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ABSTRACT

Short-range order can be developed in multi-principal element alloys and influences the point defect behavior due to the large variation of
the local chemical environment. The effect of short-range order on vacancy and interstitial formation energy and migration behavior was
studied in body-centered cubic multi-principal element alloy NbZrTi by first-principles calculations. Two short-range order structures
created by density functional theory and Monte Carlo method at 500 and 800 K were compared with the structure of random solid solution.
Both vacancy and interstitial formation energies increase with the degree of short-range order. Point defect formation energies tend to be
higher in regions enriched in Nb and lower in regions enriched in Zr and Ti. Both vacancies and interstitials prefer to migrate toward Zr,Ti-
rich regions and away from Nb-rich regions, suggesting that Zr,Ti-rich regions can potentially act as recombination centers for point defect
annihilation. Compared to an ideal random solid solution, the short-range order increases the spatial inhomogeneity of point defect energy
landscape. Tuning the degree of short-range order by different processing techniques can be a viable strategy to optimize the point defect
behavior to achieve enhanced radiation resistance in multi-principal element alloys.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128657

I. INTRODUCTION

Multi-principal element alloys (MPEAs) exhibit excellent
mechanical performance,1,2 good phase stability,3 and outstanding
radiation resistance,4,5 and are considered promising structural
materials for advanced nuclear reactors.4 The inherent radiation
resistance of MPEAs can be largely attributed to the enhanced
defect recombination probability and the slower defect evolution
induced by the effects of local lattice distortion and sluggish diffu-
sion.4 In addition, the elemental diversity offers large tunability of

chemical and physical properties for enhanced radiation resistance.
The number, species, and concentration of elements can be opti-
mized to obtain the desired alloying effects on defect behavior.6–8

Besides the compositional tuning, the elemental and microstruc-
tural inhomogeneity is also a key factor that influences the radia-
tion defect evolution. The inhomogeneity in MPEAs can have
different spatial scales, ranging from atomic-level fluctuation to
microstructural fluctuation in form of concentration waves or
phase coexistence.4 Notably, subnanoscale and nanoscale variation
of the chemical composition is an important characteristic of
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MPEAs. Although MPEAs are usually idealized to be random solid
solutions (RSS) due to the high configurational entropy, chemical
short-range order (SRO) is inherently present in MPEAs due to the
different bonding preferences among constituent species. Recently,
direct observation of SRO has been achieved,9,10 proving its exis-
tence in MPEAs. The degree of SRO in the structure can be tuned
by applying different annealing temperatures11–14 or adding small
interstitial atoms to change the ordering preference.15,16 The SRO
has been proved to greatly influence the stacking fault energy and
dislocation motion,17,18 showing its significant impact on defect
energetics. Therefore, tuning the degree of SRO can be a promising
strategy to improve the radiation resistance. However, in order to
obtain the desired effect, it is crucial to first understand the role of
SRO on defect behavior.19 In this work, point defects, one of the
most basic types of defects, are investigated to reveal the significant
impact of SRO on their generation, annihilation, and diffusion,
which is relevant for radiation damage studies and diffusion-related
properties.

Experimental studies showed that SRO has a profound impact
on the irradiation behavior. The nanoscale chemical inhomogeneity
was proved to be effective in delaying the radiation defect evolution.
It was reported that when NiCoFeCrMn was alloyed with C and N,
the SRO was enhanced by the large difference in chemical affinity
between principal elements and small interstitial solutes, which
contributed to the reduction of void swelling by one order of mag-
nitude compared to NiCoFeCrMn after heavy ion irradiation to a
dose level of 50 dpa.20 It was explained that the roughening of the
lattice energy landscape induced by SRO increased the probability
of point defect recombination by constraining interstitial diffusion
and impeded the movement of defect clusters, which delayed the
void formation.16 In addition to the influence of SRO on radiation
defects, the SRO can also evolve during the period of irradiation,
suggesting the complex interplay between SRO and irradiation. It
was shown that under the condition of heavy ion irradiation at 420
and 540 �C, the fraction of SRO area increased in NiCoFeCrMn,
which was attributed to the generation of SRO by the mechanism
of radiation-enhanced defect diffusion.21 In neutron-irradiated
NiFeMnCr, measurement of electrical resistivity showed an unusual
large increase compared with conventional austenitic Fe–Ni–Cr
alloys under similar radiation conditions from four-point probe
measurement, suggesting that SRO evolution could occur and con-
tribute to the observed change of resistivity.22

In atomistic simulations of defect properties in MPEAs, the
RSS structure was usually adopted to study the defect energy, diffu-
sion, and the process of cascade collision.23–29 The impact of SRO
on point defect diffusion has been studied recently by classical
potentials for face-centered cubic (FCC) CuNiCoFe, FCC CrCoNi,
and BCC MoNbTa.30,31 These studies showed that SRO could
either decrease or enhance the vacancy diffusion and could reduce
the interstitial diffusion by localized trapping. The decrease in
vacancy diffusion coefficient in CrCoNi was attributed to both the
reduced jump rate and enhanced correlated diffusion, whereas the
role of diffusion correlation was the dominant reason for reduced
vacancy diffusion in MoNbTa.31 In CuNiCoFe, the chemical order-
ing effect on vacancy diffusion was found to be significant at low
temperature, whereas thermal effect dominated at high tempera-
ture.30 The reduction in interstitial diffusion was mostly attributed

to trapping effect30 and was expected to promote point defect anni-
hilation and reduce the accumulation of radiation defects.5 To
further utilize the subnanoscale or nanoscale inhomogeneity to
enhance radiation resistance, it is important to accurately deter-
mine how different degrees of SRO, which can be realized by differ-
ent processing techniques and conditions, impact both vacancy and
interstitial behavior, as their recombination depends on their
mutual interactions within an inhomogeneous medium.

Refractory MPEAs with body-centered cubic (BCC) structure
are a group of MPEAs with excellent high-temperature perfor-
mance,32,33 which is in accordance with the higher operating tem-
perature range that advanced nuclear reactors pursue.34–36

Refractory MPEAs have also shown great radiation tolerance
including reduced void swelling and irradiation hardening.37,38

However, due to the significant differences in crystal structure and
chemical composition compared with FCC MPEAs, the underlying
mechanism for radiation resistance is not clearly understood.
Currently, a comprehensive evaluation of SRO effects on vacancy
and interstitial is still lacking for refractory MPEAs. Due to the
severe local lattice distortion and the resulting unique point defect
properties of refractory MPEAs,26,37 a systematic and accurate first-
principles study is essential. In this study, the first-principles
approach was used to investigate the effects of different degrees of
SRO on the defect energy landscape and migration behavior of
single vacancy and interstitial in equimolar NbZrTi. NbZrTi was
selected as a representative refractory MPEA due to the great
mechanical properties and good radiation resistance of NbZrTi and
NbZrTi-based high-entropy alloys.15,32,37,39,40 We showed that dif-
ferent levels of SRO and SRO regions with different elemental
enrichment have a large influence on point defect energetics. Both
vacancy and interstitial have a tendency to migrate away from the
Ni-rich region and toward the Zr,Ti-rich SRO region, leading to
spatial dependence of point defect recombination.

II. METHOD

First-principles calculations based on density functional
theory (DFT) were performed using the Vienna ab initio simula-
tion package (VASP) with the projector augmented wave (PAW)
approach and Perdew–Burke–Ernzerhof exchange-correlation func-
tional.41,42 The studied BCC structure consisted of a 4� 4� 4
supercell with 128 atoms (Nb42Zr43Ti43). For the Brillouin zone
sampling, Monkhorst–Pack k-point meshes of 2� 2� 2 and
1� 1� 1 were used for static and dynamic simulations, respec-
tively.43 The convergence criteria for ionic relaxation and electronic
self-convergence were 0.01 eV/Å and 10�4 eV, respectively. A
plane-wave basis cutoff of 400 eV was used. The SRO structures
were constructed based on the DFT-based Monte Carlo (MC)
approach.44 In each MC step, swap trials of two random atoms
were performed and the total system energy of the new structure
was determined. Based on the energy difference with the previous
structure, the trial move was adopted with an acceptance probabil-
ity following the Metropolis–Hastings sampling.45 Starting from a
structure with no SRO, a series of atom swaps were performed until
the system energy was stabilized. The system volume was relaxed
every 50 steps and only Γ-point was used during the SRO construc-
tion. Similar methodology and system size were used to generate
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SRO structures in MPEAs with DFT calculations.44,46 Based on this
method, two different degrees of SRO were generated at �1500–
2000MC steps at a temperature of 500 and 800 K.

For each SRO structure, single vacancy or single interstitial
was introduced in the simulation cell at random positions with a
total of 90 vacancy configurations and 80 interstitial configurations
for the analysis of point defect formation energy. Different initial
interstitial configurations were defined including h110i dumbbell,
h111i dumbbell, h100i dumbbell, and tetrahedral sites. The
vacancy/interstitial formation energy was determined by

Ef
def ¼ Edef � Eper + μx , (1)

where Edef and Eper are system energy with and without defect and
μx is the chemical potential of the removed(+)/added(-) atom.25

The chemical potential was calculated by the Widom-type substitu-
tion method,47 as described in Ref. 25. For each SRO structure, the
atom species were substituted by other species for a total of 20 sets
of substitution and it was ensured that the average number of
neighbors at the substitution site is close to the stoichiometric ratio.
The system energy difference after the substitution corresponds to
the energy difference between elemental chemical potentials
involved in the substitution. In addition, the total system energy is
the sum of the elemental chemical potential multiplied by the
number of each element. Based on these relations, the elemental
chemical potentials were obtained. The vacancy migration energy
was determined by the climbing-image nudged elastic band
method with one intermediate image.48 Three or five intermediate
images were also used for cases of irregular energy barrier profiles.
More than 120 migration barriers were computed for each SRO
structure. For comparison, results of RSS structure were obtained
by analyzing the data from Ref. 37 and performing additional sim-
ulations. The RSS structure was constructed by the special
quasi-random structure (SQS) method.49 The interstitial diffusion
was simulated by ab initio molecular dynamics (AIMD) at 1000 K.
Five independent runs were performed for each structure for a total
of 0.3 ns with a time step of 2 fs using the canonical (NVT) ensem-
ble and Nose–Hoover thermostat. The mean square displacement
(MSD) of all atoms and the interstitial defect were calculated
according to the method in Refs. 37 and 50. Comparison of
vacancy formation energy between k-point meshes of 2� 2� 2
and 3 � 3 � 3 was performed for 20 vacancy sites and showed a
mean absolute difference of 0.042 eV. The choice of only Γ point
for AIMD simulations was also validated by comparing formation
energies of vacancies and interstitials of various types with a
k-point mesh of 3 � 3 � 3.37 The charge transfer among atoms
was calculated by the Bader charge analysis.51 The first-principles
results were analyzed with the Ovito program and Pymatgen
library.52,53

III. RESULTS

A. General properties of SRO structures

The SRO structures obtained by the DFT-based MC method
at 800 and 500 K are shown in Fig. 1(a) and are hereafter called
weak SRO and strong SRO structure for qualitative comparison, as
the extent of SRO increases with the decrease in temperature

[see Fig. 1(b)]. As distances between the first nearest neighbor
(1NN) and 2NN atom pairs are close and can even overlap in BCC
MPEAs, a modified Warren–Cowley SRO parameter is adopted
here to account for SRO trends in both 1NN and 2NN and is
defined as46

αij
12 ¼ (8αij

1 þ 6αij
2)=14, (2)

where αij
k is the Warren–Cowley SRO parameter of finding atom

type j around atom i in the kth neighboring shell.44,56 We note that
the ordering between different element pairs is short-ranged in
both structures, as reflected by the small SRO parameters beyond
3NN. Compared with the RSS structure, the energy changes per
atom for the weak and strong SRO structure are �9.3 and
�19.9 meV/atom, respectively. There is a tendency of segregation
between Nb–Zr and Nb–Ti neighbors, corresponding to positive
Warren–Cowley SRO parameters shown in Fig. 1(b). This can be
qualitatively explained by the higher enthalpy of mixing of Nb–Zr
and Nb–Ti pairs relative to Zr–Ti.57 Correspondingly, there is a
clustering tendency of other element pairs including Nb–Nb,
Zr–Zr, Zr–Ti, and Ti–Ti pairs. For defect analysis, each structure is
classified into Nb-rich, neutral, and Zr,Ti-rich regions where the
numbers of Nb in the 1NN and 2NN are ⩾7, between 3 and 7, and
⩽3, respectively. This classification is motivated by the clustering of
Nb–Nb and Zr/Ti–Zr/Ti neighbors in the SRO structures.
Although the defect properties depend on the specific local envi-
ronment, the classification into three SRO regions allows statisti-
cally significant conclusions to be drawn.

First, structural and atomic properties are examined for the
SRO structures. Figure 1(c) shows that with an increased degree of
SRO, the deviation of Nb atoms from ideal lattice sites remains
almost unchanged. In contrast, the atomic displacements of Zr and
Ti atoms have a noticeable increase, especially for Ti atoms. Analysis
of the phonon dispersion spectra indicates that both the weak and
strong SRO structures are dynamically stable with reduced imaginary
component compared to the RSS structure,58,59 which is also consis-
tent with the observation from HfNbZrTi60 (see Sec. I of supplemen-
tary material for the phonon dispersion analysis). Thus, larger
atomic displacement of Zr and Ti atoms can help stabilize the SRO
structure. According to the Bader charge analysis, the charge transfer
is reduced for all types of atoms due to the clustering of similar
types of atoms [see Fig. 1(d)]. Here, we show that local chemical
ordering impacts the atomic charge and the resulting atomic stress,
which could further influence the defect behavior.54,61

B. Vacancy properties

The distributions of vacancy formation energy (Ev
f ) for struc-

tures of different degrees of SRO are shown in Fig. 2(a). The wide
energy distribution is intrinsic to BCC MPEAs due to the variation
of chemical environment and the severe local lattice distortion.26,28

It can be seen that Ev
f increases with the degree of SRO with

the overall energy distribution shifting to higher energies. The
average Ev

f increases from 1.04 + 0.45 eV in the RSS structure to
1.54 + 0.49 eV in the strong SRO structure. For each type of
vacancy, the increasing trend with the degree of SRO is also
observed [see Fig. 2(b)]. The most significant increase occurs in Nb
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vacancy, changing from 0.98 + 0.45 eV to 1.71 + 0.50 eV. In the
SRO structures, the Ev

f of Nb vacancy tends to be higher and the Ev
f

of Ti vacancy tends to be lower. The average relaxed distances per
atom after creating a vacancy are 0.122, 0.106, and 0.087 Å for RSS,
weak SRO, and strong SRO structures, respectively, indicating less
structural adjustment in SRO structures. The fact that RSS is ener-
getically less stable than SRO structures triggers a higher extent of
structural relaxation in RSS to reduce the energy of vacancy struc-
ture, resulting in a smaller Ev

f . It was reported that vacancy struc-
tures in RSS NbZrTi experience instability, i.e., vacancy-atom
exchange during structural optimization.37 The percentages of
unstable vacancy configurations are 23%, 16%, and 10% for RSS,
weak SRO, and strong SRO, respectively, showing a progressive
reduction in the fraction of unstable sites. This also reflects the
higher stability of SRO structures. We note that the arithmetic
mean and standard deviation presented here are used to show the
overall evolution of formation energy among different structures.
At thermal equilibrium, the point defect probability density func-
tion ρ(E) at a certain formation energy E can be estimated by62

ρ(E)dE ¼ exp (�E=kbT)f (E)dEÐ
E exp (�E=kbT)f (E)dE

, (3)

where f (E) is the probability density function of point defect for-
mation energy of all the possible sites. Although low-energy sites

have lower f (E) near the lower end of the distribution, the
exp (�E=kbT) term contributes to their higher occurrence proba-
bility. Based on Fig. 2(a), the increasing trend of Ev

f from RSS to
strong SRO structure still holds at thermal equilibrium, but the
energy distribution shifts to lower values. For the non-equilibrium
process of generation of radiation defects during the thermal spike
period, the energy cost can be considered to be approximately pro-
portional to the average formation energy, as a large number of
defects are created in a local region by displacement cascade.
However, defects with low formation energy are also favored after
the quenching of the cascade.

The Ev
f differs in different SRO regions, as shown in Fig. 2(c).

The Ev
f tends to be higher in Nb-rich regions and lower in Zr,

Ti-rich regions for both weak and strong SRO structures. In the
RSS structure, due to the lower probability of strong elemental clus-
tering, this difference is less noticeable. The different Ev

f in different
SRO regions can be reflected by the correlation between Ev

f and the
number of each element in the local environment. The dependence
of Ev

f of Nb vacancy on the number of each element in 1NN and
2NN is shown in Fig. 3. The results on Zr and Ti vacancy are pro-
vided in Sec. II of supplementary material. First, the large statistical
variation at a fixed number of neighboring element indicates that
Ev
f is also affected by other types of neighboring elements and the

relative positions of all the neighbors. This is commonly seen in
MPEAs due to chemical disorder and local lattice distortion.26,27

FIG. 1. (a) NbZrTi SRO structures obtained from the Monte Carlo + DFT method at a temperature of 800 and 500 K. The structures are classified into Nb-rich, neutral,
and Zr,Ti-rich regions based on the clustering tendency in the 1NN and 2NN. (b) Weighted Warren–Cowley SRO parameter for different SRO structures. (c) Average atom
displacement relative to the perfect lattice site and (d) charge transfer for the random solid solution, weak SRO, and strong SRO structure. Positive charge transfer indi-
cates electrons being transferred away.54 Since the local lattice distortion and charge transfer depend on the specific atomic arrangement,55 the results in (c) and (d) are
averaged over three structures of similar extents of SRO.
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However, it can be seen that in SRO structures, there is a tendency
of increasing Ev

f with the number of Nb neighbors. Extreme Ev
f

values occur mostly when Nb is heavily depleted (0 or 1 atom) or
heavily enriched (⩾ 10 atoms out of the 14 neighbor atoms),
leading to a more obvious change of Ev

f in SRO structures. In con-
trast, the change of Ev

f with the neighboring elements is insignifi-
cant in the RSS structure due to the lower extent of Nb clustering
around these vacancy sites. We also note that Fig. 3 does not reflect
the spatial distribution of these vacancy sites. The spatial clustering
of Nb-rich or Zr,Ti-rich regions in SRO structures have the effect
of grouping sites of similar energies, resulting in a more pro-
nounced energy difference among different local SRO regions.

Regarding the vacancy migration energy, all the studied
structures exhibit a wide energy distribution ranging from �0 to
1.4–1.8 eV [see Fig. 4(a)]. The strong SRO structure has a slightly
lower fraction of high-energy barriers. A wide migration energy dis-
tribution leads to the preferential migration through low transition
barriers. The Pearson correlation between forward and backward
migration energy changes from positive to negative from RSS to
SRO structures, indicating a different correlation behavior between
consecutive vacancy jumps [see Fig. 4(b)]. A positive correlation
indicates that the backward migration energy has a similar magni-
tude as the forward migration energy, whereas a negative

correlation corresponds to a higher proportion of sites with a large
difference between the forward and backward migration barrier.
Further analysis of vacancy migration direction shows that the
vacancy migration from Nb-rich and neutral regions to Zr,Ti-rich
regions is facilitated, whereas the migration from Zr,Ti-rich and
neutral regions to Nb-rich regions is energetically unfavorable [see
Figs. 4(c) and 4(d)]. This is generally true for both SRO structures
with a certain statistical fluctuation induced by local chemical com-
plexity. The vacancy migration tendency from the Nb-rich region
to neutral region and then to the Zr,Ti-rich region is in accord
with the relative order of Ev

f presented in Fig. 2(c), as the difference
between forward and backward barrier is caused by the difference
between initial and final energy states. The results demonstrate that
vacancy migration in SRO NbZrTi exhibits a certain directionality
with a tendency to migrate toward Zr,Ti-rich regions.

C. Interstitial properties

Single self-interstitial defect was randomly placed in the SRO
structures to study the formation energy variation of self-interstitial
in different SRO regions. The distributions of interstitial formation
energy (Ei

f ) for different SRO structures are shown in Fig. 5(a). The
distribution shifts towards higher energies with the increase in

FIG. 2. (a) Distribution of vacancy formation energy for structures of different degrees of SRO. (b) Vacancy formation energy for different types of vacancies. (c) Vacancy
formation energy in different SRO regions. The average and standard deviation are used here to represent the statistical variation of formation energy induced by chemical
disorder and local lattice distortion.
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FIG. 3. Dependence of vacancy formation energy of Nb vacancy on the number of Nb, Zr, and Ti in the first and second nearest neighbors for the (a) random solid solu-
tion, (b) weak SRO, and (c) strong SRO structure.

FIG. 4. (a) Distribution of vacancy migration energy. (b) Pearson correlation between the forward and backward migration energy. The inset shows the negative correlation
for the strong SRO structure. (c) and (d) Vacancy migration barriers among different SRO regions for the weak and strong SRO structures, respectively.
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SRO. Compared to the case of vacancy, the difference among struc-
tures of different degrees of SRO is smaller. The interstitial struc-
tures in NbZrTi can experience large structural relaxation and
deviate from their initial sites and configurations. The Ei

f distribu-
tions for different final dumbbell configurations are shown in
Fig. 5(b). The relative order of Ei

f is the same for RSS and SRO
structures with ETi�Ti

f , ETi�Nb
f , ETi�Zr

f & Eotheretypes
f . The Ti–Ti

dumbbell has the lowest formation energy and is, therefore, more
likely to form. The Ei

f tends to increase with the extent of SRO for
Ti–Ti and Ti–Nb dumbbell, similar to the trend in Ev

f . In compari-
son, the change of Ti–Zr and other dumbbell types is statistically
insignificant. This shows that a higher extent of SRO can effectively
increase the formation energy at low-energy sites. In weak and
strong SRO structures, the magnitude of Ei

f also depends on the
SRO region, where Ei

f is highest in the Nb-rich region and lowest in
the Zr,Ti-rich region [see Fig. 5(c)]. This is also consistent with the
trend of vacancy formation energy. In the RSS structure, this trend
is not observed because interstitials could rarely stay in the Nb-rich
region and Ti–Ti dumbbell was more frequently formed in the sim-
ulated cases, which leads to a decrease in the formation energy.

The occurrence probabilities of different dumbbell types and
directions are presented in Figs. 6(a) and 6(b) for weak and strong
SRO structures, respectively. The Ti-containing interstitials have a

high occurrence probability, which is consistent with their lower
Ei
f . The Ti–Ti dumbbell has a strong preference for h110i direction.

The Ti–Nb interstitial has a high probability to form either h110i
or h111i dumbbell. For other atom types, h110i direction is also
preferred, whereas the h100i direction is less likely to form.
Unconventional interstitial directions for BCC structures, such as
h112i, h113i, and h013i dumbbells, have an increased probability to
form with the increase in SRO, but still occupy a low fraction com-
pared with h111i or h110i direction. The conventional and uncon-
ventional directions have comparable formation energies and both
correspond to the local minima of interstitial configurations. We
note that these unconventional directions occur mostly in the Zr,
Ti-rich region and their formation could be related to the preferred
electron charge distribution in these local regions. In addition, the
large local lattice distortion of BCC MPEA can lead to dumbbell
directions that deviate from a clear h111i or h110i direction.

Figure 6(c) shows the initial and final region of interstitials
before and after structural optimization. Interstitial atoms initially posi-
tioned in the high-energy region (Nb-rich region) have a high proba-
bility to find their local minima in the other SRO regions with lower
energies. Interstitials from the neutral region have a tendency to be
stabilized in the Zr,Ti-rich region and can rarely move to the Nb-rich
region. Interstitials initially from the Zr,Ti-rich region mostly stay in

FIG. 5. (a) Distribution of interstitial formation energy for structures of different degrees of SRO. (b) Interstitial formation energy for different types of interstitial configura-
tions (dumbbell types: Ti–Ti, Ti–Zr, Ti–Nb, and other types). All the interstitial configurations without Ti are grouped together due to their low occurrence probabilities. (c)
Interstitial formation energy in different SRO regions.
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the Zr,Ti-rich environment. For conventional metals, interstitials
mostly have their local minima at their initial lattice sites. However, in
NbZrTi, the final stable position can differ from the initial site by
dumbbell rotation, anti-site exchange, and crowdion movement. Thus,
the interstitials have a tendency to be stabilized in the low-energy
region during structural optimization. This result is consistent with the
Ei
f trend in different SRO regions shown in Fig. 5(c), reflecting the

impact of SRO on the interstitial energy landscape.
The interstitial diffusion was performed at 1000 K by AIMD

simulations. Based on the slope of MSD of all atoms, the tracer dif-
fusion coefficient (Dtracer), defined as MSD=(cd � 6t) (cd: concentra-
tion of interstitial defect in the simulated structure), is progressively
reduced with the increase in SRO [see Fig. 7(a)]. The diffusion tra-
jectories show that in SRO structures, the interstitial mostly diffuses
in the Zr,Ti-rich region, which leads to a lower diffusion coeffi-
cient. This is consistent with the static calculation results of lower

interstitial energy in the Zr,Ti-rich region. Based on the interstitial
MSD, the defect diffusion coefficients of SRO structures (Ddefect)
are also significantly reduced compared to RSS. Although
300 ps-long simulations have been performed for each structure,
the interstitial diffusion coefficients between weak and strong SRO
structures are relatively close. Several observations can be made
from the AIMD defect diffusion simulations. First, the tracer corre-
lation factor, which is defined as Dtracer/Ddefect, is higher in SRO
structures, indicating higher efficiency of interstitial to promote
mass transport relative to RSS after normalization by the defect dif-
fusion coefficient.30 Second, weak and strong SRO structures
exhibit large differences in diffusion dynamics, as shown in
Fig. 7(b). Although the most probable dumbbell type is Ti–Ti in all
three structures, the second most probable dumbbell type changes
from Ti–Nb in the weak SRO structure to Ti–Zr in the strong SRO
structure. Ti–Nb dumbbell has a lower energy than Ti–Zr dumbbell

FIG. 6. (a) and (b) Occurrence probability of dumbbell interstitials of different directions in the weak and strong SRO structures. (c) Probability of interstitial movement from
different initial regions to different final regions during static structural optimization. The top and bottom figures correspond to weak and strong SRO structures, respectively.
Blue and green color represent interstitials that can and cannot stabilize at their initial lattice sites, respectively.
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and is, therefore, energetically more favorable. However, in the
strong SRO structure, stronger clustering of Ti–Zr is present in the
Zr,Ti-rich region, where the interstitial is mostly confined. Such
competition between the dumbbell energy state and interstitial dif-
fusion region leads to the different migration preferences through
Ti–Nb and Ti–Zr dumbbells, showing that SRO strength and ten-
dency have a complicated effect on interstitial diffusion. Third, the
limited DFT system size has an impact on the diffusion behavior.
With periodic boundary condition, the modulation of alternating
SRO regions cannot be guaranteed in all three dimensions. Further
simulations with a larger system using classical potentials are bene-
ficial. Figure 7(c) shows the schematics of the energy landscape for
interstitial diffusion. In RSS, isolated trapping sites exist with large
site-to-site energy variation. In SRO structures, localized trapping
regions are present, which spatially limits the interstitial diffusion.
Compared to the weak SRO structure, the extent of trapping from
the Zr,Ti-rich region is more pronounced in the strong SRO struc-
ture, leading to a rougher energy landscape within the material.

IV. DISCUSSION

Based on the study of vacancy and interstitial energetics, it is
shown that point defect formation energy tends to increase with
the increase in SRO. For both vacancy and interstitial, Nb-rich
regions and Zr,Ti-rich regions have higher and lower defect forma-
tion energies, respectively. This can lead to the migration tendency
of point defects toward Zr,Ti-rich region and spatially localized dif-
fusion in such low-energy regions. Previous classical molecular
dynamics study on diffusion of small vacancy clusters in

NbZrTiV-based high-entropy alloy also showed that small vacancy
clusters tend to be localized in Nb-depleted, Ti-rich regions in the
SRO structure.63 Based on this first-principles study of point
defects, we expect similar SRO effects to exist in other refractory
MPEAs, assuming that SRO structure is energetically favorable and
can be formed within a certain range of intermediate annealing
temperature in the MPEA. The SRO aggravates the difference in
the local chemical environment, i.e., the elemental partition within
the first several neighboring shells, leading to different energy
behaviors of point defects in different SRO regions. The strong
spatial inhomogeneity of the point defect energetics can result in
changes of the jump rate and diffusion correlation from RSS struc-
ture to SRO structure in MPEAs. From the perspective of radiation
damage, the Zr,Ti-rich SRO regions can potentially act as recombi-
nation centers to promote annihilation of point defects, reducing
the agglomeration of radiation defects. In addition, the reduction of
interstitial diffusion could also increase the probability of point
defect recombination, as the mobilities of the fast interstitial and
the slow vacancy become closer.5 As different extents of SRO can
be generated uniformly within the material by applying different
annealing temperatures,9,46 the size and the degree of SRO can be
tunable with an overall effect of creating a high density of potential
nanoscale point defect sinks for vacancy and interstitial annihila-
tion. Further large-scale simulations are required to provide quanti-
tative estimation of the enhancement of point defect recombination
by SRO structures and compare their effects relative to other types
of defect sinks. It is worth exploring how the degrees and dimen-
sions of SRO or local chemical ordering could be optimized to
increase the recombination probability. Besides point defects,

FIG. 7. (a) Mean square displacement of all atoms and the interstitial defect at 1000 K. The linear fitting to MSD is shown as a dashed line. (b) Distribution of the dwelling
time at each site during the interstitial diffusion at 1000 K for the random solid solution, weak SRO structure, and strong SRO structure. (c) Schematics of the energy land-
scape during interstitial diffusion.
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mobile defect clusters also make a large contribution to defect
recombination and their diffusion behavior in SRO structures is
also of great interest.30,64

The generation of radiation-induced defects is also influenced
by SRO structures. The number of displaced atoms created by
cascade collisions induced by incident particles is expected to
decrease due to the increase in formation energies of point defects,
assuming that the recombination probability is not greatly altered
during the thermal spike period. The average formation energies
of a Frenkel pair in the RSS and strong SRO structure are 2.96
+ 0.59 eV and 3.78 + 0.64 eV, respectively. This corresponds to a
difference of 28% in energy cost, which is not small considering the
same elemental composition with only difference in short-range
ordering tendency. For comparison, the number of surviving
Frenkel pairs in Ni and NiCoFeCr after displacement cascade
differs by �29%–36%, which was attributed to the slower energy
dissipation and enhanced recombination probability of
NiCoFeCr.24 Thus, from this regard, the difference in formation
energy between RSS and SRO structure cannot be ignored and
needs to be taken into account in the analysis of radiation defect
generation. In addition, the equilibrium vacancy/interstitial concen-
tration and defect diffusion dynamics also vary with the degree of
SRO.21,65 The SRO-dependent point defect energetics is further
convoluted by the SRO evolution during the radiation period. The
SRO can be destroyed by cascade collisions, leading to a more dis-
ordered state after quenching of the thermal spike region. At the
same time, SRO formation or reconstruction can also be promoted
by radiation-enhanced diffusion mechanism due to the high con-
centration of radiation-induced defects.66 Therefore, the degree of
SRO is also dose- or time-dependent during the irradiation period
at high temperature, showing the necessity of understanding the
impact of SRO on defect behavior in MPEAs.

V. CONCLUSION

In summary, static DFT calculations and AIMD simulations
were performed to study the formation and migration of intrinsic
point defects in NbZrTi with different degrees of SRO. With the
decrease in the simulated annealing temperature, there is an
increasing local clustering tendency among Nb atoms and Zr–Ti
atoms. The formation energies of vacancy and interstitial increase
with the degree of SRO and differ in different SRO regions.
Although there is a wide distribution of point defect energetics due
to the severe local lattice distortion, both vacancy and interstitial
formation energies are statistically higher in regions enriched in Nb
and lower in regions enriched in Zr and Ti. Based on the calcula-
tion of migration barriers, vacancies prefer to migrate away from
the Nb-rich region toward the Zr,Ti-rich region. Interstitial diffu-
sion is reduced compared to random solid solution and is also
localized in the Zr,Ti-rich region. The occurrence probabilities of
different types of dumbbells vary with the degree of SRO during
diffusion, showing the complex effect from the change of the
spatial energy landscape. As both vacancy and interstitial are more
stable in Zr,Ti-rich regions, they can potentially serve as recombi-
nation centers with subnanoscale or nanoscale dimensions for
annihilation of radiation-induced point defects. This work is
important for understanding the radiation defect evolution in

MPEAs and is instructive for potential SRO tuning strategy for the
design of advanced radiation-tolerant materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for the phonon dispersion
analysis and the study of the dependence of vacancy formation
energy on the local chemical environment.
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