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A B S T R A C T
The relative phase stability of face-centered cubic (fcc) and body-centered cubic (bcc) Cr-Fe-Mn-Ni
alloys has been investigated using a combination of density functional theory (DFT), cluster expansion
(CE) and Monte Carlo (MC) simulations. The MC simulations for bcc and fcc Cr-Fe-Mn-Ni alloys
performed using the CE models described in this work and in our previous paper, respectively, have
enabled to compute the difference between Gibbs free energies of 1767 fcc and bcc alloys in the
whole composition range with a 5% composition step as a function of temperature. By applying a
common tangent construction procedure and averaging over six pseudobinary sets, the regions of
stability of fcc and bcc phases have been identified as well as the region of coexistence of both
phases. For the latter, the fractions of fcc and bcc phases have been calculated using a lever rule. The
results of MC simulations are in agreement with the available experimental data from the literature
and the experiments performed within this work for the samples of [CrFeMn]100−𝑥Ni𝑥 (𝑥 = 20, 25
and 35) alloys synthesized using arc-melting and annealed at 1273 K for 48 hours. In particular, the
fcc fractions obtained using the electron backscatter diffraction (EBSD) method for the as-cast and
annealed samples are in line with the values from MC simulations. The analysis of fcc fractions of
the near-equiatomic alloy compositions has enabled the identification of the best candidates that are
predicted to be single fcc phase for a wide range of temperatures with 95 % confidence.

1. Introduction
High entropy alloys (HEAs) are the new class of mate-

rials containing four or more components in equal or near-
equal atomic percent. They have been discovered by Cantor
et al. [1] and Yeh et al. [2] in the year 2004 and have been
found to possess unique microstructure and properties. The
experiments show for example that these materials possess
high strength and excellent wear, corrosion and irradiation
resistance [2, 3, 4, 5, 6]. For example, yield strength and
hardness in HEAs can display values in excess of 2000
MPa [7, 8] and 800 HV [9], respectively, and thus they are
significantly larger than in the traditional alloys.

Due to the fact that the irradiation has a less detrimental
effect on properties of some HEAs in comparison with pure
metals as well as the conventional alloys [10, 11, 12, 13],
HEAs are considered as potential candidates for applications
in structural components of future fusion power plants and
fission reactors of the next generation (Generation IV). In
Ref. [12] it was reported that the swelling resistance of
fcc Fe-Cr-Co-Mn-Ni alloy, also called Cantor alloy, under
irradiation is 40 times higher than in pure fcc Ni. TEM
analysis showed that voids in 5-component fcc HEA are
significantly smaller than in pure Ni and FeNi alloy.
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Unfortunately, the application of Cantor alloy in the
fission and fusion power plants is undesirable due to the
presence of cobalt that activates under irradiation. This
motivated the materials scientists for the design of Co-free
fcc Cr-Fe-Mn-Ni alloys for nuclear applications. As it was
shown in Ref. [10], the radiation-induced segregation is
much suppressed in fcc Cr-Fe-Mn-Ni alloy as compared
with the Fe-Cr-Ni and Fe-Cr-Mn austenitic alloys. However,
choosing optimal compositions of Fe, Cr, Mn and Ni are
not straightforward. Since Cr is a bcc stabilizer, Ni is a
fcc stabilizer, the ground state of Mn is the complex alpha
structure, and Fe can possess either the bcc or fcc structure
depending on temperature, it is difficult to predict the region
of stability of fcc alloys in Cr-Fe-Mn-Ni system. Moreover,
as it was presented in our previous work [14], formation
of intermetallic phases might take place in a wide range of
compositions especially at lower temperatures.

The experimental studies of HEAs from the Cr-Fe-Mn-
Ni system in Refs. [10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27] showed the complexity of phase stability of those
alloys, which depends both on the composition of alloy and
temperature. First of all, the equiatomic alloy decomposes
into the fcc and bcc phase [18, 19, 24, 26]. A similar decom-
position was also observed in Cr𝑥FeMnNi (𝑥=0.8, 1.0, 1.2,
1.5) in Ref. [26] whereas in Cr24Fe40Mn28Ni8 alloy from
Ref. [23] there was found a presence of sigma (𝜎) phase.
In Refs. [10, 15, 17, 20, 21, 22, 23, 25, 26, 27], there were
reported also a few compositions that were characterized as
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fcc single-phase alloys, including Cr18Fe28Mn26Ni28 pro-
posed by the scientists from Oak Ridge National Laboratory
(ORNL) that exhibited excellent irradiation properties [10].
Fcc single phase for the ORNL alloy was confirmed in
Refs. [20] and [25]. The presence of Cr-rich bcc precipitates
in the alloy with the same composition as the ORNL, both
in the sample annealed at 1173 K and in the ion irradiated
sample, was reported in Ref. [16]. The decomposition under
ion irradiation was also observed for the alloy with similar
composition, namely Cr18Fe29Mn23Ni30, but the MnNi pre-
cipitates were formed in that case.

The phase stability of Cr-Fe-Mn-Ni was investigated
theoretically using the CALPHAD method [15, 21, 27], MD
simulations [28] and DFT-based MC simulations [14]. In
Ref. [28], the interatomic potential developed with the em-
bedded atomic method for Cr-Fe-Mn-Ni alloys was applied
to investigate, among others, the enthalpies of mixing of the
fcc alloys in the Cr-Fe-Mn-Ni system and its subsystems.
The authors noted the minimum and maximum values for
the cohesive energy difference between the fcc and bcc
phases. However, the regions of stability of fcc and bcc
alloys have not been studied. In Refs. [15, 21, 27], the CAL-
PHAD method was applied to investigate the phase stability
as a function of temperature for chosen compositions. In
Ref. [21], additionally, the phase diagrams for all ternary
subsystems and the iso-chromium section of the Cr-Fe-Mn-
Ni at a constant content of 20 at.% Cr at 1373 K have been
reported. Despite the fact that the CALPHAD method is
very useful for the prediction of phase stability of alloys, it
has a few disadvantages. First, due to a limited number of
experimental and theoretical data for alloys within the Cr-Fe-
Mn-Ni, the databases applied in the CALPHAD method for
HEAs are still not as trustful as the ones for traditional alloys.
Moreover, the CALPHAD approximation is more applicable
to the high-temperature interpretation of the phase diagram.
Finally, it cannot be used for the generation of representative
structures of alloys for further investigation of their proper-
ties using DFT or MD methods.

In order to investigate chemical ordering and the for-
mation of ordered intermetallic phases in fcc Cr-Fe-Mn-Ni
alloys, we developed in our previous work [14] the model
for the fcc system combining the density functional theory
(DFT) and cluster expansion (CE) method with Monte Carlo
(MC) simulations. The MC simulations performed using the
CE model have shown, among others, that there is a strong
tendency to form the ordered intermetallic L10 MnNi phase
for a wide range of compositions of Cr-Fe-Mn-Ni alloys. We
found that this phase is present even for the ORNL com-
position that was characterized in a few papers as a single
fcc phase alloy. This observation was recently confirmed
experimentally in the irradiated alloy with a composition
similar to the ORNL sample [17]. The other important
observation was that the stability of random solid solutions
could be increased by a decrease of concentration of Ni in
comparison with the equiatomic composition [14]. However,
as was mentioned previously, Ni is the fcc stabilizer, which
means that the decrease of its content may destabilize the

fcc phase and cause the formation of the bcc phase or other
more complex phases. In order to understand the relative
stability of fcc and bcc alloys, the regions of stability of each
of them and the regions of coexistence of both phases, in
this work we decided to develop the DFT+CE model for the
bcc Cr-Fe-Mn-Ni system to be able to compare the results
of MC simulations for bcc alloys with those presented in
Ref. [14] for fcc alloys and analyze the regions of stability
and coexistence of fcc and bcc structures.

This paper is structured as follows. A section on method-
ology (Sec. 2) presents a short overview of the constructed
models (Sec. 2.1) and the scheme we used to calculate the
phase composition using models for fcc and bcc lattices
(Sec. 2.2), as well as computational details and experimental
methods used in this work (Sec. 2.3,2.4). Phase stability
at 0 K, as obtained from DFT calculations, is described
in Sec. 3. Finite-temperature phase stability, as obtained
from MC simulations, is presented in Sec. 4, where we first
analyze the difference between free energies of formation for
fcc and bcc lattices (Sec. 4.1), then we find a region of coex-
istence of fcc and bcc and quantify it (Sec. 4.2), and finally
illustrate the effect of each element on the relative phase
stability (Sec. 4.3). Validation of our model is presented in
Sec. 5, in which our theoretical results are compared with
data available from the literature (Sec. 5.1), and with our own
experimental results (Sec. 5.2). Lastly, we present in Sec. 6 a
number of near-equiatomic compositions that are potentially
single fcc phases. Conclusions are given in Sec. 7.

2. Methodology
2.1. A short overview of the model

A detailed description of the methodology can be found
in the previous works of the authors [14, 29, 30, 31] and in
the references therein. This work builds upon the previous
work [14] on fcc Cr-Fe-Mn-Ni, adding into consideration a
model for bcc Cr-Fe-Mn-Ni and subsequently studying the
relative stability of Cr-Fe-Mn-Ni alloys with those lattices.

First, we calculate the mixing enthalpies 𝐻𝑚𝑖𝑥 of a set
of structures that comprises the whole composition range of
the investigated system, where each structure is described by
a set of configuration variables �⃗�:

𝐻𝐷𝐹𝑇
𝑚𝑖𝑥 (�⃗�) = 𝐸𝑙𝑎𝑡

𝑡𝑜𝑡 (�⃗�) −
𝐾
∑

𝑝=1
𝑐𝑝𝐸

𝑙𝑎𝑡
𝑡𝑜𝑡 (𝑝), (1)

where 𝐾 is the number of alloy components and 𝑐𝑝 are
the average concentrations of 𝑝’th alloy component. In this
work, we calculated mixing enthalpies from the Density
Functional Theory (DFT) calculations with full relaxation
and including collinear magnetism.

Then, we map the calculated𝐻𝐷𝐹𝑇
𝑚𝑖𝑥 to the simple-lattice-

based Cluster Expansion model, where 𝐻𝐶𝐸
𝑚𝑖𝑥 are calculated

as follows:
𝐻𝐶𝐸

𝑚𝑖𝑥 (�⃗�) =
∑

𝜔,𝑛,𝑠
𝐽 (𝑠)
𝜔,𝑛𝑚

(𝑠)
𝜔,𝑛⟨Γ

(𝑠′)
𝜔′,𝑛′ (�⃗�)⟩𝜔,𝑛,𝑠, (2)
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where the summation is performed over all the clusters,
distinct under symmetry operations in the studied lattice,
represented by the following parameters: 𝜔 and 𝑛 are the
cluster size (the number of lattice points in the cluster) and
its label (related to maximal distance between two atoms
in the cluster), respectively; (𝑠) is the decoration of cluster
by point function 𝛾𝑗,𝐾 (𝜎𝑖). 𝑚(𝑠)

𝜔,𝑛 denotes the site multiplicity
of the decorated clusters (in per-lattice-site units); and 𝐽 (𝑠)

𝜔,𝑛represents the Effective Cluster Interaction (ECI) energy
corresponding to the same (𝑠) decorated cluster.

⟨Γ(𝑠
′)

𝜔′,𝑛′ (�⃗�)⟩𝜔,𝑛,𝑠 are the cluster functions, averaged over
all the clusters of size 𝜔′ and label 𝑛′ decorated by the se-
quence of point functions (𝑠′) that are equivalent by the sym-
metry to the cluster 𝜔, 𝑛 and decorated by the same sequence
of point functions (𝑠). Later in the text, ⟨Γ(𝑠′)𝜔′,𝑛′ (�⃗�)⟩𝜔,𝑛,𝑠 is
referred to as ⟨Γ(𝑠)𝜔,𝑛(�⃗�)⟩ for ease of notation. In Monte Carlo
formalism, cluster functions are also averaged over the all
MC steps at chosen temperature, which controls the accuracy
and the computational costs of the calculations.

The definition of point functions in this work is the same
as in Ref. [32] and as following:

𝛾𝑗,𝐾 (𝜎𝑖) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 if 𝑗 = 0 ,
−cos

(

2𝜋⌈ 𝑗
2⌉

𝜎𝑖
𝐾

)

if 𝑗 > 0 and odd,
− sin

(

2𝜋⌈ 𝑗
2⌉

𝜎𝑖
𝐾

)

if 𝑗 > 0 and even,
(3)

where 𝑖 = 0, 1, 2, ...(𝐾 − 1), 𝑗 is the index of point functions
𝑗 = 0, 1, 2, ...(𝐾 − 1) and ⌈

𝑗
2⌉ stands for the ceiling function

- rounding up to the closest integer.
The cluster function is then defined as the product of

orthonormal point functions of occupation variables [33]
𝛾𝑗,𝐾 (𝜎𝑖), on specific cluster described by 𝜔 and 𝑛:

Γ(𝑠)𝜔,𝑛(�⃗�) = 𝛾𝑗1𝐾 (𝜎1)𝛾𝑗2𝐾 (𝜎2)⋯ 𝛾𝑗𝜔𝐾 (𝜎𝜔) (4)
Using Structure Inversion Method, the optimal values

of ECI are found that minimize the Cross-Validation Score
between 𝐻𝐷𝐹𝑇

𝑚𝑖𝑥 and 𝐻𝐶𝐸
𝑚𝑖𝑥 :

𝐶𝑉 𝑆2 = 1
𝑁

𝑁
∑

𝑖=1
(𝐸𝑖

𝐷𝐹𝑇 − 𝐸(𝑖)
𝐶𝐸′ )2, (5)

where 𝐸(𝑖)
𝐶𝐸′ is the energy of the 𝑖-th structure, predicted by

fitting CE energies to DFT energies, excluding 𝐸𝑖
𝐷𝐹𝑇 of the

𝑖-th structure.
ECI are used to parameterize Monte Carlo simulations,

enabling us to calculate Gibbs free energy at finite tempera-
tures.

Since we are interested in comparing the phase stability
of two different lattices, we cannot compare 𝐻𝑚𝑖𝑥, which is
calculated with respect to different ground states for each lat-
tice. Instead, we need to compare the formation enthalpies,

𝐻𝑓𝑜𝑟𝑚, which can be calculated similarly to Eq. (1), but with
respect to the global ground states (GS) of each element:

𝐻𝐷𝐹𝑇
𝑓𝑜𝑟𝑚 (�⃗�) = 𝐸𝑙𝑎𝑡

𝑡𝑜𝑡 (�⃗�) −
𝐾
∑

𝑝=1
𝑐𝑝𝐸

𝐺𝑆
𝑡𝑜𝑡 (𝑝), (6)

where 𝐾 is the number of alloy components and 𝑐𝑝 are the
average concentrations of 𝑝’th alloy component.

In the present study within the Cluster Expansion frame-
work, 𝐻𝑓𝑜𝑟𝑚 for fcc and bcc alloys can be obtained from
𝐻𝑚𝑖𝑥 by including the correction coming from each element:

𝐻𝐶𝐸
𝑓𝑜𝑟𝑚(�⃗�) = 𝐻𝐶𝐸,𝑙𝑎𝑡

𝑚𝑖𝑥 +
𝐾
∑

𝑝=1
𝑐𝑝
(

𝐸𝑙𝑎𝑡
𝑡𝑜𝑡 (𝑝) − 𝐸𝐺𝑆

𝑡𝑜𝑡 (𝑝)
) (7)

where 𝐻𝐶𝐸,𝑙𝑎𝑡
𝑚𝑖𝑥 is calculated for each lattice using Eq. (2);

𝐸𝑙𝑎𝑡
𝑡𝑜𝑡 (𝑝) and 𝐸𝐺𝑆

𝑡𝑜𝑡 (𝑝) are the reference energies of 𝑝’th el-
ement in chosen lattice and 𝑝’th element in a true GS,
respectively, calculated using DFT; 𝐾 is the number of alloy
components and 𝑐𝑝 are the average concentrations of 𝑝’th
alloy component.

At finite temperatures, entropy plays an important role
in the stability of alloys. In this paper, we focus mainly
on configurational entropy as the strongest entropic contri-
bution to the free energy [33]. We use Bethe-Guggenheim
quasichemical approximation [34, 35] for calculating the
configurational entropy:

𝑆𝑐𝑜𝑛𝑓 (�⃗�, 𝑇 ) = 𝑆𝑖𝑑𝑒𝑎𝑙(�⃗�) −
∑

𝑛

𝑧𝑛
2
𝐼𝑛(�⃗�, 𝑇 ). (8)

The first term in Eq.(8) represents the Bragg-Williams
approximation[36]:

𝑆𝑖𝑑𝑒𝑎𝑙(�⃗�) = −
∑

𝑖
𝑐𝑖 ln 𝑐𝑖, (9)

where 𝑐𝑖 is the concentration of the 𝑖th element in the alloy.
The second term represents the lowering of entropy

coming from the information about pair bonds with the
length of the corresponding coordination shell, 𝑛, which can
be expressed in terms of pair probability functions 𝑦2,𝑛:

𝐼𝑛(�⃗�, 𝑇 ) =
∑

𝑖𝑗
𝑦𝑖𝑗2,𝑛(�⃗�, 𝑇 ) ln

𝑦𝑖𝑗2,𝑛(�⃗�, 𝑇 )

𝑐𝑖𝑐𝑗
. (10)

Pair probability functions are dependent on the atomic
configuration and the temperature, 𝑦𝑖𝑗2,𝑛(�⃗�, 𝑇 ), but the nota-
tion will be shortened to 𝑦𝑖𝑗2,𝑛 for better readability.

We can separate the terms coming from concentrations
and pair probability functions in Eq. (10), and remembering
that ∑𝑗 𝑦

𝑖𝑗
2,𝑛 = 𝑐𝑖, we can write:

𝐼𝑛(�⃗�, 𝑇 ) =
∑

𝑖𝑗
𝑦𝑖𝑗2,𝑛 ln

𝑦𝑖𝑗2,𝑛
𝑐𝑖𝑐𝑗

=
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=
∑

𝑖𝑗
𝑦𝑖𝑗2,𝑛 ln 𝑦

𝑖𝑗
2,𝑛 −

(

∑

𝑖
ln 𝑐𝑖

∑

𝑗
𝑦𝑖𝑗2,𝑛 +

∑

𝑗
ln 𝑐𝑗

∑

𝑖
𝑦𝑖𝑗2,𝑛

)

=

=
∑

𝑖𝑗
𝑦𝑖𝑗2,𝑛 ln 𝑦

𝑖𝑗
2,𝑛 −

(

∑

𝑖
ln(𝑐𝑖)𝑐𝑖 +

∑

𝑗
ln(𝑐𝑗)𝑐𝑗

)

=

=
∑

𝑖𝑗
𝑦𝑖𝑗2,𝑛 ln 𝑦

𝑖𝑗
2,𝑛 − 2

∑

𝑖
𝑐𝑖 ln 𝑐𝑖. (11)

Substituting Eq.(9) and Eq.(11) into Eq.(8) we get:
𝑆𝑐𝑜𝑛𝑓 (�⃗�, 𝑇 ) = 𝑆𝑖𝑑𝑒𝑎𝑙(�⃗�) −

∑

𝑛

𝑧𝑛
2
𝐼𝑛(�⃗�, 𝑇 ) =

= −
∑

𝑖
𝑐𝑖 ln 𝑐𝑖 −

∑

𝑛

𝑧𝑛
2

(

∑

𝑖𝑗
𝑦𝑖𝑗2,𝑛 ln 𝑦

𝑖𝑗
2,𝑛 − 2

∑

𝑖
𝑐𝑖 ln 𝑐𝑖

)

=

= (
∑

𝑛
𝑧𝑛 − 1)

∑

𝑖
𝑐𝑖 ln 𝑐𝑖 −

∑

𝑛

𝑧𝑛
2
∑

𝑖𝑗
𝑦𝑖𝑗2,𝑛 ln 𝑦

𝑖𝑗
2,𝑛.

(12)
The most correlation comes from the closest pairs, hence

we consider the contribution only from the pairs with the
distance of bond equal to 1𝑠𝑡 coordination shell. In fcc, the
coordination number is equal to 12, hence:

𝑆𝑓𝑐𝑐
𝑐𝑜𝑛𝑓 (�⃗�, 𝑇 ) = 11

∑

𝑖
𝑐𝑖 ln 𝑐𝑖 − 6

∑

𝑖𝑗
𝑦𝑖𝑗2,1 ln 𝑦

𝑖𝑗
2,1 (13)

In bcc, the coordination number is equal to 8, hence:
𝑆𝑏𝑐𝑐
𝑐𝑜𝑛𝑓 (�⃗�, 𝑇 ) = 7

∑

𝑖
𝑐𝑖 ln 𝑐𝑖 − 4

∑

𝑖𝑗
𝑦𝑖𝑗2,1 ln 𝑦

𝑖𝑗
2,1 (14)

With formation enthalpies and configurational entropies
considered, we can calculate the free energy of formation for
each lattice:

𝐺𝐶𝐸,𝑙𝑎𝑡
𝑓𝑜𝑟𝑚 (�⃗�, 𝑇 ) = 𝐻𝐶𝐸,𝑙𝑎𝑡

𝑓𝑜𝑟𝑚 (�⃗�, 𝑇 ) − 𝑇𝑆𝑙𝑎𝑡
𝑐𝑜𝑛𝑓 (�⃗�, 𝑇 ), (15)

which is used to estimate the relative phase stability at finite
temperatures.

The magnetic and vibrational contributions to free en-
ergy are taken into account only in the form of correction to
the fcc-bcc free energy difference from Ref. [37], dependent
on the concentration of Fe, which stabilizes the fcc phase of
Fe over the bcc phase in the temperature range between 1315
K and 1795 K and enables to reproduce the high-temperature
𝛾-loop in Fe. Similarly as in Ref. [29], it is assumed that the
correction is proportional to the concentration of Fe in the
considered alloy.
2.2. Phase composition for multicomponent

systems
A common tangent construction procedure with the sub-

sequent lever rule calculations was applied to find the phase
composition of MC simulated alloys (see Fig. 1).

For 3-component systems, we applied a pseudobinary
approach, where the ternary phase diagram is "sliced" by
the three sets of pseudobinaries, parallel to each X-Y binary
(see Fig. 2). This produced satisfactory results for the fcc-bcc

Figure 1: Schematic illustration of common tangent construc-
tion using free energies from two separate sets of simulations,
represented by the blue and red curves.

separation lines, which served as a justification for apply-
ing this approach for the calculation of phase composition.
However, since we calculate the phase composition along the
line instead of a surface, the values of phase compositions
should be averaged over all three sets, producing a smoothly
varying composition space. The averaging is possible due
to calculations being performed on a grid, which allows uti-
lizing a similar procedure in a 4-component system, where
there exist six binaries, and six sets of corresponding pseu-
dobinaries, and therefore the averaging for each grid point
is performed over six values. The error coming from such
averaging is calculated as a standard error of the mean for
each grid point. Using a dense grid increases the precision
of the results obtained using this method.
2.3. Computational details

The ready model for fcc Cr-Fe-Mn-Ni has been taken
from the authors’ previous work [14], and the model for bcc
has been created in a similar way as described therein, and
in Refs. [29, 30, 38].

DFT calculations with collinear spin-polarization were
performed using the projector augmented wave (PAW)
method implemented in VASP [39, 40, 41, 42, 43, 44]. Ex-
change and correlation were treated in the generalized gradi-
ent approximation GGA-PBE [45]. The core configurations
of Fe, Cr, Mn and Ni in PAW potentials were [Ar]3𝑑74𝑠1,
[Ar]3𝑑54𝑠1, [Ar]3𝑑64𝑠1 and [Ar]3𝑑94𝑠1, respectively.

Total energies were calculated using the Monkhorst-
Pack mesh [46] of k-points in the Brillouin zone, with the
k-mesh spacing of 0.2 Å−1. This corresponds to 12x12x12
k-point mesh for a four-atom fcc conventional unit cell or
14x14x14 k-point mesh for a bcc conventional unit cell.
The plane wave cut-off energy used in the calculations
was 400 eV. The total energy convergence criterion was
set to 10−6 eV/cell, and force components were relaxed to
10−4 eV/Å.

Mapping DFT energies to CE was performed using the
ATAT package [47, 48, 32, 49]. As described in Ref. [14],

M Fedorov et al.: Preprint submitted to Elsevier Page 4 of 16



Composition stability of single phase in Cr-Fe–Mn-Ni alloys

Figure 2: Schematic illustration of 3 sets of pseudobinaries
in the ternary phase diagram. The phase composition is
calculated for the compositions marked by open circles and
averaged.

for fcc system, mapping of the mixing enthalpies of 835
structures was performed to achieve the cross-validation
score of 13 meV. The set of clusters, which have minimized
the CVS, consists of 6 two-body, 2 three-body and 1 four-
body undecorated clusters.

For the bcc system, the final database consisted of 1062
structures, and the CVS is equal to 19 meV. The set of
clusters, which have minimized the CVS, consists of 8 two-
body, 1 three-body and 1 four-body undecorated clusters.

Size 𝜔, label 𝑛, decoration (𝑠), multiplicity 𝑚(𝑠)
𝜔,𝑛, coor-

dinates of points and Effective Cluster Interactions 𝐽 (𝑠)
𝜔,𝑛 (in

meV) of aforementioned clusters for bcc system are listed
in the Supplementary Material, Tables S1–S2 and Fig. S1.
Effective cluster interactions for fcc Cr-Fe-Mn-Ni have been
taken from our previous model and can be found in Table I
in Ref.[14].

Semi-canonical MC simulations were also performed
using the ATAT package separately for fcc and bcc lattices,
containing 2048 atoms in the form of 8x8x8 fcc unit cells
and 2000 atoms in the form of 10x10x10 bcc unit cells,
respectively. For each composition, simulations were per-
formed starting from a disordered high-temperature state
at 𝑇 = 3000 K. The alloy was then cooled down with the
temperature step of Δ𝑇 = 100 K, with 2000 equilibration
and accumulation Monte Carlo passes. The aforementioned
CVS can be converted into the errors of MC simulations,
being equal to 150 K and 220 K for fcc and bcc models,
respectively.
2.4. Experimental methods

The samples of three pseudo-binary alloys [CrFeMn]100−𝑥Ni𝑥with three different Ni concentrations, 𝑥 = 20, 25 and

35 at. %, and with other elements kept equiatomic, were
synthesized using arc-melting and annealed at 1273 K for
48 h followed by water quenching. The microstructure and
phase composition of as-cast and annealed samples were
characterized using electron backscatter diffraction (EBSD)
and scanning electron microscopy (SEM) combined with
energy dispersive X-ray spectroscopy (EDS).

All the alloys were produced by the arc-melting method
under an argon atmosphere. The high purity elements (Fe
– Alfa Aesar 99.99% purity, Ni – Sigma Aldrich 99.95%,
Mn – Sigma Aldrich 99.95%, and Cr – Alfa Aesar 99.99%,)
were used. In all cases, the obtained ingots were re-melted at
least three times to homogenize the composition. Obtained
ingots have the form of round droplets with a weight of
approximately 15 g.

Samples for SEM characterization were prepared with a
conventional grinding with decreasing sand paper gradation
and then polished mechanically to a mirror-like surface. Di-
rectly before observations, samples were gently cleaned with
a low-energy argon plasma to enhance the signal-to-noise
ratio. Observations were carried out with a Hitachi SU70
analytical scanning electron microscope equipped with a
field emission gun. Observations conditions were set de-
pending on the intention of the experiment and the recorded
signal. EBSD maps were collected using Bruker e-flash HD
detector, while data post-processing was done with Channel
5 software.

3. Zero-temperature properties
Formation enthalpies for fcc and bcc binary systems

computed using DFT at 0 K are presented in Fig. 3. Among
six binary systems, only in the case of the Fe-Cr system the
bcc structures are more stable than the fcc structures for the
whole range of compositions (see Fig. 3a). Moreover, there
exist structures with slightly negative formation enthalpies
in the Fe-rich region that were reported in the previous
works [29, 50, 51]. There is also only one binary system, Mn-
Ni, in which fcc phases are more stable for all concentrations
(see Fig. 3f). It should be noted that L10 MnNi structure
is the most stable intermetallic phase in the Cr-Fe-Mn-Ni
system. For the remaining four binary systems, the convex
hulls for the fcc and bcc structures intersect, meaning that
there exists a region where the fcc phase should be more
stable than the bcc phase and vice versa. In practice, in all
of those systems, there exist regions of possible coexistence
of the fcc and bcc phases, which are indicated in Figs. 3b–e
by black dashed lines. The regions of coexistence of bcc and
fcc at 0 K with negative formation enthalpies are observed
for two systems, where ground states are fcc for one element
and bcc for the other one, namely Cr-Ni (Fig. 3c) and Fe-
Ni (Fig. 3e). Such regions are also present in ternary and
quaternary alloys.

It should be noted that both fcc and bcc reference struc-
tures for Mn do not have 𝐻𝑓𝑜𝑟𝑚 = 0, meaning that they
are not ground states, see Figs. 3(b,d,f). The ground state
for Mn is 𝛼-Mn, for which the unit cell consists of 58
atoms with four crystallographically inequivalent sites, each
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a) b)

c) d)

e) f)

Figure 3: Enthalpies of formation computed using DFT for (a) Cr-Fe (b) Cr-Mn, (c) Cr-Ni, (d) Fe-Mn, (e) Fe-Ni and (f) Mn-Ni
binary structures underlying fcc and bcc lattice. Blue and red lines are the convex hull for the fcc and bcc systems, respectively.
The black dashed lines join the most stable fcc and bcc structures and indicate the regions of possible coexistence of fcc and bcc
phases at 0 K.

divided into two magnetically inequivalent sites, ordered
antiferromagnetically. Since this is a complex phase, its
stability is limited to the Mn-rich region [52], which is out
of the scope of the current work.

Unlike for the fcc system, no stable ternary or quaternary
intermetallic phases were found in bcc Cr-Fe-Mn-Ni system
from our DFT calculations. Stable intermetallic phases in fcc
Cr-Fe-Mn-Ni alloys are shown in Table II of our previous
work [14].

4. Finite-temperature phase stability
In order to investigate the fcc-bcc phase stability of

Cr-Fe-Mn-Ni alloys at elevated temperatures, the effective
cluster interactions for the bcc system, described in the
previous section, and for the fcc system, described in our
previous paper [14], were applied in MC simulations for a

compositional grid, where the concentration of each element
is changed in a step of 5 at.%, consisting of total 1767
compositions (excluding four compositions which are pure
elements).
4.1. Fcc-bcc free energy difference

Free energies of formation were calculated based on
formation enthalpies from MC simulations and configura-
tional entropies, obtained from pair correlation functions,
as described in Section 2.1. Additionally, the magnetic and
vibrational correction was applied to the fcc-bcc free energy
difference from Ref. [37], also described in Section 2.1.

The calculations of configurational entropies using a
pair-wise approximation from Eqs. 12–14 produce reason-
able entropy values in the high-temperature region, ap-
proaching ideal values (Eq. 9), but often underestimate the
entropy values in the low-temperature limit, where even
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Figure 4: 𝐺𝑓𝑜𝑟𝑚 and its contributions for equiatomic Cr-Fe-Mn-
Ni in fcc and bcc lattices, as well as the difference between
𝐺𝑓𝑜𝑟𝑚 without and with magnetic and vibrational correction
for Fe, which helps to reproduce high-temperature 𝛾-phase.

negative values may be obtained [53]. Such negative values
of entropy arise from the presence of long-range ordered
precipitates forming in the alloy, for which, in practice, the
entropy would be equal or very close to zero. As such, only
positive values of entropies for all structures were taken into
account in the subsequent calculations of 𝐺𝑓𝑜𝑟𝑚. In effect,
this reduces the overestimation of 𝐺𝑓𝑜𝑟𝑚 of the fcc phase
coming from entropy consideration since configurational
entropy from a pair-wise approximation in fcc structures is
usually higher than in bcc structures.

Since negative entropy is obtained both in bcc and fcc
structures in the low-temperature limit, the relative stability
in this region is calculated for the same thermodynamic
potentials. However, there exist compositions between high-
and low-temperature limits, for which the negative entropy
is obtained only for one of the considered lattices. For such
cases, the estimation of relative stability in mid-temperature
regions has a lower precision with an error that is hard to
estimate.

Contributions to 𝐺𝑓𝑜𝑟𝑚 are shown in Fig. 4, as well as
the difference between 𝐺𝑓𝑐𝑐

𝑓𝑜𝑟𝑚 and 𝐺𝑏𝑐𝑐
𝑓𝑜𝑟𝑚. The effect of the

correction 𝐹 𝐹𝑒,𝑣𝑖𝑏+𝑚𝑎𝑔
𝑐𝑜𝑟𝑟 , discussed at the end of Section 2.1

is also visible in this figure: it increases the stability of fcc
lattice (for compositions with Fe) at higher temperatures, and
decreases it’s stability at lower temperatures.

In Figs. 5a and 5b, there are shown the differences be-
tween the free energies of formation for fcc and bcc alloys at
temperatures 800 K and 1300 K for the whole concentrations
range. The free energy differences have the most negative
values for the Ni-rich alloys and the most positive values
for the Cr-rich alloys. As it is shown in Figs. 5a and 5b, the
points of intersection between the free energies of fcc and
bcc alloys form different surfaces in the composition space
depending on the temperature. With temperature increase,
the surface of intersection points reduces in area and moves
in the direction of Cr-rich compositions at temperature 1300
K compared to temperature 800 K, meaning that the stability
of the fcc phase in the near-equiatomic region increases at

higher temperatures. Responsible for that are differences in
enthalpies of formation and configurational entropy of fcc
and bcc alloys as well as vibrational and magnetic correction.
It is important to note that the intersections between the free
energies of formation of fcc and bcc alloys do not divide
the phase diagram into the regions of stability of single-
phase fcc and bcc alloys. As it was shown in Ref. [26], the
experimental results for Cr𝑥FeMnNi alloys (𝑥= 0.8, 1.0, 1.2
and 1.5) reveal that there is observed a coexistence of two
phases for a wide range of compositions.
4.2. Coexistence of fcc and bcc phases

In order to study the coexistence of fcc and bcc phases
and their fractions in Cr-Fe-Mn-Ni alloys, we applied the
common tangent construction procedure, as it was described
in Section 2.2. This method enabled the prediction of the
atomic fraction of fcc and bcc phases for 1767 alloy com-
positions in the whole concentration range in the 5 at. %
concentration mesh for the temperatures between 300 K and
1900 K. Further in the text, an atomic fraction in theoretical
results is simply referred to as a fraction. In Figs. 5c and 5d,
there are shown the fcc fractions at two temperatures, 800
K and 1300 K. For the sake of clarity of presentation, the
results are shown only for 10 at.% concentration mesh. The
whole database of results is provided in the Supplementary
Material. As in the case of differences in the free energies
of formation, there is a notable variation in the results at
those two temperatures. In addition to the fcc Ni-rich and
bcc Cr-rich regions in composition space, there are visible
points with the coexistence of fcc and bcc phase, which are
located around the region of intersections of fcc and bcc free
energies, indicated in Figs. 5a and 5b using black points, and
the region of coexistence is spanned into the Fe-rich region
for the results at 1300 K.
4.3. The influence of element concentration on

phase stability
In order to understand the influence of the concentration

of each element on the fcc-bcc phase stability at the whole
temperature range, we studied the temperature dependence
of the fcc fraction in pseudo-binary [ABC]100−𝑥D𝑥 alloys,
where the concentration of one element, 𝑥 was varying from
0% to 95% with 5% concentration step and the concen-
trations of other elements were kept equiatomic. The fcc
fraction of pseudo-binary alloys as a function of Cr, Fe, Mn
and Ni concentration are shown in Figs. 6a–6d, respectively.
As described in Section 2.2, the values presented in Fig. 6
are averaged over 6 pseudo-binary sets. The errors of such
averaging are calculated as standard errors with 95% confi-
dence interval. As shown in Figs. 7a–7d, the errors can be
significantly different depending on the alloy composition
and temperature. The highest errors throughout the whole
composition range are observed in the regions with the
coexistence of fcc and bcc phases.

Similar to the Schaeffler diagram for Fe-Cr-Ni steels
[54], in the case of Cr-Fe-Mn-Ni alloys, there is observed
an effect of stabilization of fcc and bcc phase by Ni and Cr
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a) b)

c) d)

Figure 5: (a,b) The fcc-bcc free energy difference and (c,d) the fraction of fcc phase in the Cr-Fe-Mn-Ni alloys obtained using
MC simulations at (a,c) 800 K and (b,d) 1300 K. Black points indicate the intersections of fcc-bcc free energies of formation.

that are shown in Figs. 6a and 6d, respectively. According
to DFT-based MC simulations, the single fcc phase is fully
stable at all temperatures for alloys with Cr content equal to
or smaller than 10 at. % Cr, see Fig. 6a. For Cr concentrations
equal to 15 and 20 at. %, the bcc fraction is not larger
than 4 %, which is below the error bars corresponding to
the results for those compositions. It means that with 95 %
confidence, the single fcc phase is also stable for those alloy
compositions. If not, it may possibly exist only in a narrow
range of temperatures, see Fig. 6a. With 95% confidence, the
single bcc phase can be observed for all Cr concentrations
larger than 50 at. % Cr. However, the errors increase with
a decrease of temperature and Cr concentration, see Fig. 7a,
which means that some small fraction of the fcc phase might
be possibly observed for alloys with lower Cr content and
lower temperature. For the pseudo-binary alloys with Cr
concentration between 30 and 50 at. % Cr, the fcc and bcc
phases should coexist. A special and important case is the
equiatomic composition with 25 at. % of each element, for
which the fraction of fcc phase is significantly decreased,
down to 91 %. The error for that temperature is equal to 9
%, which means that with 95% confidence, the fcc phase can
still be observed, however, the coexistence of the two phases
is possible.

In contrary to Cr, Ni is a fcc phase stabilizer and the fcc
phase is with 95 % confidence stable for the pseudo-binary
alloys with Ni content higher than 25 at. %, see Fig. 6d. If
the bcc fraction is observed, its percentage is not larger than
6 % and usually smaller than 2 %, which is below the errors

provided for considered compositions and temperatures in
Fig. 7d. In contrary to Cr-rich alloys, the Cr-Fe-Mn-Ni alloys
with a low Cr concentration consist of the bcc phase in the
majority.

As shown in Fig. 6b, similarly to pure Fe, the fcc fraction
of Fe-rich alloys is strongly dependent on temperature. The
bcc fraction is dominant at low temperatures, for example,
below 1000 K for the pseudo-binary alloy with 95 at. %
Fe, whereas at higher temperatures, the fcc phase becomes
stable. The fcc-bcc phase transition temperature decreases
with a decrease of Fe content, and for the alloy with 55 at. %
Fe, the single fcc phase is formed above 500 K.

The influence of Mn on the relative fcc-bcc phase stabil-
ity of [CrFeNi]100−𝑥Mn𝑥 pseudo-binary alloys is shown in
Fig. 6c. The investigation of that effect is potentially impor-
tant for the design of Cr-Fe-Mn-Ni-based high-entropy al-
loys since those materials contain a significantly higher con-
centration of Mn than austenitic steels. Interestingly enough,
the fcc phase is dominant for the pseudo-binary alloy with
all considered Mn concentrations and temperatures. As it
was discussed in our previous paper [14], the stability of the
fcc phase in alloys containing Mn and Ni atoms is strongly
related to the formation of the intermetallic L10 MnNi phase.
The fcc fraction in the [CrFeNi]100−𝑥Mn𝑥 pseudo-binary
alloys is usually higher than 90 % and, for the majority
of compositions, the bcc fraction is smaller than the errors
provided in Fig. 7c for corresponding compositions and tem-
peratures. Therefore, with 95 % confidence, the single fcc
phase can be observed for most of [CrFeNi]100−𝑥Mn𝑥 alloys.
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Figure 6: Heatmap showing fcc fraction in the Cr-Fe-Mn-Ni alloys according to the common tangent as a function of temperature
and concentration of (a) Cr, (b) Fe, (c) Mn and (d) Ni. In order to improve the readability of the figure, 100% fcc is marked
with filled circles (∙), and 0% fcc is marked with open circles (◦).

However, it should be noted that since 𝛼-Mn GS phase is not
considered in this work, the phase of the structures in the
Mn-rich region is not likely to be fcc, but rather 𝛼-Mn solid
solution.

5. Experimental validation of the model
In order to validate the model, we compared the results

of fcc-bcc phase stability of Cr-Fe-Mn-Ni alloys computed
using DFT-based MC simulations with the experimental
results available in the literature as well as those performed
within this work.
5.1. Comparison with the experimental data from

previous works
In Table 1, there are presented phase compositions of

alloys investigated experimentally in Refs. [15, 17, 21, 22,
23, 26, 27] and compared with the results from DFT-based
MC simulations. Since heat treatment of most experimental
samples consisted of homogenization and annealing at two
different temperatures, the results of MC simulations are
also given for two corresponding temperatures. As shown
in Table 1, the fraction of the fcc phase from MC simula-
tions generally agrees with the experimental observations.

In particular, the theoretical model predicts no fraction of
bcc phase for the alloy compositions characterized experi-
mentally as single fcc phase and reported in Refs. [15, 17,
21, 22, 23, 27], see Table 1. The results of simulations
also show correctly the stability of the single fcc phase
for Cr𝑥FeMnNi alloy with 𝑥 = 0.8 and the coexistence
of fcc and bcc phases for 𝑥 =1.0, 1.2 and 1.5, reported
in Ref. [26]. The theoretical model correctly predicts the
decrease of stability of the fcc phase with the increase of
Cr content in the alloy. However, the fraction of the bcc
phase from MC simulations and the averaging procedure is
overestimated compared with experiments. It can be caused
by the approximations applied in the model as well as the
relatively short annealing time that might not be enough to
reach the thermodynamic equilibrium state simulated using
the exchange MC simulations.
5.2. Comparison with the experiments performed

within this work
In order to have more experimental results for the vali-

dation of our model, we synthesized using arc-melting and
characterized the as-cast samples and the samples annealed
at 1273 K for 48 h, as described in Section 2.4. Since
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a) b)
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Figure 7: Heatmap showing standard errors of the mean fcc fraction for the Cr-Fe-Mn-Ni alloys as a function of temperature and
concentration of (a) Cr, (b) Fe, (c) Mn and (d) Ni, coming from the averaging of the results over six pseudo-binary sets.

Ni is the main fcc stabilizer and, as it was shown in our
previous paper [14], it has the most prominent impact on
the order-disorder transition temperature, we focused on
pseudo-binary alloys with three different Ni concentrations,
namely 20, 25 and 35 at. % Ni, with other elements kept
equiatomic.

In Fig. 8, there are shown the results of EBSD characteri-
zation of as-cast and annealed samples. In the case of as-cast
samples, the coexistence of fcc and bcc phase is observed
only for the [CrFeMn]80Ni20 alloy, see Fig. 8a, whereas the
samples with 25 and 35 at. % Ni are single fcc phase, see
Figs. 8b and 8c. In particular, as reported in Refs. [24, 18,
19, 26], there is no decomposition of the as-cast equiatomic
fcc Cr-Fe-Mn-Ni alloy into bcc or 𝜎 phases. However, such a
decomposition is clearly visible in the EBSD pattern for the
annealed sample of equiatomic alloy. It is worth noting that
there is a coexistence of three phases, namely fcc, bcc and 𝜎
phase. The presence of the 𝜎 phase within the fcc medium
and high entropy alloys containing the binaries Cr-Fe, Cr-
Mn or the ternary Cr-Fe-Mn [55, 56] subsystems has been
widely reported in the recent investigations [3, 57, 58, 59].
For example, in the Cantor alloy, the 𝜎 phase is found to be
significantly enriched in Cr, and also contained some Mn, Fe
and Co, but very little Ni. The crystal structure was found

to be tetragonal, with lattice parameters of 𝑎 ≈ 8.8 Å and
𝑐 ≈ 4.5 Å [57], consistent with the well-known 𝜎 phase in
Cr-Fe binary (𝑎 = 8.799 Å and 𝑐 = 4.546 Å) [60]. The
latter one is related to the A2 (bcc solid solution) kinetic
phase transformation from the high-temperature [61]. In the
case of alloy with 20 at. % Ni, the bcc phase observed in the
as-cast sample is transformed to the 𝜎 phase in the annealed
sample, compare Figs. 8a and 8d. The [CrFeMn]65Ni35 alloy
is a single fcc phase both for the as-cast sample as well as the
annealed sample.

The area fractions of fcc, bcc and 𝜎 phase in the as-cast
and annealed samples of Cr-Fe-Mn-Ni alloy are summarized
and compared with theoretical results in Table 2. Since
the temperature related to the as-cast state is unknown, the
experimental data are compared with the MC results for
temperatures between 1100 K and 1500 K.

In agreement with the results from EBSD characteri-
zation, the lowest fraction of the fcc phase obtained from
MC simulations is observed for the alloy with 20 at. % Ni.
However, theoretical values seem to be slightly overesti-
mated both for the as-cast and annealed sample, which can
be explained by the errors related to the averaging procedure,
described in Section 2.2 and 4.3. The MC simulations for
the equiatomic alloy show a much smaller fcc fraction than
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Composition Treatment
Phase composition

Exp. Monte Carlo simulations
T [K] T [K]

Cr12Fe64Mn12Ni12
[15]

homogenized at 1473 K 10h,
air-cooled, cold-rolled (50%), annealed
at 1273 K for 1h, furnace-cooled

fcc fcc 1500 fcc 1300
Cr12Fe60Mn16Ni12 fcc fcc 1500 fcc 1300
Cr12Fe56Mn20Ni12 fcc fcc 1500 fcc 1300
Cr18Fe29Mn23Ni30 [17] homogenized at 1473 K 18h, quenched fcc 99±2% fcc 1500
Cr20Fe35Mn0Ni45

[21]
annealed at 1373 K 24h, cold-rolled
(80%), annealed at 1173 K 1h,
gas-quenched

fcc fcc 1400 fcc 1200
Cr20Fe30Mn5Ni45 fcc fcc 1400 fcc 1200
Cr20Fe35Mn5Ni40 fcc fcc 1400 fcc 1200
Cr20Fe30Mn10Ni40 fcc fcc 1400 fcc 1200
Cr13Fe50Mn27Ni10 [22] cold-rolled, annealed at 1173 K 1h fcc fcc 1200
Cr4Fe40Mn28Ni28

[23] homogenized at 1273 K 24h, cold-rolled
(80%), annealed at 1123 K 30m

fcc fcc 1300 fcc 1100
Cr12Fe40Mn28Ni20 fcc fcc 1300 fcc 1100
Cr18Fe40Mn28Ni14 fcc 99±3% fcc 1300 100±1% fcc 1100
Cr24Fe40Mn28Ni8 fcc+𝜎 91±15% fcc 1300 88±17% fcc 1100
Cr21Fe26Mn26Ni26

[26] homogenized at 1473 K 6h, forged,
annealed at 1073 K 1h

fcc 95±10% fcc 1500 99±2% fcc 1100
Cr25Fe25Mn25Ni25 99% fcc 90±17% fcc 1500 94±9% fcc 1100
Cr29Fe24Mn24Ni24 91% fcc 85±21% fcc 1500 85±14% fcc 1100
Cr33Fe22Mn22Ni22 77% fcc 69±21% fcc 1500 70±15% fcc 1100
Cr20Fe35Mn10Ni35 [27] water-cooled, homogenized at 1273 K

12h, water-cooled
fcc fcc 1300

Cr18Fe27Mn27Ni28 [10] homogenized at 1473 K for 48h, cold
rolled, recrystallized at 1173 K for 4h

fcc 98±6% fcc 1500 99±3% fcc 1200

Table 1
Comparison of phase composition of the alloys in the Cr-Fe-Mn-Ni system observed in the literature with the results of our Monte
Carlo simulations. For the samples that were heat-treated at different temperatures, phase composition at the two corresponding
temperatures in MC simulations is shown. Since our MC simulations are performed on the grid with 5% concentration step, the
data for compositions off-grid is interpolated with inverse distance weighting.

Composition As-cast Annealed
Expt. MC @ 1100-1500 K Error Expt. @ 1273 K MC @ 1300 K Error

[𝐶𝑟𝐹𝑒𝑀𝑛]80𝑁𝑖20 77.5% fcc 84%-89% fcc 18%-21% 75% fcc 85% fcc 21%
21.8% bcc 11%-16% bcc 23.8% 𝜎 15% bcc

[𝐶𝑟𝐹𝑒𝑀𝑛]75𝑁𝑖25 100% fcc 90%-94% fcc 9%-17% 87.5% fcc 92% fcc 13%
6%-10% bcc 10.4% 𝜎 8% bcc

1.53% bcc
[𝐶𝑟𝐹𝑒𝑀𝑛]65𝑁𝑖35 100% fcc 97%-99% fcc 2%-9% 99.6% fcc 98% fcc 5%

1-3% bcc 2% bcc

Table 2
Comparison of phase composition as a function of Ni concentration in the as-cast state. Since the temperature related to the
as-cast state is unknown, the experimental data are compared with the MC results for the range of temperatures between 1100 K
and 1500 K, inclusively, and the data is presented not for the endpoints, but for minimum and maximum values observed in this
range.

in the [CrFeMn]80Ni20 alloy, however, the thermodynamic
equilibrium is not the single fcc phase for most temperatures,
see Fig. 6d. It may suggest that the as-cast sample of alloy
characterized as a single fcc phase is probably not a thermo-
dynamic equilibrium state. This is confirmed by the EBSD
result for the sample of equiatomic alloy annealed at 1273 K
for 48 h, for which the fcc fraction is 87.5% which is in line
with the MC results showing the fcc fraction equal to 92 %.
The fraction of fcc phase for the alloy with 35 at. % Ni is
100% for the as-cast and 99.6 % for the annealed sample,
which is in agreement with the results from MC simulations.

The results of SEM combined with EDS show that the
alloys with the coexistence of fcc, bcc and 𝜎 phases are

decomposed usually into the Ni-rich fcc regions and the Cr-
rich regions of the bcc or 𝜎 phase. As shown in Figs. 9a–
f, the Cr-rich regions are usually depleted of Ni and vice
versa. Mn and Fe are distributed much more uniformly in
the investigated alloys, however, their concentrations are,
in general, more correlated with the presence of Ni, see
Figs. 9g–l.

6. Prediction of new single fcc phases
As was shown in the previous sections, the DFT-based

MC simulations enable an understanding of the influence of
concentrations of constituent elements on the fcc-bcc phase
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a) b) c)

d) e) f)

Figure 8: The results of EBSD characterization of the as-cast (a-c) and annealed (d-f) samples of alloys with 20 (a,d), 25 (b,e)
and 35 (c,f) at. % Ni. Green, red and gray colors indicate the fcc, bcc and 𝜎 phases, respectively.

stability of Cr-Fe-Mn-Ni alloys. The fractions of the fcc
phase are in good agreement with the available experimental
data, which positively validates the accuracy of the model.
Therefore, the MC simulations can be applied to design
new near-equiatomic compositions of high-entropy alloys
for which the stability of single fcc phase will be maintained
for a relatively wide range of temperatures.

In Fig. 10, fcc fractions are shown as a temperature
function for the alloy compositions, for which the fcc phase
is fully stable at least at temperatures around 1000 K and
the deviation from the equiatomic is smaller than 13 %.
It is clearly visible that the fcc fractions for all chosen
compositions are significantly smaller than the values for the
equiatomic composition, indicated in Fig. 10 by a solid black
line.

In line with the knowledge that Ni is the fcc stabilizer,
there is only one composition with 20 at. % Ni, four and
six with 25 and 30 at. % Ni, respectively. There are only
two compositions with Ni concentration equal to 35 %, but
it is related to the fact that only compositions with the
deviation from the equiatomic alloy smaller than 13 % were
considered. Among the alloys with Ni concentrations equal
to 20 and 25 % that are stable fcc phases at temperatures
around 1000 K, the concentration of Cr is always decreased
in comparison with the equiatomic alloy – they contain
either 15 or 20 at. % Cr, see Fig. 10a. The concentration
of Cr is also usually decreased in the alloys with 30 and

35 at. % Ni, however there are two examples of alloys with
Ni concentration equal to 25 %, see Fig. 10b. Following the
results shown in Figs.6c and 7c, it is worth mentioning that in
addition to the conventional role of Ni as the fcc stabilizer in
Cr-Fe-Ni based austernitic steels, Mn also plays an important
role in the fcc phase stability of concentrated Cr-Fe-Mn-Ni
alloys.

According to MC simulations, none of the near-equiatomic
alloy compositions shown in Fig. 10 is fully single fcc
phase in the investigated temperature range. However, the
temperature ranges of instability of fcc phase are usually
narrow and the bcc fraction for those temperatures is small,
usually below 6 %. At the same time, the errors shown
in Fig. 7 for the near-equiatomic alloy compositions are
usually larger than 6 %, which means that with 95 %
confidence, the single fcc phase can be observed even for
those temperatures where the average fcc fraction from MC
simulations is decreased. Importantly, even if the decreased
fcc fraction indicates a probability of formation of the bcc
phase, the temperature range of the possible existence of
bcc precipitates is narrow. For example, a small fraction
of bcc phase is observed for Cr20Fe30Mn20Ni30 alloy only
at 1300 K. For the Cr15Fe30Mn30Ni25, Cr15Fe30Mn25Ni30and Cr20Fe25Mn20Ni35 alloys, the fcc phase is only un-
stable at 1300 K and 1400 K, whereas the fcc phase for
the Cr15Fe25Mn30Ni30 alloy is only not stable at 1400 K
and 1500 K. An another interesting near-equiatomic alloy
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a) b) c)

d) e) f)

g) h) i)

j) k) l)

Figure 9: EDS mapping of Cr (a–c), Ni (d–f), Mn (g–i) and Fe (j–l) for the annealed samples of alloys with 20 (a,d,g,j), 25
(b,e,h,k) and 35 (c,f,i,l) at. % Ni.

composition is Cr20Fe35Mn20Ni25, for which there is no bcc
fraction for any temperature above 600 K. It is worth to
note that the results from MC simulations for the ORNL
composition from Ref. [10] , Cr18Fe28Mn26Ni28, indicated
in Figs. 10a and 10b by red solid line, confirm its relatively
good stability of fcc phase. The fcc fraction is decreased in

the temperature range between 1200 K and 1500 K, however,
the percentage of bcc phase is smaller than 4 %. As in the
case of previously described alloys, it means that the ORNL
alloy is the single fcc phase within the 95 % confidence
interval for all the considered temperatures.
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It should be noted that the increased fraction of the
fcc phase for temperatures below 1000 K compared to
higher temperatures can be caused by the underestimation
of configurational entropy of bcc alloys calculated using
the pair-wise approximation, as it was shown for the case
of equiatomic composition in Section 4.1. As mentioned
previously, the errors related to the estimation of relative
stability in the mid-temperature region are hard to estimate.
However, the results obtained in the low-temperature limit,
where configurational entropies for both fcc and bcc alloys
are equal to zero, and in the high-temperature limit, where
the pair-wise approximation works well, are correct.

Finally, it is worth mentioning that in order to design
a high-entropy alloy with good mechanical properties, one
should look for fcc alloys, in which there will be a re-
duced possibility of formation of brittle intermetallic phases.
Therefore, as it was discussed in Ref. [14], it is useful to
search for the alloy compositions with the lowest order-
disorder transition temperature, 𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 . This parameter has
been calculated as an inflection point on the𝐻𝑓𝑜𝑟𝑚(𝑇 ) curve,
and if few such points were found, the point at the highest
temperature is considered 𝑇𝑂𝐷𝑇 , as it is discussed in our pre-
vious work [14]. As it is given in the legend of Figs. 10a and
10b, the lowest 𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 is observed for the Cr20Fe35Mn25Ni20alloy, which unfortunately have also the largest 6 % decrease
at 1200 K of fcc fraction among the considered alloys. The
highest 𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 are found for the compositions with 30 at. %
of both Mn and Ni, namely Cr15Fe25Mn30Ni30 (𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 =
1400 K) and Cr20Fe20Mn30Ni30 (𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 = 1300 K), which is
related to the formation of ordered intermettalic L10 MnNi
phase, as discussed in our previous paper [14]. The other
alloys possess 𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 equal to 1100 K or 1200 K. Among
them, it is worth to highlight two compositions, namely
Cr20Fe35Mn20Ni25 and Cr15Fe30Mn25Ni30, with 𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 =
1100 K and good stability of fcc phase, as described in the
previous paragraph. The experimental investigation of the
stability and properties of alloys with those compositions
will be performed in future work.

7. Conclusions
• The differences between the free energies of formation

of fcc and bcc alloys are the most negative for Ni-rich
alloys and the most positive for Cr-rich alloys.

• The surface of intersection points reduces in the area
and moves in the direction of Cr-rich compositions at
temperature 1300 K compared to temperature 800 K,
meaning that the stability of the fcc phase in the near-
equiatomic region increases at higher temperatures.

• The coexistence of the fcc and bcc phases is pre-
dicted in a relatively wide range of compositions,
and it may varies depending on temperature. Most
notably, the coexistence of two phases is observed
in the pseudo-binary [FeMnNi]100−𝑥Cr𝑥 alloys for
concentrations between 30 and 50 at. % Cr whereas

a)

b)

Figure 10: Percentage of fcc in the near-equiatomic Cr-Fe-
Mn-Ni alloys with (a) 20 and 25 at. % Ni and (b) 30
and 35 at. % Ni. All presented compositions have deviations
from 100% fcc that are smaller than the precision error of
calculating the phase percentage. The equiatomic composition
(black solid line) and the ORNL composition from Ref. [10],
Cr18Fe27Mn27Ni28, (red solid line) are also plotted for reference.
In the legend, there is also provided information about order-
disorder transition temperature, 𝑇 𝑓𝑐𝑐

𝑂𝐷𝑇 , for the considered fcc
alloys (in K).

in the [CrFeMn]100−𝑥Ni𝑥 alloys for Ni concentration
equal to or smaller than 25 at. %.

• With 95% confidence, the present study shows that
the fcc phase is found to be dominant for the pseudo-
binary alloy [CrFeNi]1−𝑥Mn𝑥 with all considered
Mn concentrations and temperatures. This prediction
which can be explained by the strong presence of
L10 intermetallic phase in the fcc stability region
of the quaternary Cr-Fe-Mn-Ni alloys, will certainly
stimulate further investigation of Mn role in exploring
the single fcc phase at high temperature.

• The fcc fractions predicted using DFT-based MC
simulations are in agreement with the available exper-
imental data and the experimental studies performed
within this work for the samples of the [CrFeMn]100−𝑥Ni𝑥alloys, where 𝑥 = 20, 25 and 35 at. %, in the as-cast
state and annealed at 1273 K.
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• The EBSD results for the alloy with 35 at. % Ni
confirmed predictions from MC simulations that the
alloy is the single fcc phase.

• The fcc fractions calculated using MC simulations for
the alloy with 20 at. % Ni are generally in line with
the values measured using EBSD for the as-cast and
annealed sample.

• The MC simulations for the equiatomic alloy showed
that it is not a single fcc phase for most temperatures.
It agrees with the EBSD characterization for the an-
nealed sample but disagrees with the results for the
as-cast sample, showing that it is a single phase. It
may suggest that the as-cast sample is probably not
in a thermodynamic equilibrium state.

• The bcc phase observed in the as-cast samples of
alloys is transformed (or partially transformed) into
the 𝜎 phase in the annealed samples. However, the
fraction of the fcc phase is not significantly changed.

• The simulations enabled to propose the near-equiatomic
alloy compositions that are single fcc phase for a wide
range of temperatures with 95 % confidence.

• The Cr20Fe35Mn20Ni25 and Cr15Fe30Mn25Ni30 are
highlighted as the near-equiatomic alloys with low
order-disorder transition temperature and good stabil-
ity of fcc phase, which might be potentially interesting
for further research.
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