe35Mn20

Mixing enthalpy (kJ/mol) of atomic-pairs Elements Element 1 Element 2 Element 3 Element 4 Element 5

Elements Ni Co Cu Fe Mn
Element 1 Ni Ni 0 4 -2 -8
Element 2 Co Co 6 -1 -5
Element 3 Cu Cu 13 4
Element 4 Fe Fe 0
Element 5 Mn Mn

Element 1 Element 2 Element 3 Element 4 Element 5

Ni Co Cu Fe Mn
Atomic size (A) 1.246 1.251 1278 1.241 1.35
Composition fraction 0.05 0.05 0.35 0.35 0.2 1
0.00623 0.006255 0.04473 0.043435 0.027 0.12765
2.854E-05 1.995E-05 4.833E-07 0.0002707 0.0006631 0.0009828
Atomic size difference (%) 3.13489
Melting point (K) 1728 1768 1358 1811 1519
86.4 88.4 475.3 633.85 303.8 1587.75
Melting point (K) 1587.75
Electronegativity 1.91 1.88 1.9 1.83 1.55
0.0955 0.094 0.665 0.6405 0.31 1.805
0.0005513 0.0002813 0.0031588 0.0002188 0.013005 0.017215
Pauling electronegativity difference 0.1312059
VEC 10 9 11 8 7
0.5 0.45 3.85 2.8 1.4 9
VEC 9
Enthalpy of mixing (kJ/mol) 7.46
Entropy of mixing (J/mol.K) 11.27658

Omega 2.4000523
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4. Conclusions

In this research, the precise and step-by-step calculation of
thermodynamic parameters predicting the possibility of high entropy
alloy formation such as AHyix, ASyix, Or, 8%, Q, VEC and T,, parameters
has been done for three NiyCo00Cu;sFesnMnys, NizsCoCusFesMnss
and NisCosCussFessMnyy HEAs. Also, according to the obtained values
for each of the solid solution formation rules, possible properties such
as the possibility of intermetallic phase formation, segregation, and
determination of the final crystal structure are predicted. It will not be
possible to form an entropy alloy alloy with a solid solution structure
for two Ni3sC0,0CusFesMnss and NisCosCussFe;sMn,yo HEAs because of
the very low value obtained for the AS,,;, parameter.
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