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Abstract In this study, we focus on structural and ther-

modynamics properties, as well as phase stability of

quinary CrFeCoNiMn and CrFeCoNiPd high-entropy

alloys (HEA) for both equiatomic and non-equiatomic

compositions. CrFeCoNiMn (Cantor alloy) is a widely

studied fcc alloy, while CrFeCoNiPd is a newly reported

fcc alloy, being synthesized by intentionally substituting

Mn in Cantor alloy by Pd which has a markedly different

atomic size and electronegativity from the other constituent

elements and has been achieved the better mechanical

properties than Cantor alloy in experiments. DFT-based

integrated approaches are conducted on these two quinary

systems to calculate the structural, electronic structure and

magnetic properties at zero K, as well as the free energies

as function of temperature including vibrational, configu-

rational mixing entropy and thermal electronic effects.

Various SQS models with about 200 atoms were created to

simulate the equiatomic HEA and a special non-equiatomic

HEA where a principal element has a rather high concen-

tration while other four kinds of element have equal lower

concentrations. Comparison between Mn- and Pd-HEAs in

both equiatomic and non-equiatomic compositions shows

that the stability of Mn- and Pd-HEAs at zero K and finite

temperature are dominated by different mechanisms, this

can explain the recent experimental observation that a

pronounced spatial fluctuation in atomic fraction is much

wider in Pd-HEA rather than in Mn-HEA.

Keywords HEA � CrFeNiCoMn/Pd HEAs �
Thermodynamics � DFT

1 Introduction

High-entropy alloys (HEAs) have been attracting a great of

interest because of their unconventional mixing of multiple

principal elements (at least 4 or 5), resulting in attractive

mechanical, magnetic and electronic, chemical, as well as

other physical properties.[1–5] The novel properties of

HEAs have been shown comparable and sometimes supe-

rior to those of commercial and traditional metallic alloys.

Also, the ability of tailoring those properties of HEAs by

controlling their compositions or modifying their

microstructures makes HEAs future candidates for material

design and applications. Much works have been undertaken

in order to realize the potential of HEAs in various fields

such as superalloy, irradiation and corrosion resistances,

superconductor, catalyst, etc. [4, 6–8]

Among hundreds of different HEA systems synthesized

and investigated, the CrFeNiCoMn, formed from five 3d

transition metal elements, so called Cantor alloy is one of

the most interest. Objectives such as phase stability, local

lattice distortion, microstructure, magnetic and electronic

structure properties, and their effects on mechanical, elastic

properties and others have been continuously studied and
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actively discussed.[4, 5, 9] Experimental characterization has

demonstrated the Cantor alloy having a single fcc random

solid solution phase at high temperature with remarkable

combination of strength and ductility.[10–12] Efforts to

further enhance its mechanical properties are under way,

focusing on modifying its compositions away from equia-

tomic center [13, 14] or by interstitial alloying.[15, 16] Few

studies concentrated on interdiffusion in CrFeNiCoMn

alloy using classical theoretical model or high-throughput

technique.[17, 18] Yet for better understanding CrFeNi-

CoMn alloy and building up a sufficient thermodynamic

database which would allow its potential applications being

more realistic, more investigations are required both

experimentally and theoretically.

Recently, Ding et al. have reported a new fcc equiatomic

CrFeNiCoPd alloy, which is synthesized by intentionally

substituting Mn in Cantor alloy with the 4d element Pd

which has a markedly different atomic size and elec-

tronegativity from the other constituent elements, showing

that its strength is about 2.5 times higher than that of

CrFeNiCoMn at similar grain size, and is comparable to

that of advanced high-strength steels.[19] Quite interest-

ingly, the authors had noticed a pronounced difference in

the distribution of constituent elements between CrFeNi-

CoMn and CrFeNiCoPd alloys: it is relatively random and

uniform for the former, while it shows a great inhomo-

geneity and aggregation for the latter. Soon thereafter, Yin

and Curtin have proposed a parameter-free model for

random alloys which requires only solute misfit volumes,

alloy elastic constants, and alloy lattice constant, capable of

predicting CrFeNiCoPd strength in good agreement with

the Ding et al.’s experimental finding.[20] The model

however cannot account for the different behaviors in the

fluctuation in element distribution between CrFeNiCoMn

and CrFeNiCoPd alloys. To this end, a closer look at ato-

mistic, thermodynamic and energetic level for both

equiatomic and non-equiatomic quinary CrFeNiCoPd

alloys, as well as a detailed comparison with CrFeNiCoMn

counterparts in a systematic manner are necessary. There

are still only a few studies on CrFeNiCoPd HEAs com-

pared to those on the Cantor alloy; and it is often that

already investigated non-equiatomic compositions are not

the same. Thus, a direct comparison between the two HEAs

is somehow limited.

This work aims to reveal the similarities and differences

between CrFeNiCoMn and CrFeNiCoPd HEAs in terms of

structural, electronic structure and magnetic properties, as

well as thermodynamics and energetics, and to investigate

the Pd-sub-Mn substitution effect using the DFT-based

integrated approaches. The usage of supercell approach

including two equiatomic and two extreme non-equiatomic

special quasirandom structures (SQSs) employed in the

same manner for both CrFeNiCoMn and CrFeNiCoPd

systems allows us to compare the two directly and sys-

tematically. Furthermore, two stability types identified in

this work for CrFeNiCoMn and CrFeNiCoPd HEAs, going

from equiatomic center toward non-equiatomic, gave an

explanation to the Ding’s experimental observation.

2 Models and Computational Methods

2.1 Models

Models of single phase solid-solution quinary HEAs were

represented by Special Quasirandom Structures (SQSs) [23]

as shown in insets in Fig. 1. All these four equiatomic and

non-equiatomic, fcc and bcc, SQS structures consist of the

same number of atoms in supercell, 160, which is bigger

than those used in Refs [24, 25] that claimed to be sufficient

for modelling quinary HEA. The supercell lattice param-

eters of the starting fcc and bcc SQS structures, a*(1, b/a, c/

a) and (a; b; cÞ (in degree), are a*(1, 1.00, 1.00) & (90,

106.3, 108.7) and a*(1, 1.00, 1.00) & (93.8, 93.8, 81.6),

respectively. For the non-equiatomic quinary HEAs, a

special composition (ABCD)24E64 was chosen in which an

principle element E has highest atomic concentration of

40% (64 atoms, deviating from equiatomic composition by

20%), and all the rest having the same lower atomic con-

centration of 15% (24 atoms) (Fig. 1 c, d). We intentionally

used the SQS structures to represent the situation of very

strong fluctuation in local atomic fraction in CrFeNiCoPd

HEA experimentally observed by Ding et. al [19]. All SQS

structures used in this work were generated by the mcsqs

code implemented in the Alloy Theoretic Automated

Toolkit (ATAT) package.[22]

Radial distribution functions (RDF) in Fig. 1 demon-

strate how well our generated SQS structures are in rep-

resenting the randomness characteristics of solid solution

HEA. For the equiatomic SQS quinary HEAs, all RDF of

pairs are nearly the same (Fig.1 a, b), while in the non-

equiatomic (ABCD)24E64 SQS structures due to higher

atomic concentration of E, it is the highest for AE pair and

all the other RDF pairs are smaller and very similar (Fig.1

c, d).

2.2 Computational Methods

All total energy calculations at 0K temperature were car-

ried out by spin-polarized DFT calculations using the

projector augmented wave (PAW) method [26] as imple-

mented in the Vienna Ab Initio Simulation Package

(VASP).[27–29] Also the generalized gradient approxima-

tion and the Perdew-Burke-Ernzerhof pseudo potential

(GGA-PBE) [30, 31] were used in treating the exchange and

correlation energy. An energy cutoff wavefunction was set
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up at 400 eV and the Monkhorst-Pack k-point mesh [32] of

3x3x3 was used in the Brillouin-zone integrations. All SQS

structures were fully relaxed until all force components

smaller than 2 meV/Å.

The total Gibbs free energy as a function of temperature,

Gtot(T), can be calculated by summarizing the total energy

of electrons E0K at 0K and contributions of thermal

vibration Fvib(T), thermal electronic Fel(T), and ideal

mixing configurational entropy Sconfig , as follow:

Gtot Tð Þ ¼ E0K þ Fvib Tð Þ þ Fel Tð Þ � T � Sconfig
ðEq 1Þ

To obtain the temperature dependent thermal vibrational

free energy Fvib(T), the quasiharmonic Debye-Grüneisen

model was used as implemented in Gibbs2 code [33, 34] with

modified Poisson ratio being of 0.34. The thermal elec-

tronic free energy Fel(T) can be obtained using:

Fel Tð Þ ¼ Eel� T � Sel ðEq 2Þ

where:

Eel ¼
Z

n eð Þf ede� r
eF
n eð Þede ðEq 3Þ

Sel ¼ �kB

Z
n eð Þ flnf þ 1� fð Þln 1� fð Þ½ �de ðEq 4Þ

In Eqs (3, 4), n and f are electronic density of state and

the Fermi distribution function, respectively, eF being

Fermi energy. The thermal electronic free energy was also

calculated with ATAT package.[22]

Finally, the ideal configurational entropy of mixing can

be expressed as:

Sconfig ¼ �R
X5
i¼1

ci ln ci ðEq 5Þ

where ci is concentration of ith constituent element. This

has been taken as a good approximation for the fully ran-

dom system, and should be appropriate for multi-compo-

nents HEA. Gao et. al. [43] have compared the

configurational entropies for various equiatomic quaternary

alloys (FCC, BCC, HCP) using DFT combining with

Monte Carlo/Molecular Dynamic method and the entropy

of ideal mixing and showed that the values of the ideal

mixing entropy are fairly close to the values using more

accurate methods.

3 Results and Discussions

3.1 Structural, Electronic Structure and Magnetic

Properties

Using our generated SQS structures, two sets of quinary

HEA structures have been considered by substituting

dummy elements (A, B, C, D, E) by those of interest (Cr,

Fe, Ni, Co, Mn, and Pd): Cr-Fe-Ni-Co-Mn, and Cr-Fe-Ni-

Co-Pd. Hereafter, they are shortly abbreviated as CFNCM

and CFNCP for the equiatomic quinary HEAs, respec-

tively, while the non-equiatomic ones, such as

(CrFeNiCo)24Mn64 for example, is denoted as CFNCM-

Mn64 and so on. In total, there are 4 equiatomic SQS

structures and 20 non-equiatomic SQS that have been fully

relaxed. Table 1 summarizes structural and magnetic

properties of all optimized SQS structures including

supercell lattice parameters, volume per atom V0, root

mean square displacement (RMSD), as well as magnetic

moment per atom for two systems. Details of the final

relaxed SQS structures are shown in supporting informa-

tion (SI) (Fig. S1).

Fig. 1 Radial distribution

functions of the equiatomic

ABCDE (a) and (b), and non-

equiatomic (ABCD)24E64

(c) and (d) SQS structures used

in this work. Insets are fcc

(a) and (c), and bcc (b) and

(d) SQS structures as described

in the main text
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We firstly focus on structural properties of the fully

relaxed fcc structures. Our DFT calculations show that

there are small cell distortions and ionic local displace-

ments during the relaxations for both Mn- and Pd-sets of

fcc SQS structures. The supercell lattice parameters of all

the relaxed fcc SQS structures are very similar to each

other, and the deviations from the pristine cells are found to

be less than 1%. The calculated RMSD values of the Pd-

fcc set are obviously bigger than those of the Mn-set

implying more lattice distortion for the Pd-HEA systems

(see Fig. S1), but all of them are smaller than 0.2 Å.

Okamoto and co-authors [21] have reported RMSD value of

0.05 Å for fcc CrMnFeNiCo in their 320-atoms SQS

structure, which is comparable with our result (0.076 Å for

CFNCM). The authors also confirmed that the difference

between their theoretical and experimental results is very

small, being only 0.017 Å. Although the values of atomic

displacements in these HEAs are very small, it has been

found that the mechanical properties of the HEAs relate to

the averaged atomic displacement, and the yield strengths

of some typical HEAs can be scaled and predicted using

their RMSD values.[21] We believe that introducing the

large size element Pd into the 3d elements based solid

solution results in the bigger average atomic displacement

in Pd-HEAs, which might be the direct reason leading to its

promising mechanical properties.

As demonstrated in Table 1, the difference in volume v0
among considered structures in the fcc Mn-HEA set is

minuscule, despite the fact that there is drastic difference in

concentration of constituent elements. The biggest volume

is found to be 11.25 Å3 for Ni-rich CFNCM-Ni64, which is

only 0.18 Å3 bigger than the smallest Mn-rich CFNCM-

Mn64. This is due to the well-known fact that the values of

the atomic radii of the Cantor elements are very close.[21] A

similarity is also found in the fcc Pd-HEA set where the

concentration of Pd is kept constant at 15%. Substituting

Mn with Pd always results in bigger volume v0 because of

Pd having bigger atomic radius than Mn. The calculated

values of v0 for the equiatomic fcc CFNCM and CFNCP

are 11.10 Å3 and 12.20 Å3 which can be converted

straightforwardly to lattice constants of 3.54 and 3.65 Å ,

which is consistent with previous findings.[35, 36] In the fcc

Pd-HEA set, it is observed that v0 decreases from 13.22 to

12.20 Å3, and to 11.84 Å3 as Pd concentration decreases

subsequently from 40% (CFNCP-Pd64) to 20% (CFNCP),

and to 15% (CFNCP-Co64) (see Table 1). This change in

v0 has been also reported for other Pd concentrations

(Co7Cr7Fe7Ni7Pd4, Co6Cr7Fe7Ni6Pd6, Co4Cr8Fe8Ni4Pd8,

Co5Cr6Fe6Ni5Pd10) by Calvo-Dahlborg et. al [35] using

smaller fcc SQS structure of 32-atoms, where similar trend

was found.

Our DFT calculations revealed a strong substitutional

effect of Pd with Mn in simple bcc phase. Being very

different from fcc structures, we could not stabilize any Pd-

containing bcc structures considered in this study even for

systems containing high concentration of bcc-favoring

components like Fe and Cr (CFNCP-Fe64, CFNCP-Cr64).

The Pd- bcc set undergoes severe cell shape and lattice

distortion during structural optimization. For instance, the

angles between principal axes in the equiatomic CFNCP

are (78.3, 78.3, 68.9) compared to the starting ones (93.8,

93.8, 81.6). The severe local lattice distortion can be pro-

nouncedly seen in the non-equiatomic CFNCP-Ni64,

CFNCP-Cr64, and CFNCP-Pd64 (see Fig. S1 i, k, l) where

layers of atoms are regrouped or irregularly redistributed.

As shown in Table 1, the calculated RMSD for the final bcc

Pd-HEA structures are all greater than 0.62 Å and can

reach up to 1.14 Å (CFNCP). The large RMSD values are

consequence of distortion of both cell shape and lattice.

Although the larger RMSD due to introducing inhomoge-

neous feature leads to better mechanical properties, it is

also important to consider the trade-off between inhomo-

geneous and stability.

For the bcc set with Mn, similar phenomenon was found

for the non-equiatomic bcc CFNCM-Ni64 and CFNCM-

Co64 (see Table 1 and Fig. S1 c, d) where high concen-

trations in Ni and Co components are favoring fcc lattice

rather than bcc. The other Mn-HEA compositions, equia-

tomic and non-equiatomic, can stabilize in bcc lattice and

show a much smaller cell shape and ionic relaxations. Li et.

al [37] had experimentally synthesized FeCoNi(MnAl)x

HEAs and reported a Al-concentration dependence for

formation of single fcc phase (0 � x � 0.5), a mixture of

fcc and bcc structures (0.5 � x � 1.5), and bcc phase (x

� 2.0). Other DFT calculations carried out by Feng et. al
[38] have confirmed this observation. Also in Ref. [39] the

authors using DFT-CPA approach concluded that adding

Al to CrMnFeCoNi HEA can trigger the phase transfor-

mation from fcc to bcc. Therefore, we suggest that in order

to stabilize quinary Pd-HEAs and other non-equiatomic

Mn-HEAs in simple bcc phase, one needs to add certain

amount of bcc stabilizer such as Al.

The radial distribution functions (RDFs) plotted in Fig. 2

and Fig. S2 further support our above conclusion that the

Pd-containing HEAs and CFNCM-Ni64, CFNCM-Co64

considered in this study could not stabilize in bcc solid

solution phase. RDFs of those undergoing great cell shape

and lattice distortion completely lost the standardized RDF

characteristics of bcc lattice (see Fig. 1 b, d as reference).

Their peaks in RDF spectra are found relocating at posi-

tions that quite similar with those of fully relaxed corre-

sponding fcc structures. More surprisingly, RDFs of bcc

CFNCP, CFNCP-Fe64, and CFNCP-Co64 resemble

exactly the same as for corresponding fcc ones (Fig. 2 b,
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Fig. S2 e, g). For the fcc Mn- and Pd- sets, in contrast, their

RDFs show a lot of similarities with the perfect fcc lattice,

excepted for the width of peaks. It is easily seen that all

peaks in the fcc sets are broaden due to ionic relaxation.

The RDF peaks for the Pd-HEAs are shifted to bigger

radius compared to Mn-ones, and their widths are found to

be also wider. The findings are in good agreement with

other studies on equiatomic HEAs FeCoNiCrMn, FeCo-

NiCrPd, and binary Ni80Pd20 alloy.[40, 41] In addition, the

authors have clearly demonstrated that RDF width broad-

ening is because of the fluctuation in nearest-neighbor

distances between metal atoms.

Figure 3 shows the renormalized total density of state

(DOS) (per atom) and the most important d-orbital partial

DOS of the equiatomic CFNCM and non-equiatomic

CFNCM-Mn64 HEAs in comparison with the corre-

sponding Pd-ones. All the rest can be found in Fig. S3.

Despite of the difference in the (P)DOS shapes from sys-

tem to system, we recognized some common features

between them. Firstly, all shows the majority in spin-up

PDOS for ferromagnetic elements Fe, Ni, Co, and Pd (fcc)

in which their PDOS shapes could be different from those

of corresponding pure elements. Pure fcc Mn is antiferro-

magnetic however in all considered fcc HEA systems the

majority shows it in spin-up states as well. Other antifer-

romagnetic element Cr, on the orther hand, has majority in

spin-down PDOS. Its local spin state is most likely pre-

ferred in opposite direction when surrounded by other

ferromagnetic elements, and magnetic moment of HEAs

will be reduced as consequence. Secondly, replacing Mn

with Pd tends to enhance the asymmetrical characteristics

between up- and down- PDOS. Therefore, the magnetic

property of the HEAs containing Pd can be improved, for

instance, magnetic moment per atom of Pd-rich fcc

CFNCP-Pd64 is about 1.5 times bigger than Mn-rich fcc

CFNCM-Mn64 (see Table 1). Finally, we observed that in

the stable Cr-rich fcc CFNCM-Cr64 and CFNCP-Cr64

systems the asymmetrical characteristics between up- and

down- PDOS are reduced for Fe, Ni, Co, Mn and Pd (see

Fig. S2 d, h) implying the reduction in magnetic moment of

those constituent elements. Indeed, the magnetic moments

of the fcc CFNCM-Cr64 and CFNCP-Cr64 systems are

reported to be the lowest among our considered systems,

being 0.27 and 0.31 lB, respectively (see Table 1). Above

analysis suggests the possibility of tailoring the magnetic

properties of HEAs using specific combination of compo-

sition elements.

3.2 Thermodynamics and Energetics

We furthermore investigated the thermodynamics and

energetics of Mn- and Pd-HEAs. As already discussed in

the previous section, since all Pd-HEAs in bcc structures

are unstable due to a large structural distortion; following

discussion focuses on the fcc phases of Mn- and Pd-

quinary HEAs only.

Displayed in Fig. 4 is the comparison for Mn-HEAs and

Pd-HEAs of various finite temperature effects contributing

Fig. 2 Radial distribution function of the fully relaxed equiatomic CFNCM (a), CFNCP (b); and non-equiatomic CFNCM-Mn64 (c), CFNCP-

Pd64 (d) SQS structures
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to the Gibbs formation energy up to 1400K, including the

lattice vibration DFvib, thermal electronics DFel, and ideal

mixing configurational free energy �TSconfig, in the

equiatomic CFNCM, CFNCP and non-equiatomic Mn-rich

CFNCM-Mn64, Pd-rich CFNCP-Pd64 HEAs. The contri-

butions of vibrational and thermal electronic free energies

are shown separately for all fcc Mn- and Pd- structures in

Figs. S4 and S5. It is easily seen that the ideal configura-

tional entropy term is the biggest contribution to free

energies in both equiatomic and non-equiatomic systems.

Since our specific setting of non-equiatomic (ABCD)24E64

SQS structure has 4 constituent elements with equal con-

centration (15%), it still maintains high-entropy effect.

Indeed, at T = 1000K, the calculated configurational free

energies -TSconfig for the equiatomic CFNCM/P and non-

equiatomic CFNCM/P-X64 are very close, e.g -139 and -

130 meV/atom, respectively. Fig. 4 shows that the lattice

vibrational contribution has stronger effect of stabilization

in the relevant Mn-HEAs compared to the Pd- counterparts.

Fig. 3 Total and d-orbital

partial density of states of the

fully relaxed equiatomic

CFNCM (a), CFNCP (b); and

non-equiatomic CFNCM-Mn64

(c), CFNCP-Pd64 (d) SQS

structures

Fig. 4 Thermodynamic contributions to Gibbs formation free energies in the fully relaxed equiatomic CFNCM, CFNCP (a); and non-equiatomic

CFNCM-Mn64, CFNCP-Pd64 (b) fcc SQS structures. Results for the fcc Mn-HEAs are in solid lines, and for the fcc Pd-HEAs are in dashed lines
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In particular, the contribution of DFvib is quite small in the

fcc CFNCP and partially reduced by DFel, making the total

contribution DFtot very close to the configurational con-

tribution �TSconfig, while there is bigger gap between the

two in the fcc CFNCM.

Combining all the finite temperature contributions

allows us to visualize the Gibbs formation energy with

increasing temperature as shown in Fig. 5. For each 2D

plots in Fig. 5, the center circles represent for the equia-

tomic CFNCM and CFNCP HEAs, and the circles at the

%X-axis, %Ni-axis in Fig. 5a for instance, represents for

the Ni-rich non-equiatomic fcc CFNCM-Ni64 HEA. At 0K

all the studied fcc HEAs have positive formation energies,

reflecting the fact that they are not the ground states but the

metastable ones. The computed values for the equiatomic

CFNCM and CFNCP are very close to each other, 79 and

81 meV/atom, respectively, which are comparable with

previously calculated values.[6, 35, 42] Among our calcu-

lated structures, the fcc Ni-rich HEAs (CFNCM-Ni64,

CFNCP-Ni64) and Pd-rich (CFNCP-Pd64) are found to be

the relatively stable structures with the formation energies

of being lower than 50 meV/atom. On the other hand,

increasing the concentration of antiferromagnetic Mn and

Cr elements is energetically unfavorable. The highest for-

mation energy, 132 meV/atom, is found for the fcc

CFNCP-Cr64.

When the temperature stabilization effect of configura-

tional entropy and lattice vibration are considered, the

Gibbs formation energies Gf of the fcc quinary Mn- and

Pd-HEAs are decreased and change to negative. Indeed, at

T = 600K almost all the fcc quinary Mn- and Pd-HEAs

became stable, except for the Cr-rich CFNCM-Cr64 and

CFNCP-Cr64 (see Fig. 5). The largest reduction in Gibbs

formation energy, DGf ¼ �137 meV/atom, was found for

the equiatiomic CFNCM. At T = 1000K,Gf values of all

computed systems are negative and the fcc Mn-HEAs are

more stable compared to the corresponding Pd-ones. The

fcc equiatomic CFNCM is the most stable structure, Gf ¼
�150 meV/atom, but when substituting Mn by Pd, the

CFNCP HEA becomes one of the least stable ones. This

big difference could be explained by comparing the con-

tributions of vibrational and thermal electronic free ener-

gies for all the studied systems, see Figs. S4, S5, since the

configurational mixing entropies are almost the same.

Concerning the thermal electronic contribution DFel alone,

it shows the destabilization effect for all fcc Pd-HEAs and

for some fcc Mn-HEAs (CFNCM, CFNCM-Ni64,

CFNCM-Co64), but in overall DFelj j is less than 15 meV/

atom over the whole range of considered temperature for

all cases (see Fig. S4 b, S5 b) and can be neglected. The

stabilization effect of vibrational free energy, on the other

hand, is much more significant for all cases. The effect is

maximized in the case of fcc equiatomic CFNCM. When

Pd substituting Mn, DFvib of the fcc CFNCP is always of

the highest value for T[ 600K, therefore cannot stabilize

the CFNCP as much as for other HEAs.

In Fig.5, it is interesting to notice that the trends in the

variation of the formation free energies with increasing

temperature in Mn-HEAs and Pd-HEAs, respectively, and

compare the two systems. In Mn-HEAs, the formation free

energy of the equiatomic one (central circle) is getting

more negative than the non-equiatomic ones (X%-axis),

indicating that at finite temperature, the equiatomic Mn-

HEA is more preferred than non-equiatomic ones.

Whereas, the situation in Pd-HEAs is opposite. While the

temperature is increasing, the value for central circle is

Fig. 5 Gibbs formation free

energies at finite temperature of

fcc Mn-HEAs (a) and Pd-HEAs

(b). The radius of each circles is

proportional to the absolute

value of the formation energy
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obviously smaller than those for all X%-axes, showing that

in Pd-HEAs, various non-equiatomic systems tend to more

stable than the equiatomic one. Such observation is con-

sistent with the Ding et al.’s report [19] , i.e., the existing

big composition fluctuations in FeCoNiCrPd.

We are wondering what happens in Pd-HEAs and

explored this phenomenon through following analysis

using a hypothesis model for quinary HEAs where both

equiatomic and non-equiatomic systems co-exist. Here we

imagine a sample of CFNCY (Y=Mn, Pd) equal in con-

stituent concentrations but consisting of 5 types of the non-

equiatomic CFNCY-X64 in the same portion distributed

randomly in the sample. So, the hypothesized CFNCY

sample is equiatomic as average but inhomogeneous in

local environment, which is taken as the model of hypo-

thetical equiatomic quinary HEAs. For simplicity, the

formation energy of the hypothetical equiatomic system is

approximately equal to the average of the formation

energies of all 5 types CFNCY-X64. Figure 6 shows the

estimated Gibbs formation energies of both the hypothe-

sized and of the real modeled equiatomic quinary fcc

CFNCM and CFNCP as a function of temperature. It is

obvious that for CFNCM, the real equiatomic fcc CFNCM

has lower formation energy than the hypothesized one,

such energetic preference implies that when one tries to

fabricate a quinary CFNCM sample starting with equal

atomic concentration of constituents, it is more likely that

the equiatomic CFNCM HEA will form with homogeneous

elements distribution. This is different for CFNCP, where

the hypothesized equiatomic model is more stable than the

real one, which leads to a high possibility that equiatomic

CFNCP will form with inhomogeneous element distribu-

tion, even with a strong fluctuation in local atomic fraction.

This assumption is confirmed by the experimental

results reported by Ding et.al. [19]. Using energy-dispersive

X-ray spectroscopy the authors had investigated the

atomic-scale element distribution in equiatomic fcc

CrFeNiCoMn Cantor alloy, and also compared with fcc

CrFeNiCoPd HEA. For the CrFeNiCoMn sample, they

found a small fluctuation in local atomic fraction around

the equiatomic line for all five elements. In contrast to the

Cantor alloy, the atomic fraction lines of all five elements

in CrFeNiCoPd alloy show a much wider fluctuation with

the maxima reaching up to 58%. The fluctuations in both

CrFeNiCoMn and CrFeNiCoPd samples seem to be

random.

4 Conclusion

In this work, we carried out comprehensive DFT calcula-

tions combined with the quasiharmonic Debye-Grüuneisen

approximation for both equiatomic and non-equiatomic

compositions of CrFeNiCoMn Cantor and CrFeNiCoPd

quinary HEAs based on SQS models. Similarities and

differences between the two systems as consequences of

Pd-to-Mn substitution effect have been highlighted in

terms of structural, electronic structure, and magnetic

properties, as well as thermodynamics and energetics. It

has been found that substituting Mn with Pd in Cantor alloy

introduced a inhomogeneous feature into the HEA, which

increases the average atomic local displacement of the fcc

CrFeNiCoPd to a moderate amount, consequently enhances

the mechanical properties of the new HEA. It is also

revealed that the stability of equiatomic/near-equiatomic

composition is preferable than the extreme non-equiatomic

in fcc CrFeNiCoMn HEAs, whereas the situation in fcc

CrFeNiCoPd is reverted, that means the mixture of various

non-equiatomic compositions is more preferred due to the

local inhomogeneous feature, especially for Pd-rich and

Ni-rich CrFeNiCoPd HEAs. These findings can explain

some experimental observations reported recently. CrFe-

NiCoMn and CrFeNiCoPd HEAs are among interesting

multi-principal elements alloys representative for novel

physical properties and with the potential for advanced

applications; and more studies are needed to fully under-

stand the systems. Our work is an effort to enrich the

thermodynamic databases of CrFeNiCo(Mn/Pd) HEAs and

could be useful for guiding material design and engineer-

ing, as well as for other future works.
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