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ABSTRACT

In recent years, non-dilute random alloys (NDRAs) have been gaining interest as promising materials for
high-temperature structural applications due to their unique ability to form solid solution phases that portray
exceptional mechanical properties and resilience under extreme conditions. This study deals with the effects of
chemical short-range order (CSRO) on selected material properties including lattice parameter, lattice distortion
(LD), unstable stacking fault energy (USFE), and melting point (MP). The main body of this study is on 21
ternary alloys, where the interatomic interactions are described by an embedded-atom method potential. Our
results demonstrate that random structures generally exhibit larger lattice parameters and greater LD compared
to CSRO structures, while CSRO structures possess higher USFEs and MPs. Furthermore, there is no discernible
pattern in the segregation of the same and different atom pairs in the NDRAs, as revealed by the notably varying
local ordering or segregation for most of them. Last, the effects of interatomic potential and the number of
constituent elements are studied using other interatomic potentials and/or non-ternary systems, suggesting
that our finding is consistent across different potentials/alloys.

1. Introduction

The conventional approach to alloy design has largely centered on
a principal metallic element serving as the matrix, supplemented by
small quantities of additional elements (solutes) aimed at improving
characteristics including strength, corrosion resistance, and ductility.
These dilute alloys have predominantly focused on the peripheries
of multi-component phase diagrams, thereby neglecting the possible
interactions among various principal elements [1]. Properties of these
alloys are primarily governed by the base metal, with solute ele-
ments present in minimal concentrations, usually below 10% [2]. Non-
dilute random alloys (NDRAs) are distinguished by having two or
more dominant constituents in near equal molar fractions, leading
to property features that cannot be directly derived from the pure
elements [3]. A good example of NDRAs is multi-principal element
alloys (MPEAs), which are composed of three or more constituents in
equimolar or near equimolar ratios. The complex interactions among
constituents in MPEAs result in improved structural and functional
properties which motivated research on alloy design into the central
regions of multi-component phase diagrams [4]. Similar to MPEAs,
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NDRAs can form stable solid solutions on simple lattice structures such
as face-centered cubic (FCC), body-centered cubic (BCC), or hexagonal
close-packed (HCP) lattices [5-7]. These alloys derive their properties
from balanced contributions across all constituent elements, leading to
atomic-scale fluctuations including chemical short-range order (CSRO)
and lattice distortion (LD). This unique structure imparts NDRAs with
exceptional strength, ductility, and resistance to corrosion, irradiation,
fatigue, and creep [8,9]. While early studies predominantly focused on
FCC-structured NDRAs [10-15], recent research has increasingly high-
lighted the fascinating properties of BCC NDRAs. Significant advance-
ments have been made in developing refractory MPEAs, particularly
those containing elements such as Mo, Nb, Re, Ta, and W [16-18].
Alloys like MoNbTi [19]and NbTiZr [20] exhibit impressive mechanical
properties, with compressive yield strengths of 1100 MPa and 975
MPa, respectively, at room temperature. Moreover, these alloys main-
tain significant strength at elevated temperatures, outperforming pure
refractory metals like Mo and Nb [7,18-21].

Although NDRAs are usually considered nominally random al-
loys, several experimental results, mainly obtained from transmission
electron microscopy, have shown that CSRO may develop after pro-
longed annealing at lower temperatures [22]. CSRO in MPEAs has been
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defined as the thermodynamic preferential clustering of one or more
atomic species within a few nearest neighbor shells, different from
a completely random atomic structure [22-24]. Such ordering intro-
duces localized domains where the formation of specific element pairs
or clusters becomes more probable, therefore providing variability
in atomic environments across the alloy. More recently, substantial
levels of CSRO have been demonstrated in both FCC MPEAs, includ-
ing CoCrNi [22,25,26] and CoNiV [23], and BCC MPEAs, such as
HfNDbTiZr [27]. Calculations supporting CSRO in MPEAs have been
conducted using density functional theory (DFT) and hybrid Monte
Carlo (MC)/molecular dynamics (MD) simulations, with the annealing
temperature employed to control the degree and intensity of CSRO [28—
36].

Molecular static (MS) simulations indicate that CSRO significantly
influences fundamental parameters, including the lattice parameter,
elastic constants, and generalized stacking fault energies (GSFEs) [10,
37]. Ding et al. [26] performed DFT calculations to investigate the
influence of CSRO in CoCrNi MPEA on GSFE, revealing a monotonic
increase in GSFE with a higher degree of CSRO. Li et al. [10] employed
atomistic simulations to examine the impact of CSRO on dislocation
motion in CoCrNi MPEA. They discovered that regions exhibiting high
CSRO could serve as effective impediments to dislocation movement,
hence augmenting the stress necessary for slip and consequently raising
the strength of the alloy. CSRO is also associated with modifications in
hardness and the formation of stacking faults, which directly influence
ductility and toughness [22]. Jian et al. [34] derived that the local-
ization of LD in CoCrNi MPEA reduces the effective nucleation area
for amorphous clusters as the melting starts, which corresponds to a
reduction of free energy and therefore to an increase of the melting
point (MP) of the CSRO MPEA compared with its random counterpart.
In BCC MoNbTaW MPEA, DFT calculations have demonstrated that
CSRO contributes to the stabilization of dislocation core configurations,
thereby minimizing spatial fluctuations in core energies and enhanc-
ing high-temperature strength [36]. Taken together, MPEAs can be
designed to achieve desired properties by tuning CSRO through appro-
priate alloy composition and processing conditions, further enhancing
their suitability for demanding structural applications.

Despite a large volume of studies on CSRO, some knowledge gaps
exist. Most of the previous studies on CSRO were rather restricted in
terms of the number of alloys in a single study, i.e., usually one or
two MPEAs at a time. In addition, findings were often disparate due
to differences in methods, conditions, and approaches employed in the
studies, which did not easily allow for drawing consistent conclusions.
In this study, we aim to provide a comprehensive understanding by
conducting a systematic investigation across a broad range of alloys
to investigate the effects of CSRO on some important mechanical and
thermal parameters of NDRAs, including lattice parameter, LD, USFE,
and MP. We focus on a set of 21 ternary NDRAs — CoCrNi, HfTiZr,
HfNbTa, HfNbTi, HfTaTi, MoNbTa, MoNbTi, MoNbV, MoNbW, MoTaTi,
MoTaV, MoTaW, MoVW, NbTaTi, NbTaV, NbTaW, NbTiV, NbTiZr,
NbVW, TaTiZr, and TaVW — each comprising three elements in equal
molar ratios. The first and second alloys have an FCC and an HCP
lattice, respectively, while all other alloys are BCC. Our choice of
compositions allows for a comprehensive analysis of the effects of
CSRO across different configurations. We derive the effect of CSRO
by comparing properties of these alloys influenced by CSRO with
those of random atomic configurations within the same systems. We
first quantify how segregation or local ordering of the atomic pairs
varies across these NDRAs. Then we analyze how the CSRO influences
properties such as lattice parameter, LD, USFE, and MP. Moreover, we
examine if our results are dependent on the interatomic potential or
the number of constituent elements. For this purpose, we will employ
two additional interatomic potentials and study three binaries (NbTa,
NbTi, NbV), one quinary (NbTaTiV), and one quaternary (NbTaTiVZr).
These studies are aimed at providing a comprehensive understanding
of how CSRO influences selected properties of NDRAs and thus provide
a useful guide for the optimization of high-performance alloys towards
future applications.
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2. Methods and materials

Atomistic simulations are carried out by LAMMPS [38]. The inter-
atomic interactions in NDRAs are modeled with the embedded-atom
method (EAM) potential [39], unless stated otherwise. The EAM poten-
tial for the CoCrNi system is developed by Li et al. [10]. For all other
alloys, the eight elemental potentials are: Hf [40], Mo [41], Nb [42],
Ta [41], Ti [41], V [43], W [41], Zr [41]. Cross interactions between
different elements are based on the formulation of Zhou et al. [41].

2.1. CSRO formation

To understand the effect of CSRO on material properties, we first
generate both random and CSRO NDRA structures. Based on the ran-
dom structure, we implement a hybrid MD/MC simulation for CSRO
formation in an isothermal-isobaric (NPT) ensemble at 300 K, which is
performed until the energy of the system converges to a constant [10,
14,44-46]. The Warren-Cowley (WC) parameters are determined using

.
Pl —¢;

n _ _H

=5, e M
where n signifies the nth-nearest-neighbor shell of the central atom of
type-i, pj; denotes the probability of locating a j-type atom around
an atom of type i within the nth shell, ¢; is the concentration of j-
type atom, and §;; is the Kronecker delta function [47,48]. In a fully
random structure, the value . is expected to be close to zero, whereas
a higher magnitude value of «!. indicates a greater degree of CSRO. A
positive o, value suggests the segregation of the same species (i = j). In
contrast, the negative value of &, corresponds to the local ordering of
the different species (i # j). In this paper, only the 1st nearest neighbor
distance is considered, i.e., n = 1.

The simulation cell sizes for different alloys are similar. First, all
BCC alloys have the same number of atoms of 38,640, only differing in
lattice parameter. Take MoNbTa as an example, the three edge lengths
of the cell are 7.9 nm, 12.9 nm, and 6.4 nm, respectively. The cell for
HCP HfTiZr has 29,952 atoms, while that for FCC CoCrNi has 54,000
atoms. The effects of cell size on potential energy convergence and WC
parameters are shown in Figs. A.12 and A.13, respectively.

2.2. Lattice parameter

We employ the relaxation method to calculate the lattice parameter
of the NDRAs. In this method, a unit cell with a predefined lattice
parameter 3.3 A is generated. Subsequently, the system is relaxed such
that the three normal stress components are zero. Based on the resultant
relaxed unit cell’s volume, the lattice parameter, q, is calculated.

2.3. LD

In the literature, there are at least four ways to quantify the average
LD in atomistic simulations [49]. The first one is based on the difference
in the lattice parameters among all constituent elements [50]; the
second one is based on the “local lattice strain” [51]; the third one
uses the full width at half maximum (FWHM) of the radial distribution
function [32]; the last one is the root mean squared atomic displace-
ment (RMSAD), defined as the average displacement of relaxed atoms
from their ideal positions in the undistorted crystal lattice [52,53].
All four ways take into account the chemical compositions and their
nominal molar ratios, while the last three additionally consider the
distribution of atoms. As a result, the first method yields the same LD
for two atomistic structures with the same composition but differing
CSROs. Recently, Jian et al. [32] and Chen et al. [23] studied CoCrNi
and NbTiZr respectively, and observed that the FWHM in the CSRO
structures is smaller than that in their random counterparts. In contrast,
Wang et al. [54] showed that in five out of six BCC NDRAs, RMSAD is
larger in CSRO structures than in random ones. These findings suggest
that the impact of CSRO on LD may vary depending on the definition
of LD. Our objective is to systematically address this discrepancy by
comparing both LD definitions.



S. Mubassira et al.

—4.294

—4.301

-4.314

—4.321

—4.334

—4.341

—4.354

Potential energy per atom (eV/atom)

—4.36

0 1 2 3 a 5
Steps 1e6

(a) CoCrNi

—7.5301

—7.:535/

—7.540 1

—7.545

—7.550+

—7.555

Potential energy per atom (eV/atom)

—7.560 -

2 3 4 5
Steps 1e6

o
-

(c) MoNbTa

Fig. 1. Convergence of potential energy per atom as a function of simulation steps for the

based on the EAM potential.

2.4. USFE

In FCC crystals, USFE is the smaller local maximum on the GSFE
curve along the (112) direction on the {111} plane. Similarly, on the
basal plane in HCP crystals, USFE is the smaller local maximum on the
GSFE curve along the (1100) direction on the {0001} basal plane. In
BCC crystals, USFE is the maximum value on the GSFE curve along
the (111) direction on the {110} plane. The GSFE quantifies the energy
required to shear a crystal lattice along a specific plane and provides
valuable information on mechanical properties such as strength. In this
study, to create GSFE curves, we shift the top half of the samples along
a specified direction within a specific plane. The computations include
displacements across a single periodic distance, which is equivalent to
the Burgers vector magnitude for a full dislocation, b. In the same alloy
system, the value of USFE y. varies between different parallel slip
planes because the latter have varying local atomic environments [26,
55-57]. Therefore, GSFE curves are computed on 20 different planes in
each NDRA for reliable consistency [58].

2.5. MP

The MPs of three NDRAs with FCC, BCC, and HCP lattice structures
— CoCrNi, MoNbTa, and HfTiZr — are calculated for both random and
CSRO configurations. Other alloys are excluded from MP calculations
due to the high computational expense. In addition, the MPs of indi-
vidual constituent elements are obtained as references. The solid-liquid
coexistence cell method [59] is used. This method adopts a cuboid
and divides it into three regions: two solid (top and bottom) and a
liquid region in the middle. The liquid region is initially heated to

Computational Materials Science 248 (2025) 113587

-5.908

-5.910

-5.912

-5.914

-5.916

Potential energy per atom (eV/atom)

0 1 2 3 4 5
Steps 1e6

(b) HITiZr

-7.014

—7.015

-7.016

-7.017

-7.018

—-7.019

Potential energy per atom (eV/atom)

—7.020

0 1 2 3 4 5
Steps 1e6

(d) NbTaV

CSRO structures of four NDRAs: (a) CoCrNi, (b) HfTiZr, (c) MoNbTa, and (d) NbTaV,

a high temperature using a constant volume and temperature (NVT)
ensemble, while the solid regions are maintained at a trial MP under
the NVT ensemble. Afterward, the liquid region is further cooled down
to the trial MP using the NPT ensemble, and again the whole system is
allowed to equilibrate under constant pressure in the NPT ensemble to
check if the two phases — solid and liquid — can stably coexist. This
process is carried out for an extended period, and if the solid and liquid
phases are in stable contact without complete melting or solidification,
the trial temperature is determined as the MP. The process is repeated
with different trial temperatures to refine the result [60].

3. Results and discussion
3.1. CSRO

Fig. 1 illustrates the potential energy convergence in four NDRAs
— CoCrNi, HfTiZr, MoNbTa, and NbTaV — during hybrid MD/MC
simulations in the NPT ensemble. The simulations aim to form CSRO
structures by allowing the system to relax at the target temperature
(300 K) and zero pressure. In each plot, the potential energy decreases
over time, stabilizing as the system approaches equilibrium, indicating
the successful formation of CSRO. CoCrNi shows rapid convergence,
while HfTiZr and NbTaV stabilize with minor fluctuations, and MoNbTa
has the lowest convergence rate.

In Fig. 2, the WC parameters for 21 NDRAs are shown. Fig. 2(a)
presents the WC parameter for the CSRO CoCrNi structure. Among the
same-species pairs, only NiNi exhibits a positive WC value, indicating
a tendency for Ni clustering. For the different-species pairs, CoCr
shows a negative WC value, suggesting a likelihood of CoCr clustering
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Fig. 2. Pairwise WC parameters based on 21 NDRAs calculated by the EAM potential.

within the CSRO structure. From Fig. 2(b), it is observed that the WC
parameter ranges for 6 out of the total 8 pairs (HfHf, NbNb, TaTa, VV,
MoMo, and WW) span both positive and negative values. This suggests
that these pairs do not exhibit a consistent pattern of segregation or
ordering behavior across different alloys. In contrast, the TiTi pair
notably shows a WC parameter range entirely in the positive region,
indicating a stronger tendency for local ordering or segregation in
the structure. This implies that Ti atoms in all these NDRAs tend to
cluster together more frequently compared to other same-species pairs.
Additionally, ZrZr pairs show a negative WC parameter. In Fig. 2(c),
the WC parameters for NbTa, TaV, and MoW pairs range from negative
to positive, indicating no clear pattern in their ordering behavior. Sim-
ilarly, HfNb, HfTa, MoNb, and MoTa also show a range from negative
to positive but with a narrower span. Notably, TaTi and VW have
positive WC parameters. In contrast, HfTi exhibits a WC parameter
entirely in the negative range, indicating a strong tendency for the two
elements to cluster together. In Fig. 2(d), NbW, NbTi, and TaW display
a wide range of WC parameters, spanning from negative to positive,
reflecting inconsistent ordering behavior. TiZr, TiV, and NbZr, with
minimal variation and entirely negative WC values, suggest a strong
preference for ordering. All other pairs show positive WC values.

3.2. Lattice parameter

Fig. 3 compares the lattice parameters of 21 NDRAs between their
CSRO structures and random counterparts. The NDRAs with larger lat-
tice parameters in the random structure are on the left, whereas those
with larger lattice parameters in the CSRO structure are on the right, as
indicated by the gray dotted line. Some of the lattice parameter values
for random structures were taken from existing literature [37,58,61].

In most cases, the difference in lattice parameters between random and
CSRO structures is small. Out of the 21 NDRAs analyzed, 16 exhibit
a larger lattice parameter in their random structures, while 5 display
a larger lattice parameter in their CSRO structures. The difference is
likely due to the effect of CSRO on atomic packing [32].

3.3. LD

In comparison to their CSRO counterparts, random structures typi-
cally display a larger LD, as illustrated in Fig. 4. In the FWHM approach,
18 of the NDRA’s random structures exhibit greater LD; conversely,
in the RMSAD method, the quantity of random alloys with higher LD
is relatively smaller. Atoms are more evenly distributed in random
structures. However, certain atoms group together to form a more
symmetric force field in the CSRO structure, which lessens LD and
atomic deviations. In the CSRO system, clustering causes substantial
distortions at the interfaces of distinct atomic clusters, affecting adja-
cent areas. This elucidates why LD is more pronounced in certain CSRO
systems compared to the random structure of the same alloy [54]. The
random structures of some NDRAs, including HfTiZr, CoCrNi, NbVW,
NbTiZr, NbTiV, MoNbV, HfTaTi, and HfNbTa, exhibit larger lattice
parameters and LD across both FWHM and RMSAD method, compared
with their CSRO counterparts. This observation aligns with findings by
Han et al. [62], who reported that increased LD correlates with a larger
lattice parameter in the CoNiV MPEA family.

3.4. USFE

To determine the effect of CSRO on USFE in 21 NDRAs, Fig. 5
illustrates the values of USFE in both random and CSRO structures.
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Fig. 5(a) distinctly illustrates that a greater number of NDRAs exhibit
elevated USFE within the CSRO structures. Five NDRAs i.e. NbTaW,
MOoNbTi, TaTiZr, MoNbV, and NbVW have not displayed a similar trend
for the USFE. In Fig. 5(b), the USFE and intrinsic stacking fault energy
(ISFE) values for CoCrNi and HfTiZr are shown for both random and
CSRO structures. The USFE values for these CSRO alloys are higher
than those of their random counterparts. The ISFE, representing the
local minimum of the GSFE curve, also follows the same trend as the
USFE values in both alloys. The presence of CSRO increases USFE by
raising the energy barriers required for dislocations to move, thereby
improving the material’s resistance to deformation [37,63]. Some USFE
values for the random structures were sourced from existing literature,
such as MoNbTa from Mubassira et al. [37] and MoNbTi and NbTiZr
from Xu et al. [58].

3.5. MP

Fig. 6 represents the trend of potential energy per atom as a function
of time for the CSRO structures of MoNbTa and HfTiZr. In Fig. 6(a),
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and RMSAD methods are used. The gray dotted line separates alloys with larger LD in

Table 1

MP of three NDRAs in different structures, with a margin of error of +5 K.
Alloy Random CSRO Rule of mixtures
CoCrNi 1406 1430 1792.17
MoNbTa 3140 3140 3114.33
HfTiZr 1682 1715 1761.67

the potential energy per atom of CSRO MoNbTa at temperatures below
3130 K decreases as a function of time, indicating that there is crystal
growth in the solid-liquid coexistence system, resulting in solidification.
On the other hand, at temperatures above 3150 K, the potential energy
increases, signaling a melting transition. Therefore, the equilibrium
MP for the CSRO MoNbTa structure is determined to be 3140 + 5 K.
Fig. 6(b) follows a similar pattern. To demonstrate the accuracy of our
method, we compare the MPs in random and CSRO CoCrNi calculated
here and those previously by Jian et al. [32]. The comparison, shown
in Table B.3, is good.

Table 1 presents the MPs of CoCrNi, MoNbTa, and HfTiZr for both
random and CSRO structures. The CoCrNi CSRO structure has a higher
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Table 2
MP of pure metals with a margin of error of +5 K.
Metal Co Cr Ni Mo Nb Ta Hf Ti Zr

MP (K) 1732.5 1872 1772 3735 2386 3222 1945 1575 1765
1781.5 (FCC) 1873 (FCC) - - - - - - -

MP (1430 K) than the random structure (1406 K), which is expected
due to the impedance of CSRO structures in the melting process. A
similar trend is observed for HfTiZr, while MoNbTa shows comparable
MPs between random and CSRO structures. Table 2 displays the MPs
of pure metals. All metals, by default, have a lattice in their ambient
conditions. For example, Cr is BCC while Co is HCP. However, the
CoCrNi alloy has an FCC lattice, so we also calculate MPs of FCC Cr
and FCC Co. Results show that the initial lattice type only plays a minor
role in MPs. Based on the MPs of pure metals, the MPs of alloys may be
estimated using the simple rule of mixtures. As shown in Table 1, for
both CoCrNi and HfTiZr, the rule of mixture-based MPs are higher than
both random and CSRO structures. However, MoNbTa deviates from
this trend, showing a lower MP for the rule of mixture result compared
to the random and CSRO structures.

3.6. Effects of the interatomic potential and the number of constituent
elements

So far we have conducted an in-depth analysis of how CSRO influ-
ences selected material parameters in 21 NDRAs. All prior calculations

were based on the EAM potential. Here, we extend our investigation to
determine whether these findings depend on the type of interatomic
potential. Specifically, we will analyze NbTaTi, NbTaV, and NbTiV
using the modified embedded-atom method (MEAM) potential [64],
as well as MoNbTa, MoNbV, NbTaV, and NbVW using a machine-
learning-based moment tensor potential (MTP) [54]. Additionally, we
will explore whether the effects of CSRO vary with the number of
constituent elements in the alloy. To address this, we study three
binary alloys (NbTa, NbTi, NbV), one quaternary alloy (NbTaTiV),
and one quinary alloy (NbTaTiVZr) using the MEAM potential. Both
potentials were validated against DFT-calculated properties, such as
lattice parameters and elastic constants. Table C.4 demonstrates that
the three potentials (including EAM) compare favorably with DFT in
terms of USFE.

Fig. 7 displays the potential energy convergence for NbTaV during
hybrid MD/MC simulations within the NPT ensemble. Fig. 7(a) and 7(b)
depicts the MEAM potential and MTP respectively. In both figures, the
potential energy decreases with time and stabilizes as the system ap-
proaches equilibrium, indicating the successful formation of the CSRO
structure.

In Fig. 8, the WC parameters for the 8 NDRAs with the MEAM
potential are presented in two categories. Fig. 8(a) shows the range
of WC parameters for the same-species pairs, while Fig. 8(b) displays
the WC parameter range for different-species pairs. In Fig. 8(a), pairs
like NbNb, TaTa, TiTi, and VV exhibit WC parameter values ranging
from negative to positive, indicating no clear pattern of local ordering
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across all NDRAs. The ZrZr pair, however, shows a positive WC param-
eter of 0.072, suggesting a likelihood of clustering. In Fig. 8(b), the
WC parameters for pairs like NbTa, NbTi, TaTi, and NbV also range
from negative to positive, further suggesting no specific local ordering
behavior. However, the TiV and TaV pairs exhibit consistently negative
WC parameter ranges, from —0.233 to —0.496 and from —0.354 to —1.298,
respectively, indicating a tendency for local segregation in these pairs.

In contrast, pairs like NbZr, TaZr, and VZr have high positive WC
parameter values.

In Fig. 9, the lattice parameters of random and CSRO NDRAs with
MEAM and MTP potentials are shown. Across all binary, ternary,
and quinary NDRAs, random alloys exhibit larger lattice parameters
compared to their CSRO counterparts, which is the same for both
MEAM potential and MTP, as well as previous findings using the EAM
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potential. The only exception is the quaternary alloy NbTaTiZr, where
the CSRO structure displays a slightly larger lattice parameter than its
random counterpart.

In Fig. 10, the LD of NDRAs is calculated using the MEAM potential
based on two definitions: FWHM and RMSAD, comparing both random
and CSRO structures. In the FWHM method, most random NDRAs
exhibit larger LD than their CSRO counterparts, with the exception of
NbTa, which is consistent with results based on the EAM potential.
However, the results are reversed when using the RMSAD definition,
where random structures show smaller LD than CSRO structures, except
for NbV. To explore this outcome, we examine the structures for
the presence of the B, phase, which is likely to form in CSRO BCC
structures [65]. We find that the B2 phase is absent in all cases except
in CSRO NbTi. Hence, the difference between FWHM and RMSAD
cannot be explained by the formation of B2 phases. In the meantime,
a small amount of FCC phases are identified in the CSRO NbTaTiVZr
CSRO, which could be contributing to the large RMSAD (but not large
FWHM) observed in this alloy. This suggests that RMSAD may be a
more appropriate measurement for LD because it can capture the phase
transformation-induced LD.

Fig. 11 depicts USFEs of random and CSRO NDRAs using both
MEAM potential and MTP. All results here point to that the CSRO USFE
is higher than the random USFE for the same alloy, largely in agreement
with our EAM results.

In Fig. 5, some EAM-based USFEs for the random alloys were based
on relaxed structures while others were based on unrelaxed structures,
although both structures had the correct lattice parameter. Hence,
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calculated by MEAM potential and MTP.

we are interested in exploring whether relaxation affects the USFE.
In Fig. 11(a), results based on relaxed structures are referred to as
Random_1, while those based on unrelaxed structures are Random_2.
Only the MEAM potential is used for this purpose. It is shown that they
produce very similar USFE values for the same random alloy. Hence, it
is fine to ignore their difference.

4. Conclusions

In this work, we investigate the influence of CSRO on selected
material properties of multiple NDRAs. CSRO structures are generated
using a hybrid MD/MC approach in an NPT ensemble. Specifically, we
investigate the lattice parameter, LD, USFE, and MP in both random
and CSRO structures. The focus is on 21 ternary alloys using the
EAM potential. Our findings show that random structures generally
have larger lattice parameters and higher LD compared to the CSRO
structures. The CSRO structures mostly exhibit higher USFEs and MPs,
indicating that CSRO would raise the energy barriers for dislocation
movement and enhance thermal stability owing to local atomic order-
ing. Besides, the local segregation and atomic pairing behavior change
considerably across different alloys, showing no general trend but pro-
viding important insight into the complexity of the atomic interactions
in these alloys.

To assess whether these results depend on the chosen interatomic
potential, we perform additional analyses by using MEAM potential and
MTP. Results obtained with these potentials are mostly compared well
with those from the EAM potential, commenting on the robustness of
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the findings. Also, for the MEAM potential, we consider two kinds of
random structures: relaxed and unrelaxed. Both yield almost the same
USFE results. In summary, this work highlights the crucial role of CSRO
in enhancing the mechanical and thermal properties of NDRAs. This
comprehensive evaluation is critical for future design and optimization
of high-performance alloys for advanced applications. This study does
not address slip resistances or dislocation mobility, as they fall outside
the scope of our current investigation. However, we plan to conduct a
systematic study on these topics in the future, building on insights from
prior research [14,54,59,63,66-69].
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Appendix A. Effect of cell size on the CSRO structure generation

Here, we investigate the influence of simulation cell size on the
CSRO structure generation. The EAM potnetial is used. Two alloys,
namely HfTiZr and MoNbTa, are studied. Different cell sizes, with
edge lengths being 0.33, 0.5, 0.75, 1, 1.25, and 1.5 times those used
elsewhere in the paper, are considered. As shown in Fig. A.12, the time-
dependent potential energy per atom is largely independent of the cell
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Table B.3
A comparison of MP of CoCrNi between our results and literature data.
Source Structure MP (K)
Random, no annealing 1406 + 5
This work CSRO, annealed at 300 K 1425 + 5
CSRO with SGC, annealed at 300 K 1430 + 5
CSRO with SGC, annealed at 350 K 1425 + 5
. Random, no annealing 1412
Jian et al. [34] CSRO with SGC, annealed at 350 K 1475

Table C.4
A comparison of USFE (in mJ/m?) between our results and DFT data in the literature.
All results are based on random alloys.

Alloy EAM MEAM MTP DFT

MoNbTa 865.43 [37] - 1252.88 1055 [37]

MoNbV 852.74 - 1207.54 1046 [70]

NbVW 936.48 - 1267.01 1008 [70]

NbTaV 664.63 596.72 769.61 631 [70], 644 [64]
NbTaTi 559.34 435.02 - 569 [64]

NbTiV 550 517.99 - 504 [64], 491 [70]
MoNbTi 744.63 [58] - - 765 [58]

NbTiZr 446.54 [58] - - 457 [64], 390 [71]
TaTiZr 494.45 - - 518 [64]

size. A similar pattern is observed in Fig. A.13, where pairwise WC
parameters are shown, further demonstrating that the cell size chosen
in the paper is good for the CSRO generation.

Appendix B. Validation of the MP calculation method

As shown in Table B.3, Jian et al. [34] used the solid-liquid coexis-
tence method to calculate the MPs of random and CSRO CoCrNi NDRA
as 1412 K and 1475 K, respectively, with the CSRO structure generated
using the semi-grand canonical (SGC) method at an annealing temper-
ature of 350 K. Using the same method, we build two CSRO structures,
annealed at 300 and 350 K, respectively, and calculated their MPs as
1425 and 1430 K, respectively, which are close to the results of Jian
et al. It is also shown that for the same annealing temperature of 300 K,
the two CSRO structures built using the method in this work and the
SGC method, respectively, possess almost identical MP.

Appendix C. Validation of the interatomic potentials in terms of
USFE

In Table C.4, a comparison of USFE values calculated by the EAM
potential, MEAM potential, and MTP against DFT data in the literature
is displayed for various random NDRAs. Good agreement is observed,
indicating the reliability and accuracy of the potentials used in this
study.

Data availability

The data that support the findings of this study are openly available
in three GitHub repositories https://github.com/shuozhixu/CMS-EAM_
2025, https://github.com/shuozhixu/CMS-MEAM 2025, and https://
github.com/shuozhixu/CMS-MTP_2025.
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