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ABSTRACT

Developing materials that can withstand extreme environments, such as high radiation doses and elevated temperatures, is crucial for
next-generation particle accelerators, including the 2.4 MW Long-Baseline Neutrino Facility. High-Entropy Alloys have emerged as
promising candidates for beam window materials due to their superior mechanical strength, corrosion resistance, and radiation tolerance. In
this study, we focus on the Cr-Mn-V alloy system, developing and employing machine-learning interatomic potentials (MLIPs) to
investigate the formation of an ordered phase and its influence on defect properties. Using hybrid Monte Carlo-Molecular Dynamics
simulations, we observe the formation of a B2-ordered phase at lower temperatures, consistent with Density Functional Theory (DFT)
predictions. Ordered structures display a bimodal distribution of migration energies and reduced mean square displacement values,
indicating suppressed vacancy diffusion. Our results also show that the migration energy barrier varies based on the atomic species, with i
Mn and V exhibiting the highest and lowest average barriers, respectively. These findings suggest that atomic ordering inhibits defect
mobility, potentially enhancing the radiation resistance of CrMnV alloys. The validated MLIP provides a reliable framework for simulations
that are faster than traditional DFT while maintaining the accuracy required to study defect and ordering properties.
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INTRODUCTION This would limit the lifetime of the conventional materials. Thus, it
is essential to study and develop materials for beam windows that
could withstand the high power from next-generation particle
accelerators.”

One such class of alloys, known as High-Entropy Alloys (HEAs),
offers a promising avenue for developing beam window materials
for next-generation high-power accelerators. Unlike traditional
alloys, which rely on one or two principal elements, HEAs com-

Developing materials capable of withstanding extreme envi-
ronments, such as high radiation doses, elevated temperatures, or
both, presents a significant challenge. In the context of high-energy
physics, developing materials that can sustain particle beam intensi-
ties exceeding 10'* protons per second is critical for the design
of next-generation particle accelerators, such as the 2.4 MW
Long-Baseline Neutrino Facility (LBNF)."”” Beam windows, crucial

components that separate different environments along the acceler- prise multiple principal elements in near-equal concentrations.
ator beam lines, allow particle beams to pass through with minimal This unique composition can }ead to superior properties, including
energy loss. Currently, materials such as beryllium, titanium alloys, higher mechanical strength, ™ improved corrosion resistance,'™"”
stainless steels, and aluminum alloys are used for beam windows.’ and enhanced radiation resistance'”™'* when compared with con-
While these materials can withstand the beam power of today’s ventional alloys. It is well documented that body-centered cubic
accelerators, future accelerators, which would operate at higher (ferritic/martensitic) alloys generally show lower void swelling and
compared to current power levels, may exceed capabilities such as reduced embrittlement than face-centered cubic (austenitic) alloys
thermal stress, fatigue, and radiation damage of these materials.’ under comparable irradiation conditions.'” " Low density and low
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activation of materials are also necessary to minimize the loss of
beam power during operation and ensure safe handling during
maintenance. Thus, based on these criteria, we explored the behav-
ior of the equimolar three-component alloy CrMnV.”' This alloy is
particularly attractive due to its low density, low activation of con-
stituent elements, and its reported formation of a single BCC phase
over a wide range of temperatures."’

HEAs were initially considered as random solid solutions with
a homogeneous distribution of elements on lattice sites due to
inherently high configurational entropy.”>*’ However, multiple
studies have shown the formation of short-range (SRO) or long-
range (LRO) ordered phases, which significantly influence critical
properties including mechanical properties™ (e.g., ductility, yield
strength), defect formation™ (e.g., vacancy formation and migra-
tion energies, stacking fault energies), and thermodynamic
properties™ ™' (e.g,, order-disorder transition temperature and
heat capacity). Radiation resistance is inherently related to the
stability and mobility of defects. Materials with good radiation
resistance tend to promote the annihilation and recombination of
defects. Migration energy governs the mobility of defects. At the
timescale relevant to the initial defect creation and evolution,
higher migration barriers imply a lower probability for nascent
defects to drift away from their creation sites. This results in an
increasing localized annihilation rate through prompt recombina-
tion, thereby reducing the population of free defects available to
combine and form larger defects in the long run. Thus, migration
barriers can be used as one of the parameters for assessing the radi-
ation tolerant property of a material.”****

Multiple studies have shown that ordering in multi-
component alloys can have a significant impact on the diffusion of
defects, especially on vacancy diffusion.”*" Despite the clear
importance of ordering, there have been conflicting reports in the
literature regarding its precise impact on defect mobility in multi-
component alloys. For instance, a study by Ibrahim et al on
CoNiCrFe HEA showed that the formation of a local chemical
order resulted in the suppressed diffusion of vacancies.”® Another
study by Zhou et al. showed the ordered phase to be more radiation
resistant than the random phase. The observed behavior was attrib-
uted to the increased vacancy migration barrier in the ordered
phase compared to the random phase.”” Similarly, a study by Liu
et al. on a CrFeNi alloy system also demonstrated that the forma-
tion of local ordering increased the vacancy migration barrier."’
Higher migration barriers make it difficult for vacancies to aggre-
gate and form larger vacancy clusters and stacking-fault tetrahedra.
This reduction in the formation of such detrimental defect struc-
tures has been shown to increase the radiation resistance of the
material.”>*" Conversely, a recent study on the HfNbTaZr alloy
system concluded that the formation of a short-range order had no
significant effect on the average vacancy migration barrier, report-
ing similar average values for random and ordered alloys."
Another study by Pang et al. showed that the random phase was
more radiation tolerant compared to the ordered phase and attrib-
uted chemical complexity behind such observation.”” This discrep-
ancy highlights a fundamental gap in fully understanding the
complex role of chemical short-range order (CSRO) across diverse
HEA systems and underscores the need for more in-depth analyses
to provide generalizable insights beyond specific compositions.

ARTICLE pubs.aip.org/aip/jap

Understanding the significant influence of vacancy diffusion on both
the short-term and long-term responses of materials under irradia-
tion is crucial.” Our study aims to bridge the existing knowledge
gap regarding the universal impact of a short-range chemical order
(CSRO) on vacancy migration in high-entropy alloys (HEAs), partic-
ularly in the CrMnV alloy, where this effect and its fundamental
mechanisms have not been previously investigated.

To address the above questions and systematically investigate
the influence of atomic ordering on the vacancy diffusion behavior
in CrMnV,”" we performed calculations utilizing Density Functional
Theory (DFT), Molecular Dynamics (MD), and hybrid Monte
Carlo-Molecular Dynamics (MCMD). While DFT is highly accurate,
its computational expense limits its application to only small system
sizes."* An alternative and highly effective approach for modeling the
formation of ordered phases at different temperatures and accurately
describing the defect energy landscape in CrMnV alloys is the use of
machine-learning interatomic potentials (MLIPs). MLIPs are fitted
using the data obtained from multiple DFT simulations, enabling us
to study larger systems without a drastic loss of accuracy."”"® Overall,
this work develops and leverages a novel MLIP for the CrMnV alloy
system to systematically investigate the role of temperature in the for-
mation of an ordered structure and further study its impact on the
migration barriers of vacancies.

METHODOLOGY
Development of MLIP

Multiple software packages are available for developing
MLIPs.”>*~* We use a software package called “MLIP package:
moment tensor potential (mtp)” developed by Novikov et al
because of its high accuracy by training with small datasets, system-
atic construction, easy approach for using the package, ability to

provide rotation-covariance, and capability of training it on multi- :
Prior work validates this package for ¢

: 48,50,51
ple computing cores.****’

calculating vacancy barriers, defect energetics, and diffusivity in
metallic and ordered systems.”””* Moment tensor potentials were
trained with Ry = 5 A and Ry = 2 A, radial basis size n, = 8,
radial function count of 6, and a basis of 4991 invariant moments.
To ensure the generality of the interatomic potential, we ran multi-
ple DFT simulations collecting the forces and energies to be fed
into the model for training the MLIP. The training data include the
unary, binary, and ternary systems. Unary compositional training
data included pure Cr, Mn, and V. For each binary system, ie.,
Cr-Mn, Mn-V, and Cr-V, compositions of the form AB;_, were
generated with x ranging from 10 to 90 at. % at intervals of 10 at. %.
This resulted in a total of nine different compositions for each binary
system. For the ternary system, we included data for the equimolar
structures of CrMnV. In total, 31 compositions were included in the
training data: 3 unary, 27 binaries (9 for each of the 3 binary systems),
and 1 ternary. Two different system sizes, containing 54 and 128
atoms, were used to ensure variability in the data, resulting in 62
unique starting cell structures. Details regarding the number and the
type of simulations are provided in Table I. All starting cell structures
were constructed using the Special Quasi-random Structure (SQS)
technique implemented within the ATAT package.”

This approach led to the generation of approximately 16 500
structures with a wide range of information about local structures,
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TABLE I. The type and the number of simulations performed during training of the MLIP. Defect simulations were run only using supercells with 128 atoms to avoid the spuri-

ous effects of periodic boundary interactions.

Simulation type

Total number of
simulations

Full relaxation of initial structures

Uniaxial 25 strained structures with strain ranging from —8% to +8%

62 (62 structures)
1550 (62 structures x 25)

Approximately 80 structures were generated using Ab Initio Molecular Dynamics (AIMD) simulations with

temperature ranging from 10 until 2000 K with time step interval of 100 fs
Approximately 80 structures each were generated using AIMD simulations including defects such as single

4960 (62 structures x 80)
9920 [31 structures x 4

vacancy, di-vacancy, tri-vacancy, and single interstitial (different types) x 80]

energies, and forces. Furthermore, the data were divided into 80-20 which is defined as follows:

ratio, where 80% was used for training while 20% was used for

testi 56,57 Pj

esting purposes =1~ ?t; . 1)
j

Input parameters for DFT

DFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP).”>”” Ion-electron interaction described
by the full potential frozen-core projector-augmented wave
(PAW)® and the GGA-PBE54°" exchange-correlation functional
was used. The Brillouin zone was sampled using the Monkhorst—
Pack method with a mesh size of 0.04 A™" in reciprocal space
resulting in 2x2x2 and 3x3x3 KPOINTS for 4x4x4=128
and 3 x 3 x 3 =54 atom systems, respectively. The energy cutoff of
350 eV is used for the plane-wave basis set with energy and force
convergence set to 107" eV and 1072 eV/A, respectively. We verified
convergence against a tight reference with ENCUT =600 eV and
EDIFF =1 x 10, Holding ENCUT = 350 eV and tightening EDIFF
from 1x107* to 1 x 107° changed the energy by only 0.147 meV/
atom. Conversely, at EDIFF =1 x 1074, increasing ENCUT from
350 to 600eV altered the energy by 1.36 meV/atom. Both are
within the commonly accepted ~1-2 meV/atom tolerance, so we
adopt ENCUT =350 eV and EDIFF=1x 10~* for production. All
calculations are performed using the spin-polarized effect in place.
The Methfessel-Paxton technique with a smearing width of 0.1 eV
is employed for electronic relaxation.

Atomistic simulations

Molecular dynamics (MD) and hybrid MCMD simulations
were carried out using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) package.”” Hybrid MCMD was per-
formed at 300, 500, 800, 1200, and 1500 K to get different degrees
of local ordering. Periodic boundary conditions were applied in all
three spatial directions. In the MCMD simulation, atoms were
swapped, and potential energies were monitored to indicate
whether the equilibrium states had been reached. Structures gener-
ated at different temperatures resulted in different degrees of short-
range order. These structures were subsequently used to calculate
migration energies and mean square displacement (MSD) of a
vacancy. Details regarding the methodology used for calculating
migration barriers and MSD are provided later in the text.

For quantifying the degree of ordering, we computed the
Warren-Cowley parameter (WCP)*’ a;; for each pair of elements,

Here, a;; is WCP for pair i-j. Pj is a conditional probability of
finding an atom of type j as the nearest neighbor of an atom of
type i, and x; are atomic fractions of species j in the atomic system
under consideration. WCP parameter a; = 0 corresponds to a
random distribution of j atoms around type i. ;; > 0 and <0 repre-
sent clustering and ordering for unlike pair of atoms, respectively.
We also quantified B2-type chemical ordering using
simulated powder XRD patterns generated in VESTA®* (Cu Ka,
L=15406 A). After summing symmetry-equivalent reflections,
each pattern was normalized to its own bcc (110) fundamental to
enable the comparison of relative superlattice intensities across dif-
ferent structures. As expected for a random bcc (A2) alloy, the
(100) and (111) superlattice reflections are essentially absent,
whereas in the B2-ordered case, both become visible (100), clearly

observable, and (111) typically weaker, providing a sensitive signa- :

ture of the chemical order.’”®°

The energy barriers for the migration of vacancies were deter-
mined using the Climbing Image Nudged Elastic Band”’ (CI-NEB)
method and the QuickMin damped minimization algorithm available
in LAMMPS. The spring constant was set to 5eV/A% The conver-
gence criteria for energy and force were set to 1078 eV and 107" eV/A,
respectively. A total of 16 intermediate images were employed to
compute each energy barrier, defined as the energy difference between
the saddle point and the initial configuration. The migration energy
barriers were calculated for multiple sites to ensure capturing enough
statistic and distinct local atomic environments.”’ Details regarding
the number of calculations are provided in the Results section.

MD calculations were carried out to compute the MSD at
1500 K for structures with different degrees of SRO. Detailed infor-
mation about structure generation is given in the Results section. A
vacancy was introduced in each structure for calculating MSD.
Structures with introduced vacancy were relaxed using the conju-
gate gradient minimization technique. Temperature was slowly
raised using the isothermal-isobaric ensemble (NPT; also repre-
sents a constant number of atoms, pressure, and temperature) to
1500 K, followed by MD simulation at 1500 K for 5ns; during
which time, MSD was calculated. MSD is an effective tool for
understanding the movement of defects, formation of defects, and
to compute diffusivities.”’
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FIG. 1. Validating the developed MLIP against DFT energies. These plots compare DFT-calculated total energies (X axis) with MLIP-predicted total energies (Y axis).
(a) shows the MLIP’s performance on training data and (b) shows the MLIP’s performance on testing data.

RESULTS AND DISCUSSION
Validation of the developed MLIP

The developed MLIP was validated as follows. As mentioned
earlier, 80% of the data were used for training the model and 20%
for testing the potential’s accuracy. Figure 1 presents the results of
accuracy for the developed potential. It shows a unity slope
between the true and predicted energies, indicating an excellent fit.
The X and Y axes refer to true energies calculated using DFT and
predicted energies calculated using the MLIP package, respectively.
The mean absolute errors (MAEs) between true and predicted
energies are 5.27 meV/atom for training data and 5.57 meV/atom
for test data. For forces, the calculated MAE is 0.065 eV/A for train-
ing data and 0.067 eV/A for test data. The accuracy of this MLIP is
comparable to other recent works,”””>*” indicating its potential use
for further study.

Additional validation for the developed potential was per-
formed by calculating formation enthalpies for various phases and
comparing them with DFT-calculated energies. All stable phases
for the CrMnV system were extracted using the Materials Project
(MP) phase diagram application.”” Subsequently, the formation
enthalpy was calculated for each of these phases using our devel-
oped potential within LAMMPS. Figure 2 presents a comparison
between these potential-calculated energies and the corresponding
DFT values. The X axis of Fig. 2 displays the compositional infor-
mation for different alloys, while the Y axis represents the forma-
tion enthalpies for those alloys. Figure 2 clearly demonstrates that
the developed potential can accurately predict the energies calcu-
lated using DFT for different phases within the CrMnV alloy phase
space. Representative cell structures for these structures are pro-
vided in Table II. This comparison strengthens and validates the
accuracy of the developed potential in predicting the different
phases in CrMnV.

Short-range order and its temperature dependence in
CrMnV

Hybrid MCMD simulations were conducted to investigate the
formation of local ordering at various temperatures, ranging from

O~ LAMMPS
—0.05- - DFT

—0.10- v

Formation enthalpy (eV)

FIG. 2. Validation of the developed MLIP: Formation enthalpies for CrMnV dif-
ferent phases. Comparison of formation enthalpies calculated using the devel-
oped MLIP within LAMMPS (red circles) vs those obtained from DFT (green
diamonds) for various stable CrMnV phases. Compositional information is
shown on the X axis, and formation enthalpies (in eV/atom) are on the Y axis.
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TABLE II. Structural details of CrMnV phases. This table presents the visual representations of the unit cells for the CrMnV phases analyzed in Fig. 2.

Mn-V

Mn-V2-Cr

Composition

Representative
cell

Mn-V
8!

V-Cr, V-Cr

V -Cr
3

300 to 1500 K, using a 1024-atom system. For each simulation, a
structure with randomly distributed Cr-Mn-V on lattice sites
served as the starting configuration. Before initiating the hybrid
MCMD simulations (which involve atom swapping), each structure
was brought to equilibrium. This was achieved by first running an
NPT ensemble (isothermal-isobaric) MD simulation for 10 ps, fol-
lowed by an NVE ensemble (microcanonical; also represents a
constant number of atoms, constant volume, and energy of the
system) MD simulation for 5 ps. The temperature was monitored
during NVE simulations to ensure that the system had equilibrated
to the desired temperature for the subsequent hybrid MCMD run.
For NPT pre-equilibration, we used a Nosé-Hoover thermostat and
an anisotropic Nosé-Hoover barostat, with temperature damping
Tdamp of 0.1 ps and pressure damping Pdamp of 0.5ps with a
target pressure of 0 bar. The evolution of the system’s potential
energy with respect to MC steps for different temperatures is pre-
sented in Fig. 3. The X axis represents the number of MC steps,
while the Y axis shows the potential energy in eV/atom. For each

0.00- ¢
—0.02-
—0.04 -
—0.06-

—0.08 -

—0.10-

Potential energy (eV/atom)

—0.12f— 300k —e- 800K  --e- 1500K
—‘— 500K7 —— ]tZOOK | a
—0.14 5 5000 10000 15000 20000
MC step

FIG. 3. Evolution of potential energy during hybrid MCMD simulations at
various temperatures.

simulation, the potential energy was normalized against the
system’s initial potential energy.

Figure 3 clearly illustrates that at lower temperatures (300 and
500 K), the system’s potential energy decreases by approximately
0.09 eV/atom compared to the energy of the starting configuration.
This significant reduction indicates that atom positions have
changed, and the system has found a new equilibrium correspond-
ing to a different, possibly ordered structure compared to the start-
ing configuration.”" Conversely, for simulations run at 1500 K, the
total decrease in potential energy from the same initial structure is
only about 0.02 eV/atom, which is approximately five times lower
than that observed at 300 K. This suggests that at higher tempera-
tures, the structure undergoes minimal changes from its initial
state, hindering the formation of a significant order in the system.

To quantify the degree of short-range order or clustering, the
Warren-Cowley Parameter (WCP) was employed. The final struc-
tures obtained after running hybrid MCMD were further analyzed
to study the formation of order within the system. These final

structures were fully relaxed using LAMMPS to negate the effect of :
lattice expansion due to temperature before calculating the WCP. ¢

Figure 4(a) shows the calculated WCP for all pairs of atoms at dif-
ferent temperatures. As the temperature increases, the WCP value
for all pairs tends toward zero, indicating an increase in random-
ness. The highly negative value for Mn-V and Cr-Cr pairs signifies
the formation of an ordered structure containing Mn-V layered
structures and clustering of Cr, respectively, consistent with the
slice of atomic configuration shown in Fig. 4(b)."" This ordering is
more pronounced in structures simulated at lower temperatures,
particularly at 300 K. Further visual investigation of the final struc-
tures revealed the formation of an ordered B2 structure, character-
ized by alternating layers of Mn and V. A basic supercell of a B2
phase is depicted in Table 1T with Mn-V composition. Along with
the Mn-V B2 phase, we also observe the Cr cluster formation.
Clustering of Cr has also been observed in other atomic
systems.’”’> We further quantified B2 ordering using simulated
powder x-ray diffraction (XRD). Figure 5(a) shows patterns for the
random, semi-ordered, and ordered structures using Cu Ko,
A=1.5406 A, each normalized to its bcc (110) fundamental.
Because the B2 superlattice reflections (100) and (111) occur near
260 ~ 31.2° and 55.7°, respectively, and are much weaker than
(110), we provide magnified views in Figs. 5(b) and 5(c), respec-
tively.”” The ordered structure exhibits the strongest superlattice
peaks, the semi-ordered model is intermediate, and the random
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FIG. 4. (a) Temperature dependence of Warren-Cowley Short-Range Order (WCP) Parameters for Cr—Mn-V pairs. Negative WCP values indicate a preference ordering
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alloy is essentially zero at these positions, consistent with B2 selec-
tion rules. Figure 5(d) summarizes this trend via the intensity ratios
Lo/l and Iyy1/I10, which increase monotonically with the
degree of chemical order.

We further validated the relative stability of the formed struc-
ture, containing the B2 phase along with Cr clusters, by comparing
its enthalpy with that of the initial random structure. The energies
of these structures were calculated using the developed MLIP
within  LAMMPS and, subsequently, compared against
DFT-calculated energies. For DFT calculations, a smaller structure
containing 128 atoms was utilized. Hybrid MCMD simulations
using LAMMPS were employed to generate various intermediate
structures exhibiting different degrees of ordering. These extracted
structures were then fully relaxed using both LAMMPS (with the
developed potential) and DFT. Figure 6 presents the per-atom
energy comparison between DFT (green circles) and LAMMPS
(red circles) for these structures. The X axis represents the Monte
Carlo (MC) steps at which the intermediate structures were
extracted, and the Y axis shows the per-atom energy. This compari-
son clearly demonstrates that the energies of different structures
predicted by the MLIP using LAMMPS show good agreement with
DFT. This further confirms the accuracy of our developed potential
and its ability to accurately predict energies for various phases.

Vacancy migration energy

The developed MLIP was employed to calculate the vacancy
migration energies in structures with varying degrees of short-range
order, allowing us to investigate the effect of ordering on the migra-
tion barrier. For each state (initial/semi-ordered/ordered), we
sampled ~2000 INN vacancy hops by selecting ~250 random

lattice sites and evaluating hops to their first eight nearest neigh-
bors. To achieve this, three distinct structures were selected directly
from the trajectory of our previously described hybrid MCMD sim-
ulation performed at 300 K using a 1024-atom system.

1. Initial Random Structure: The starting configuration of the

300K hybrid MCMD simulation, characterized by a random :
distribution of Cr, Mn, and V atoms on lattice sites, was chosen ¢

as the first structure to establish a baseline for vacancy migration
barriers. This represents a state with minimal order.

2. Semi-Ordered Structure: A snapshot of the system’s configura-
tion after 5000 Monte Carlo (MC) steps of the 300 K hybrid
MCMD simulation was extracted. As depicted in Fig. 3, this
intermediate point shows a significant initial decrease in poten-
tial energy, indicating the onset of ordering.

3. Fully Ordered Structure: The final configuration obtained at
the end of 20000 MC steps from the same 300K hybrid
MCMD simulation was selected as the third structure. This
structure represents the most ordered state achieved at 300K,
characterized by a substantial reduction in potential energy
(Fig. 3) and pronounced short-range ordering, including B2
phase formation for Mn-V pairs and Cr clustering, as quanti-
fied by the WCP parameters and x-ray diffraction pattern.
(Figures 4 and 5).

Prior to vacancy migration energy calculations, these three
extracted structures were fully relaxed using the developed MLIP to
ensure that they were in a stable, energy-minimized state. By ana-
lyzing these three structures, each representing a different stage of
ordering evolution, we aimed to systematically study the impact of
short-range order on vacancy migration barriers.
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alloy, weaker for semi-ordered, and negligible for random. (c) Zoom of 55°-56° showing the weak (111) superlattice peak with the same ordering trend. (d) Intensity ratios
looll140 and ly44/1119 increase monotonically from random to semi-ordered, followed by ordered, quantitatively confirming the emergence of B2-type chemical order.

Figure 7 presents the histograms of calculated vacancy migra-
tion energies for the three selected structures: (a) the initial random
structure, (b) the semi-ordered structure (after 5000 MC steps at
300 K), and (c) the fully ordered structure (after 20 000 MC steps at
300 K). For each structure, approximately 2000 individual migra-
tion pathways were explored to build these distributions. The histo-
gram for the initial random structure [Fig. 7(a)] shows a relatively
broad, unimodal distribution of migration barriers, with an average
migration barrier of 1.23 eV. This spread reflects the diverse local
atomic environments inherent in a random solid solution.
Similarly, the semi-ordered structure [Fig. 7(b)], extracted after
5000 MC steps, also exhibits a unimodal distribution, with its peak

slightly shifted to approximately 1.28 eV. This modest increase in
the average migration barrier from the random to the semi-ordered
state suggests an initial tendency for migration barriers to increase
with the onset of order, though the overall environmental diversity
is not yet fundamentally altered.

A dramatic change is observed for the fully ordered structure
[Fig. 7(c)], obtained after 20 000 MC steps. Here, the distribution of
migration barriers becomes distinctly bimodal, presenting two
prominent peaks: one at approximately 0.9-1.0 eV and another at
around 1.8-1.9 eV. Quantitatively, ~1550 of 2000 events (77.5%) lie
above 1.2eV—the average barrier of the random structure in
Fig. 7(a)—while 450 events (22.5%) are <1.2¢€V, i.e., high-barrier
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events are ~3.44x more frequent. This bimodal distribution is a
clear signature of the formation of an ordered phase, such as the
B2 structure and Cr clusters identified previously. The two distinct
peaks correspond to different types of atomic environments or
jump pathways that emerge due to chemical ordering. This indi-
cates that the formation of the short-range order and, subsequently,
the B2 phase, fundamentally alters the vacancy-migration
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landscape, creating a distribution of both lower and significantly
higher activation energies compared to the disordered state. The
strong skew toward higher barriers implies reduced vacancy diffu-
sivity, which can limit the growth of larger defects and potentially
enhance the radiation tolerance of the alloy. An alloy with higher
average migration barriers would exhibit lower vacancy diffusion,
thereby limiting the formation of larger defects and potentially
enhancing the radiation tolerance of the alloy.'>””> This observa-
tion highlights that reporting a single average energy, especially in
an ordered alloy, does not capture the full picture across distinct
atomic environments.

While the overall impact of the short-range order on the dis-
tribution of migration barriers is clear, we found no direct correla-
tion between the migration barrier and the atomic types
surrounding the vacancy site (its first-nearest neighbors) in the
random alloy. This suggests that the energy landscape for a hop is
influenced by the broader, often non-uniform, ordered domains
rather than just the immediate neighbors. However, a more direct
influence was observed when considering the identity of the atom
performing the jump into the vacant site, irrespective of its sur-
rounding environment, especially in the ordered alloy. Figure 8 pre-
sents violin plots illustrating the distribution of these
element-specific migration energies in ordered alloys. Our calcula-
tions revealed distinct average migration energies depending on the
atomic species making the hop: Cr atoms showed an average jump
energy of 1.27 eV, Mn atoms of 1.39 eV, and V atoms of 1.05¢V,
respectively. As clearly depicted in Fig. 8, the distribution for Mn
jumps is notably shifted toward higher energies, implying that the
motion of a Mn atom into a neighboring vacant site is energetically
the most unfavorable among the three constituent elements.
Conversely, V atoms face the lowest barrier for jumping into a
vacancy, as shown by their distribution being centered at lower

energies. A similar behavior was also observed in the random alloy, :
where Mn showed the highest barrier (1.39eV) and V the lowest ¢

(1.15eV), with the former being approximately 20% higher than
the latter.
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FIG. 7. Histograms of vacancy migration energies for different states of order. Histograms illustrate the distribution of calculated vacancy migration energies (in eV) for (a)
the initial random structure, (b) the semi-ordered structure (extracted at 5000 MC steps), and (c) the fully ordered structure (extracted at 20 000 MC steps).
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Mean square displacement

To fully describe the macroscopic diffusion kinetics, we com-
puted the Mean Squared Displacement (MSD) for the random,
semi-ordered, and fully ordered alloys. MSD provides a direct
measure of how far, on average, an atom moves from its initial
position over time, thereby directly quantifying the impact of
ordering on macroscopic atomic mobility and overall diffusion
coefficients. Three different sets of simulations with distinct place-
ment of a vacancy for each simulation were performed and average
MSD was calculated. In particular, three independent simulations
were performed with the vacancy initialized on a Cr site, a Mn site,
and a V site, respectively. The MSD reported is the arithmetic
mean across these placements. Figure 9 shows the computed MSD
curves for vacancy-mediated diffusion in the random, semi-ordered
(5000th MC step), and fully ordered (20 000th MC step) structures,
all simulated at 1500 K. A clear and progressive decrease in the
slope of the MSD curves is observed as the degree of order
increases. The random structure (red circles) exhibits the steepest
slope, indicating the highest atomic mobility and fastest diffusion.
Conversely, the fully ordered structure (orange pentagons) shows
the shallowest slope, signifying the most significant impediment to
diffusion. This observation clearly demonstrates that the formation
of an ordered phase impedes vacancy motion and, consequently,
overall atomic transport.

We further analyzed these data by fitting the linear regime of
each MSD curve to extract its slope, which was then used to calcu-
late the diffusion coefficient (D) via the Einstein relation
(D =slope/6).”* The calculated diffusion coefficients for the
random, semi-ordered, and fully ordered alloys are 4.5x 10713,
2.5%x107'3, and 0.8 x 107> m?/s, respectively. This macroscopic
evidence directly supports our microscopic findings from migration

ARTICLE pubs.aip.org/aip/jap
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FIG. 9. Mean squared displacement (MSD) of CrMnV alloys at 1500 K for
random (red circles), semi-ordered (green diamond), and fully ordered (yellow
pentagon).

barrier analysis (Fig. 7), demonstrating that the presence of a short-
range order, particularly the B2 phase, fundamentally alters the dif-
fusion kinetics in CrMnV alloys, leading to significantly reduced
atomic mobility.

CONCLUSION

In this study, we successfully developed a highly accurate
machine-learning interatomic potential (MLIP) for the CrMnV
alloy. This potential was rigorously validated against Density
Functional Theory (DFT) calculations, demonstrating an excellent
agreement in predicting energies and phase stabilities, thereby
enabling large-scale atomistic simulations. Our work revealed the
formation of a B2-ordered phase and Cr clustering at lower tem-
peratures such as 300 K. We demonstrated that this ordering trans-
forms the vacancy migration energy landscape from a unimodal to a
bimodal distribution, creating both lower and notably higher energy
barriers. Furthermore, we showed that the type of the jumping atom
strongly influences these barriers, with Mn exhibiting the highest.
Mean Squared Displacement (MSD) calculations confirmed that
ordering reduces atomic diffusivity. These findings collectively estab-
lish that the short-range order in CrMnV fundamentally alters
vacancy diffusion kinetics, providing crucial insights for designing
radiation-tolerant materials for extreme environments.
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