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� Cluster evolution is limited by the
competition between thermodynamic
and kinetic factors.

� The primary role of chemical
complexity in multi-principal
elemental alloys is to promote small
cluster formation and suppress the
overall defect diffusivities.

� The atomic-level heterogeneity does
not limit the largest size of clusters
that can grow but enhances the
number density of small-to-medium
clusters.
g r a p h i c a l a b s t r a c t

Schematic illustration of the effect of nucleation and growth rates on the cluster size distribution and the
comparison of the simulated and experimental size distributions of clusters in Ni and NiFe.
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Multi-principal elemental alloys (MPEAs) exhibit unusual mechanical properties and irradiation resis-
tance. It has been reported that the irradiation tolerance of MPEAs originates from the long-term defect
evolution stage rather than the ballistic collision phase. However, understanding the long-term evolution
of MPEAs is exceptionally challenging due to intrinsic chemical disorder. In this work, we apply
atomistically-informed cluster dynamics to study defect evolution in MPEAs for the first time, which
enables us to elucidate the critical features responsible for the irradiation performance of MPEAs. With
suitable irradiation parameters, our obtained cluster size distributions are in good agreement with exper-
iments. We further discuss the influences of defect migration energy heterogeneity, cluster geometry, and
temperature on the produced defect cluster forms. Our results suggest that the small clusters during the
collision phase in MPEAs suppress the formation of large-sized defect clusters in the long term. Contrary
to the common belief, a broader migration energy distribution due to chemical disorder cannot reduce
the maximal defect cluster size but increase the proportion of small clusters. Our results thus reveal that
the major role of chemical complexity in MPEAs is to modify the growth mechanism of clusters by pro-
moting small cluster formation and suppressing overall defect diffusivities.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In contrast to traditional alloys, multi-principal elemental alloys
(MPEAs) contain two or more main elements with equal or nearly
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equal molar ratios. With multiple principal elements coexisting in
a simple face-centered cubic (FCC) or body-centered cubic (BCC)
lattice, MPEAs exhibit extraordinary mechanical properties and
irradiation tolerance [1–4]. It has been established that the chem-
ical complexity in MPEAs slows heat dissipation and extends the
heat spike duration, allowing for efficient defect recombination
under irradiation [5]. At the atomic level, the extreme chemical
disorder and associated lattice distortion make defect diffusion
more sluggish, resulting in delayed defect evolution and enhanced
irradiation resistance [6]. Due to these superior characteristics,
MPEA is regarded as a promising alloy design strategy for future
fission and fusion reactor applications [7,8].

It has been demonstrated that the irradiation performance of
MPEAs strongly depends on chemical complexity [9–11]. In gen-
eral, the irradiation damage process of materials can be roughly
described by two consecutive stages, i.e., the ballistic collision
and kinetic diffusion phases [12]. Previous studies on these two
phases in MPEAs revealed that chemical disorder only has limited
influence on the collision stage [6,13]. For example, the produced
defect number and cluster distributions are almost identical in
the primary damage cascade in a random MPEA and the average
model with the same averaged bulk and defect properties [14]. A
similar conclusion is also drawn by comparing single cascade
events in Ni and NiFe [6]. In addition, studies have found compara-
ble threshold displacement energies for MPEAs and pure constitu-
tive metals, suggesting their similar defect production in the
primary damage state [15,16]. Therefore, the irradiation tolerance
observed in MPEAs should mainly be attributed to defect evolution
from the kinetic diffusion phase.

Extreme chemical disorders complicate defect evolution in
MPEAs. Specifically, depending on local atomic environments,
defects may exhibit different formation and migration energies
[17]. The defect energy landscape thus becomes highly rugged,
exhibiting complex energy valleys and peaks. The energy valleys
provide essential diffusion pathways for defects, leading to chem-
ically biased diffusion, while the energy peaks act as barriers for
defect diffusion, slowing down the overall defect migration [18].
It has been found that such extreme elemental inhomogeneity in
MPEAs may strongly influence the microstructural evolution under
radiation. For example, He bubbles grow slower in MPEAs com-
pared to conventional steels, which is understood by the sluggish
diffusion of defects in MPEAs, confining or delaying the growth
of defect clusters [20]. Due to the rough energy landscape, conven-
tional methods, such as molecular dynamics (MD) and kinetic
Monte Carlo (kMC), are extremely demanding to gain insight into
defect evolution in MPEAs. For the MD method, defects may be
trapped in local energy valleys without long-range migration,
which requires insurmountable simulation time to obtain a statis-
tically meaningful defect trajectory [21]. On the other hand, in the
kMC algorithm, it is not clear how to consider the highly versatile
local atomic environments of mobile defect/defect clusters accu-
rately to model defect evolution [21,22]. Up to now, almost all
studies on defect evolution in MPEAs rely on MD or simplified
kMC, which helps understand the basic feature of defect evolution
properties [5,21,23,24]. Nevertheless, the spatial and time scales
considered in these studies are rather limited, and it is difficult
to compare these results directly with experimental observations
[25].

Experimental characterization of defect evolution in MPEAs has
shown that the defect process is generally delayed due to chemical
complexity. For example, Lu et al. [26] found that the defect range
in NiFe at room temperature is shorter than in pure Ni and NiCo,
suggesting suppressed defect diffusion and evolution in NiFe. A
comparison between NiCoCr and NiFe elucidates smaller defect
clusters in NiCoCr than in NiFe, which is attributed to the delayed
defect evolution in the chemically more complicated NiCoCr [27],
2

though the irradiation behavior of NiFe and NiCoCr may get
reversed depending on temperatures due to local chemical disor-
der effects [28]. In these experiments, the microstructure under
irradiation is directly imaged, resulting from multiple contributing
factors, including defect accumulation and diffusion. As such, it is
difficult to pinpoint the dominating factors governing defect
evolution.

As a bridge connecting the atomic scale and macroscopic prop-
erties, the cluster dynamics (CD) method can provide or deal with
the relevant processes pertinent to the long-term dynamic evolu-
tion of materials [29–40]. CD has been extensively used to under-
stand defect evolution in various materials under irradiation,
including metals such as Fe and Ni, and ceramics such as SiC and
ZrC [32,33,37,40–45]. The obtained mesoscopic structural charac-
teristics, such as the size distribution of defect clusters, can be
directly compared with experiments, which control the mechani-
cal performance of materials under irradiation. Therefore, under-
standing the long-term defect evolution in MPEAs based on CD
will significantly promote the rational design of irradiation-
resistant MPEAs. Though CD has been applied to model defect evo-
lution in a broad class of materials, its application in the newly
developed MPEAs is still to be explored. Specifically, how to incor-
porate the effects of chemical disorders in CD is still to be
demonstrated.

In this study, we introduce the CD method to study long-term
defect evolution in MPEAs. For this purpose, we choose the equia-
tomic NiFe alloys as our model system, as there are plenty of
experimental results on its irradiation response. Using the CD
method, we compare defect evolution in NiFe with pure Ni. We
show that, with proper accounting of irradiation conditions, CD
can reproduce the experimentally observed size distributions of
defect clusters in these two materials. We further elucidate the
influences of different factors on defect evolution, especially the
chemical disorder-related properties. Our results show that com-
petition between thermodynamics and kinetics plays a dominant
role in defect cluster evolution, which is general for a wide variety
of MPEAs. More importantly, we demonstrate that the effects of
diffusion heterogeneity induced by the chemical disorder can
increase the fraction of small-sized clusters but not reduce the
maximum cluster size.
2. Method

2.1. CD simulations

As the competition between nucleation and growth determines
the evolution of defects, the clusters generated directly in the bal-
listic collision phase should be considered together with their
kinetic diffusion properties. In this study, the studied defects in
Ni and NiFe include interstitial, interstitial clusters, vacancy, and
vacancy clusters. Previous studies on Ni and NiFe elucidated that
the number of surviving Frenkel pairs is almost the same during
the collision phase [6,16,46], thus, we choose the same cascade
efficiency for Ni and NiFe. However, the number of defects existing
in the form of point defects or defect clusters in Ni and NiFe is dis-
tinct. Compared with pure Ni, the fraction of medium-sized (con-
taining 11–50 defects) and large-sized clusters (containing 50
+ defects) in NiFe is lower, but the fraction of small-sized clusters
(containing 2–10 defects) is higher [16,47]. The size distribution of
small interstitial clusters in Ni and NiFe can be described by the
power law Gn ¼ A� nB, where the lead coefficient of A is 0.1 and
0.2, and the power exponent of B is �1.47 and �1.56 for Ni and
NiFe, respectively [48].

In contrast to pure Ni, the chemical disorder in NiFe greatly
affects the motion of defects [8,49]. Consistent with previous stud-
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ies [49,50], we consider that small interstitial clusters exhibit one-
dimensional (1-D) motion in pure Ni, while small interstitial clus-
ters in NiFe demonstrate three-dimensional (3-D) motion due to
chemical disorder. These clusters can diffuse up to a critical size
of nm, beyond which all clusters are immobile. Vacancy clusters,
which can generally be described as spherical shapes, have a radius

of Rn ¼ 3nX1
4p

� �1=3
with n members and atomic volume X1. Similarly,

clusters described as dislocation loops have a loop radius of

Rn ¼ nX1
pb

� �1=2
where b is the magnitude of the Burgers vector. Fur-

thermore, we define the characteristic size of the cluster as the size
corresponding to the highest number density in a series of cluster
sizes. Based on the above consideration, the time evolution of the
concentrations of interstitial and vacancy clusters with size n is
as follows [45,51,52]:

dCn;I

dt
¼ Gn;I þ

Xmin n�1;nmð Þ

m¼1

JIn�m!In �
Xnm
m¼1

JIn!Inþm
�

X
mP1

JIm!Imþn

� 4p Rn;I þ Rn;V þ dð Þ Dm;ICm;I þ Dm;VCm;Vð Þ=X ð1Þ
and

dCn;V

dt
¼ Gn;V þ

Xmin n�1;nmð Þ

m¼1

JVn�m!Vn
�
Xnm
m¼1

JVn!Vnþm
�
X
m�1

JVm!Vmþn

� 4pðRn;I þ Rn;V þ dÞðDm;ICm;I þ Dm;VCm;V Þ=X ð2Þ

For Eq. (1), dCn;I
dt is the concentration change rate of interstitial

clusters containing n interstitials. The first term Gn;I is the genera-
tion rate of interstitial clusters with n interstitials, which can be
directly formed due to cascade. Terms 2 to 5 describe the intersti-
tial cluster with n interstitials interacting with other defects,
including absorption and emission of interstitials, and annihilation

of interstitials and vacancies (see below). Similarly, in Eq. (2), dCn;V
dt

describes the concentration change rate of vacancy cluster with n
vacancies. The term Gn;V is a generation term. Items 2 to 5 describe
vacancies cluster with n vacancies interacting with other defects,
including absorption and emission of vacancies, and annihilation
of vacancies and interstitials.

The term JIn�m!In is the total interstitial cluster flux from the
cluster of size n�m to the cluster of n, which include the interac-
tion with interstitials (JIIn�m!In ) and vacancies (JVIn�m!In ) [52]:

JIn�m!In ¼ JIIn�m!In þ JVIn�m!In : ð3Þ
Here,

JIIn�m!In ¼ bn�m;m;ICn�m;I � an;m;ICn;I ð4Þ
and

JVIn�m!In ¼ �ðbn;m;VCn;I � an�m;m;VCn�m;IÞ; ð5Þ
where the absorption coefficient bn�m;m;I in Eq. (4) is the rate of
interstitial clusters with a size of n�m to form a cluster with a size
of n by absorbing a mobile cluster with a size ofm, and the emission
coefficient an;m;I is the rate of the interstitial cluster with the size of
n to degrade to a cluster with a size of n�m by emitting an inter-
stitial cluster of size m.

The absorption coefficient bn�m;m;I is given by:

bn�m;m;I ¼ 4pðRn�m;I þ Rm;I þ dÞDm;ICm;I=X; ð6Þ
where Rn�m;I is the radii of the interstitial cluster with the size of
n�m, d is the capture distance. Dm;I is the diffusivity of the intersti-
tial cluster with a size of m, and X is the monomer volume.

The emission coefficient (anþm;m;I) can be written as [53]
3

anþm;m;I ¼ bn;m;I exp �DGn þ DGm � DGnþm

kBT

� �
; ð7Þ

where DGn is the change in Gibbs free energy when n monomers
form a cluster of size n. For pure Ni, DGn is given by

DGn ¼ ENi
f nð Þ � n ENiI

f þ kBTlnCNiI

h i
: ð8Þ

For NiFe, it is

DGn ¼ ENiFe
f nð Þ � xNiI � n ENiI

f þ kBTlnCNiI

h i
� xFeI

� n EFeI
f þ kBTlnCFeI

h i
: ð9Þ

In the above equations, ENi
f nð Þ and ENiFe

f nð Þ are formation ener-

gies of defect clusters of size n in Ni and NiFe, ENiI
f and EFeI

f are for-

mation energies of NiI and FeI , and xFeI and xNiI are the atomic ratios
of Fe and Ni atoms in the cluster, respectively.

The master equations describing the evolution of different
defect clusters compose a large set of ordinary differential equa-
tions (ODEs). In this work, this set of ODEs was solved by using
the stiff solvers ‘‘ODE15s” in MATLAB, which is a variable-step,
variable-order (VSVO) solver based on numerical differential for-
mulas of order 1 to 5.
2.2. Atomistic simulations

The CD model involves parameters regarding defect clusters,
which were calculated by molecular statistics using the Large-
scale Atomic/Molecular Massively Parallel Simulation (LAMMPS)
code [54]. The interatomic interactions for Ni and Fe were
described using the Embedded Atom Method parameterized by
Bonny et al. [55], since previous studies proved that this potential
predicts similar defect properties comparable to density functional
theory (DFT) calculations [17]. The simulation supercell for NiFe is
an FCC lattice with randomly distributed Ni and Fe species. To cal-
culate the formation energies of interstitial loops, a supercell ori-
ented along x[1–1-2], y[110], and z[1–11] was adopted. The size
of the supercell was 12 � 21 � 17 lattice units, which results in
102,816 atoms. Periodic boundary conditions were applied along
all three dimensions. Formation energies of interstitial clusters

were calculated by ENiFe
f ¼ Ed � Ep � nNilNi � nFelFe, where Ed is

the total energy of the supercell with an interstitial cluster contain-
ing nNi and nFe interstitials, and Ep is the total energy of the perfect
supercell without any defects. The elemental chemical potentials
lNi and lFe were chosen to be the energy per atom in FCC Ni and
BCC Fe, respectively.
3. Result

3.1. Cluster size distribution

We first validate our CD model by calculating the cluster size
distributions in irradiated Ni and NiFe and comparing them to
experiments [11]. In the experiment, Ni and NiFe were irradiated
by 3 MeV Au ions to a fluence of 2 � 1013 (0.1 dpa) at room tem-
perature. In parameterizing our CD model, we, therefore, adopt a
temperature T ¼ 300 K. The lattice constants were extracted from
previous DFT calculations [17]. For defect energies, especially
defect cluster formation energies, we rely on our molecular statis-
tic calculations. The migration energy for the motion of interstitial
and vacancy clusters is adopted from Lu et al.[49]. These parame-
ters are summarized in Table 1.



Table 1
Parameters of Ni and NiFe used for CD simulations.

Symbol Ni NiFe

Lattice constant (Å) a0 3.527 3.579
Interstitial formation energy (eV) Efi

5.72 5.95

Interstitial migration energy (eV) Emi ðm ¼ 1Þ 0.16 (3-D) 0.56 (3-D)
Interstitial migration energy (eV) Emi ðm ¼ 2Þ 0.12 (1-D) 0.617 (3-D)
Interstitial migration energy (eV) Emi ðm ¼ 3Þ 0.04 (1-D) 0.728 (3-D)
Interstitial migration energy (eV) Emi ðm ¼ 4Þ 0.002 (1-D) 0.974 (3-D)
Interstitial migration energy (eV) Emi ðm > 4Þ 0.002 (1-D) 0.974 (3-D)
Vacancy formation energy (eV) Efv 1.47 1.75

Vacancy migration energy (eV) Emv (m = 1) 1.32 (3-D) 0.756 (3-D)
Vacancy migration energy (eV) Emv (m = 2) 0.90 (3-D) 0.515 (3-D)
Vacancy migration energy (eV) Emv (m = 3) 0 0.624 (3-D)
Vacancy migration energy (eV) Emv (m = 4) 0 0.747 (3-D)
Vacancy migration energy (eV) Emv ðm > 4Þ 0 0
Temperature (K) T 300
Cascade efficiency g 0.01
Dose rate (dpa/s) Gn 0:1� n�1:47 0:2� n�1:56

Fig. 2. Cluster size distributions with different nm values at 0.1 dpa. Interstitial
cluster size distributions in (a) Ni and (b) NiFe. Vacancy cluster size distributions in
(c) Ni and (d) NiFe.
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The formation energies of clusters govern the absorption and
emission coefficients in the CD model. The results calculated by
molecular statistics are provided in Fig. 1, which displays the for-
mation energy of a 1/3 h111i interstitial loop as a function of size
in pure Ni and NiFe. The results for NiFe are averaged from 100 cal-
culations due to chemical disorder. It is suggested that the forma-
tion energies of clusters are generally higher in NiFe than Ni,
dictating lower binding energies of interstitial clusters in the NiFe
MPEA. Based on these results, it is anticipated that interstitial clus-
ters in NiFe are less stable than those in Ni. This observation qual-
itatively agrees with the smaller defect clusters experimentally
observed in NiFe since large clusters are unstable.

As mentioned above, we consider clusters can diffuse up to a
critical size of nm. The calculated cluster size distributions in Ni
and NiFe with different nm values are demonstrated in Fig. 2. For
both Ni and NiFe, the characteristic size of interstitial clusters
increases as nm increases, since the migration of these clusters
effectively contribute to the growth of large clusters. In contrast,
vacancy clusters hardly grow due to the high migration energy that
inhibits the movement of vacancies. Moreover, we find that at a
dose of 0.1 dpa, in Ni, the characteristic size of the cluster is 4.5–
6.0 nm for nm ¼ 40; in NiFe, the characteristic size of clusters is
about 3.5 nm for nm ¼ 30. Both these two characteristic sizes are
in agreement with experimental results. The number density and
mean loop size of interstitials are provided in Fig. 3. The total num-
ber density of interstitial clusters shows little dependence on nm
Fig. 1. Formation energies (in eV/atom) of a 1/3 h111i interstitial loop in Ni and
NiFe as a function of size.

Fig. 3. Number density of interstitial clusters as a function of nm values in (a) Ni and
(b) NiFe, and the corresponding mean loop size in (c) Ni and (d) NiFe. The insets
show the variation of the mean loop size at high doses up to 1.3 dpa with nm ¼ 40
for Ni and nm ¼ 30 for NiFe.

4

for both Ni and NiFe as demonstrated in Fig. 3(a-b), which is con-
sistent with the previous result [51]. Fig. 3(c-d) reflects that the
mean loop size of interstitial increases with nm due to the increased
absorption coefficient according to Eq. (1) and Eq. (6). It is noted
that, although the mean cluster size increases continuously with
the irradiation dose at this regime, the rate of increase becomes
gradually lower, which can be attributed to two points. First, the
driving force for defect cluster formation decreases with the
increase in cluster size, as Fig. 1 shows that the average formation
energy of clusters decreases with cluster size. Second, the absorp-
tion coefficient of clusters gradually decreases with irradiation
dose, which will be discussed in detail later. The variation of mean
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cluster size at even higher doses is shown in the insets in Fig. 3(c-
d). Based on this trend, the cluster size should be saturated
eventually.

Compared with experiments, we find that the characteristic
sizes of the clusters obtained by CD are consistent with experimen-
tal values [11]. However, as revealed in Fig. 4, there are a large
number of clusters of other sizes besides the characteristic size
in the experiment. For example, our CD simulation results for Ni
do not contain clusters larger than 7 nm; in the NiFe system, no
clusters larger than 5 nm are found. In the next section, we explore
the impact of the growth phase (heterogeneous migration barriers
and cluster geometry) on the cluster size distribution to fully cap-
ture the defect evolution mechanism observed in experiments.
3.2. Effect of heterogeneous migration barriers

Due to extreme chemical disorder, defect energies in MPEAs,
especially defect migration barriers, exhibit distributions depend-
ing on local atomic environments [7,17]. The migration barrier
determines the diffusivity of interstitials, which is a crucial factor
in the CD model affecting the absorption and emission coefficients.
We explicitly introduce the migration energy distributions in our
CD model to consider the effects of such heterogeneity in defect
migration. Specifically, instead of using a single migration barrier
for a single mobile defect, we consider the distribution of migra-
tion barriers in the form of Gaussian function N(l, r), with a mean
value l and a standard deviation r. In order to explore the impact
of the migration energy heterogeneity, we randomly draw 50
migration energies from the Gaussian distribution, and then the
calculated cluster size distributions, density, and mean loop size
are averaged. Note that it is a formidable task for large-scale sim-
ulations, such as CD, to accurately model the heterogeneity in
MEPA, especially the strong local atomic environment dependence.
Considering the Gaussian distribution ensures that the migration
energies are sampled with the highest weights around the mean
values, which represents a good approximation of heterogeneity.

Fig. 5(a) shows the calculated cluster size distribution using the
averaged and heterogeneous migration energies at 0.1 dpa and 0.5
dpa. Compared with the averaged migration energy results, we
notice that the number densities of clusters smaller than 2 nm
increase significantly by using the heterogeneous migration
energy, and there is a slight decrease in the number density for
the characteristic size of clusters at 0.5 dpa. This is attributed to
the distribution of migration barriers which can influence the clus-
ters’ ability to absorb additional interstitials. Compared with the

average migration energy E
�
, the absorption ability of the cluster

decreases when the migration energy is higher, which leads to an
increase in the number density of small-sized clusters. On the

other hand, when the migration energy is lower than E
�
, larger clus-
Fig. 4. The cluster size distributions compared with experiments [11] for (a) Ni and
(b) NiFe.

5

ters are observed, as shown in Fig. 5(a). Although there is a smear-
ing effect in the cluster size distribution, surprisingly, the number
density in the averaged and heterogeneous migration energies
models is indistinguishable under different irradiation doses, as
shown in Fig. 5(b). However, compared with the result using aver-
aged migration energy, the heterogeneity of migration energies
reduces the mean loop size, as revealed in Fig. 5(c), due to the
increase in the number density of the small-size cluster. Therefore,
the heterogeneity of migration energies in NiFe helps reduce the
interstitial cluster mean loop size and broaden the cluster size dis-
tribution over time.

3.3. Effects of cluster geometry

In FCC MPEAs, it is demonstrated that irradiation-induced dislo-
cation loops are all interstitial types [56,57]. The loop geometries
contain either perfect 1/2 h110i or 1/3 h111i Frank loops. The tran-
sition of these two dislocation types involves partial dislocations of
the 1/6 h112i type [46,58,59]. Different dislocation loops affect
cluster size distribution since the size of a dislocation depends
on the number of interstitials and the Burgers vector. Fig. 6 demon-
strates the size distribution of clusters in different geometries at
0.10 dpa. In Ni, compared with only considering the h111i loops,
the largest cluster size may vary in the range of 4.0–7.0 nm as
demonstrated in Fig. 6(a), which greatly increases the possibility
of clusters with different sizes. As shown in Fig. 6(b), we have also
observed a similar trend for the NiFe alloy. Therefore, we can rea-
sonably infer that the formation of different types of clusters is an
important factor responsible for the broad cluster size distribution
found in experiments.

Considering the evolution of defects corrected by the hetero-
geneity of migration barriers and cluster geometry, we compare
the simulation result with experiments [11], as shown in Fig. 7.
The simulation result (red) and the experimental data (blue) show
a better agreement compared to Fig. 4. Therefore, the difference in
the size distribution of the different types of dislocation loops
helps partly explain the size distribution observed in experiments.
Moreover, the unique distribution of migration energies in MPEAs
accounts for the broad distribution of cluster sizes. All these pro-
cesses are essential to understanding the experimentally observed
defect distributions.

3.4. Effect of temperature

The above results are all obtained at room temperature. Our CD
simulations highlight the dominant role of migration barriers in
affecting the final cluster size distribution. In particular, the higher
migration barriers in NiFe lead to the overall smaller size of clus-
ters compared to Ni. In CD models, migration barriers govern the
diffusivity, which further controls the absorption and emission
coefficients. Therefore, the information on defect diffusivity is vital
for understanding defect evolution in MPEAs.

Another equally important factor influencing diffusivity is tem-
perature since the Arrhenius relation gives diffusivity through
migration barriers and temperatures. To demonstrate how temper-
ature influences cluster size distributions, we show in Fig. 8 the
calculated results in Ni and NiFe at different temperatures and
doses. It can be seen that the interstitial cluster size in Ni and NiFe
increases with increasing temperature, which can be attributed to
the fact that the temperature improves the mobility of clusters and
increases the growth rate accordingly. The observed smaller-sized
clusters in NiFe suggest its higher radiation tolerance at a broad
temperature range [60]. Compared with interstitial clusters, the
size of vacancy clusters is petite (below 2 nm) since it is difficult
for the vacancy clusters to grow due to the extremely high migra-
tion energy of vacancies. Compared with Ni, the size distribution of



Fig. 5. The effect of heterogeneous migration energy on the cluster size distributions in NiFe. (a) Cluster sizes distribution, (b) Loop density, and (c) Mean loop size. The results
obtained from the averaged migration energy and heterogeneous migration energies with nmax ¼ 30 are shown.

Fig. 6. The effect of dislocation loop geometry on cluster size distributions in (a) Ni
and (b) NiFe under the irradiation dose of 0.10 dpa.

Fig. 7. The cluster size distribution compared with experiments [11]. (a) Ni, and (b)
NiFe.

Fig. 8. The effect of temperature (K) on the interstitial cluster size distribution of (a)
Ni and (b) NiFe, and vacancy cluster size distribution of (c) Ni and (d) NiFe at 0.10
dpa.
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clusters in NiFe shifts remarkably with temperature. This is
induced by the fact that the diffusion coefficients of interstitials
in NiFe are more sensitive to temperature changes due to its higher
activation energies [18].

To further demonstrate the impact of temperature, Fig. 9 shows
the absorption coefficients of clusters governing the growth of
clusters in Ni and NiFe at two different temperatures. Fig. 9(a-b)
shows the absorption coefficients in Ni at 300 K and 400 K, respec-
tively, and Fig. 9(c) shows the differences. We find that the ability
of clusters to absorb additional interstitials is close at these two
temperatures, and the largest difference is 0.16. In contrast, for
the NiFe system, the difference in absorption coefficient is as high
as 0.65 (Fig. 9(f)). The smaller absorption coefficient of clusters in
NiFe accounts for the smaller cluster size in NiFe. Moreover, the
change rate of the cluster absorption coefficient in NiFe is greater
than that in Ni, indicating that the cluster size varies significantly
with temperature, which is consistent with Fig. 8. At different tem-
peratures, the absorption coefficients of clusters decrease with
time, which suggests that the growth rate of clusters is getting
6

smaller and smaller, which is consistent with the gradual increase
in the average size of clusters in Fig. 3.
4. Discussion

Themost crucial features of MPEAs are chemical disorder, which
induces atomic-level heterogeneity that significantly influences
defect formation andmigration. The long-termdefect cluster evolu-
tion can be divided into twomain stages: nucleation and growth, as
schematically illustrated in Fig. 10(a), showing the changes in the
concentration over time during the nucleation and growth process
[61]. In thenucleation stage, a largenumberof interstitials and small
clusters containing several interstitials are generated by cascade
collisions. The cluster begins to grow in the growth stage. The nucle-
ation rate and growth rate jointly control the cluster size distribu-
tion. Under irradiation, the nucleation stage corresponds to the
ballistic collision phase, which lasts only about ten picoseconds,
and the growth stage corresponds to the dynamic diffusion phase,
which lasts from seconds to years [12]. In our CDmodel, nucleation
is described by the cluster formation resulting from ballistic colli-
sions. Because of the atomic-level heterogeneity inMPEAs, the sizes
of clusters are smaller as the binding energies of clusters are lower



Fig. 9. The effect of temperature on the absorption coefficient. (a-b) The absorption coefficient of clusters in Ni at 300 and 400 K, respectively. (c) The difference between (a)
and (b). (d-e) The absorption coefficient of clusters in NiFe at 300 and 400 K, respectively. (f) The difference between (d) and (e).

Fig. 10. (a) Schematic illustration of the change in concentrations as a function of
time. (b) Distribution of small-sized defects as a function of the B value. (c-d)
Cluster size distribution at different B values at a dose of 0.1 dpa in Ni and NiFe,
respectively.
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(Fig. 1). This is also confirmed by cascade simulations through MD
[16,47]. Depending on chemical complexity, the cluster size distri-
butions in the ballistic phase are different. To explore the influence
of small-sized cluster formation on the evolution of clusters, we
change the generation term of these small-sized clusters based on
Gn ¼ A� n�B. Fig. 10(b) shows the relationship between Gn and B.
The concentration of these clusters increases as B decreases, which
suggests a higher fraction of small-sized cluster formation. In other
words, the nucleation rate increases as B decreases. Fig. 10(c-d)
demonstrates that the characteristic size of clusters decreases with
the increase of the small-sized cluster formation in Ni and NiFe.
7

Therefore, the increase innucleation rate effectively inhibits clusters
from forming larger clusters. This is the case for NiFe, where the
number density of small-sized clusters is higher than Ni (Fig. 2)
because of its higher nucleation rate. Therefore, comparedwith pure
Ni, the higher nucleation rate inhibits cluster growth in NiFe.

The influence of heterogeneity on the evolution of defects is not
only in the collision stage but also reflected in the kinetic diffusion
phase. In MPEAs, the energy landscape for defect migration
becomes highly rugged, manifesting as distributions of migration
barriers. After directly considering such migration barrier distribu-
tions, we show that the number densities of small clusters are
higher than those obtained with an average migration barrier
because of the lower diffusivity portion induced by the high energy
barrier parts. Those low energy barriers can also contribute to lar-
ger clusters. Therefore, the cluster size distribution becomes
smoother when considering the heterogeneous migration barriers.

The above discussions suggest two consequences of atomic-
level heterogeneity that can affect cluster evolution: the small-
sized cluster formation during the collision and the migration bar-
rier distribution. Cluster growth tends to be suppressed if more
clusters are formed during the collision stage. Besides, the distribu-
tion of migration barriers leads to the smearing of cluster size dis-
tributions. The experimentally observed smaller defect clusters in
MPEAs are thus attributed to the small clusters formed during cas-
cades. These clusters are less mobile than point defects, leading to
suppressed cluster growth. Contrary to common belief, the hetero-
geneity in migration barriers cannot reduce the maximal cluster
size formed; it can only increase the proportion of clusters with
small sizes.

For the CD method built upon rate theory, the spatial distribu-
tion of elements and defects is usually ignored. However, recent
studies indicate that elemental segregation may play significant
roles in the irradiation response of MPEAs, leading to the non-
homogenous elemental arrangement and defect distributions
[19,62,63]. To consider such spatial heterogeneity would necessity
a sophisticated model to take into account the effects of local
ordering and spatial correlations, which will be addressed in future
studies.
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5. Conclusion

Cluster dynamics is applied to study the evolution of defects in
MPEA, which enables us to evaluate key characteristics of the ori-
gin of irradiation performance of MPEAs. The following conclusions
can be drawn:

1. The clusters produced in the collision stage are smaller in
MPEAs due to chemical disorder, which plays a critical role in
governing the following defect cluster evolution: it enhances
the number density of small-sized clusters (nucleation stage)
and suppresses large-sized clusters formation (growth stage).

2. The atomic-level heterogeneity, as represented by the broad
distributions of migration barriers, does not limit the largest
size of clusters that can grow. Rather, it enhances the number
density of small-to-medium (2–3 nm) clusters, leading to a
smooth cluster distribution under irradiation.

3. Cluster growth is limited by the competition between thermo-
dynamic and kinetic factors. As a result, the higher nucleation
rates in MPEAs inhibited cluster growth.

The above conclusions reveal the essential aspects of the irradi-
ation resistance mechanism of MPEAs. Our results underline two
vital ingredients for MPEAs to exhibit improved irradiation toler-
ance. The first is that cluster formation should be restricted during
the collision stage, which depends on the binding energies of
defect clusters. Lowering the cluster binding energies by tuning
chemical complexity is thus a promising way to design MPEAs
with better irradiation resistance. The second point is that the
overall diffusivity of defects should be reduced. Therefore, the
mean migration energies, rather than the distribution of migration
energies, are crucial parameters for understanding the cluster evo-
lution in MPEAs. To suppress defect diffusivity by enhancing the
overall migration barrier is then suggested as another pathway
for the radiation-tolerant MPEA design.
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