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Molecular dynamic simulations were performed to investigate the displacement cascade process in re-
fractory bcc complex concentrated alloys, including equi-atomic binary, ternary, and quaternary systems
made of the elements Mo, Nb, Ta and W. Our simulation results show that more principal elements do
not necessarily mean better radiation resistance. Instead, bcc binary MoNb and NbW CCAs, which have
low binding energy of interstitial clusters, can also yield good resistance to the generation of radiation-
induced defect clusters. At same time, MoNb also have low self-interstitial formation energy range, so
there are more Frenkel Pairs than other bcc binary like MoTa and MoW although number of intersti-
tials in clusters of MoNbD is least. More importantly, we find the binding energy of interstitial clusters is
highly tunable by changing elements combination and tailoring compositional heterogeneities (such as
short-range ordering). Such strategies may pave the way for new design concepts of radiation-tolerant
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1. Introduction

Complex concentrated solid-solution alloys including high-
entropy alloys (HEAs) have emerged as a relatively new category
of materials due to their structural stability and excellent mechan-
ical properties [1,2]. These alloys are, in principle, single-phase
crystalline solid solutions comprising multiple elements, typically
in equi-atomic or nearly equi-atomic ratios. Intense recent works
have revealed that complex concentrated alloys (CCAs) have the
ability to maintain good mechanical properties [3,4]. Hence, they
are strong candidates to resolve many challenges imposed by ex-
treme environments. In particular, increasing experimental studies
show that most CCAs exhibit high radiation damage tolerance [5-
8], making them potential candidates for the next-generation nu-
clear materials.

There is an idea that the high radiation damage tolerance of
CCAs mainly originates from the altering of defects migration dy-
namics by their multiple components and special chemical struc-
ture. On the one hand, the compositional and configurational com-
plexities endow CCAs with considerable local lattice distortion
that further complicates the energy landscape for defect migration
[9,10]; On the other hand, CCAs are thought to possess slow en-
ergy dissipation ability, i.e., concentrated solid-solution alloys ex-
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hibits a substantially long lifetime of thermal spikes in a cascade,
which can enhance Frenkel pairs recombination [11,12]. Therefore,
the materials show better radiation resistance with the increase of
principle elements [13,14]. Although this idea is supported by pre-
vious studies, there is not enough mechanistic underpinnings to
state as fact yet. What's more, these results are mainly inferred
from the observation on Ni-based fcc HEAs [15-17], while it is un-
clear whether it is the same true for other complex concentrated
alloy systems, such as bcc CCAs.

It is theorized that defect migration dynamics is correlated with
the local atomic environment, which significantly influence the mi-
gration energy barriers and pathways of radiation defects. This has
been demonstrated by a lot of studies [18-20] which tune the radi-
ation damage tolerance of CCAs by varying alloy elemental concen-
trations and types. In the simplest description, the local chemical
environments of HEAs can be considered as representing a random
distribution of different atomic species over crystal lattice sites, i.e.,
the chemical concentration is quite homogenous over the alloy sys-
tem. As of today, such a random solid-solution picture remains a
common assumption in the high-entropy alloy community. How-
ever, an increasing body of evidence suggests that there be appre-
ciable inhomogeneity statistically fluctuating from one place to an-
other, in compositional arrangements, not to mention local chem-
ical order (i.e., ordering in the first few neighbor atomic shells to
enhance the number of energetically preferred bond types) [21,22].
In this sense, the compositional heterogeneity can be tuned over a
wide range, thus have potential of serving as a freedom to tailor
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the radiation tolerance of the CCAs. The motivation of this work
is to figure out how could compositional heterogeneity affect the
radiation induced defect generation in refractory bcc CCAs, and
what are the underlying parameters influencing their radiation tol-
erance?

Here we take the Mo-based CCAs, which a competitive can-
didate to replace Zr alloy fuel cladding in fusion reactor [23,24],
as an example to study the primary radiation damage by utiliz-
ing molecular dynamics (MD) simulations. The radiation damage
accommodation mechanisms of equi-atomic binary, ternary, and
quaternary Mo alloys, which are concentrated alloyed with the el-
ements of Nb, Ta or W, are systematically compared to uncover
the key factors governing the radiation tolerance. Our simulation
results show that besides local lattice distortion and slow energy
dissipation, the alloying elements and compositional heterogeneity
also play an important role in suppressing the formation of defect
clusters, and can be used to tailor the radiation tolerance of bcc
CCAs. It provides new aspects for us to understand the effect of
concentrated solid-solution on radiation damage.

2. Methodology

To investigate the radiation damage behavior of bcc CCAs, we
performed molecular dynamic (MD) simulations of singe crystal
samples of different CCAs. These CCAs systems include equial-
atomic MoNb, MoTa, MoW, MoNbTa and MoNbTaW, we also inves-
tigate the radiation damage behavior of pure Mo and Nb as refer-
ence. The initial bcc samples were constructed by randomly-filling
sites with specific atoms at the equi-atomic compositions. The sim-
ulations employed embedded atom model (EAM) potential param-
eters of Zhou et al. [25] and Lin et al. [26]. Previous MD simula-
tions of bcc high-entropy alloys using these potentials reproduced
key aspects of the mechanical behaviors [27-29]. Besides, Ziegler-
Biersack-Littmark (ZBL) repulsive potential [30] was used to modify
the current EAM potential when the distance between two atoms
is smaller than 2 A. A switch function [31] is added to smooth the
ZBL resulsive potential and the original EAM potential in the range
of 1~2 A. Two simulation boxes in dimension of 75ayx75ayx75d,
(843,750 atoms) and 100ayx100ayx100a, (2,000,000 atoms) (ag
is lattice constant) were used to simulate the primary radiation
damage event under the Primary knock-on atoms (PKA) energies
of 30 keV and 50 keV, respectively. Periodic boundary conditions
were applied along all directions. Before the cascade simulation,
samples were first relaxed in a NPT ensemble at 300 K to reach
a equilibrium state (see in supplementary material). For each cas-
cade simulation, a PKA was selected randomly at the center of the
sample with a constant kinetic energy of 30 keV or 50 keV and
random knock-on direction. It is followed by the microcanonical
(NVE) ensemble in the core region while a Berendsen thermostat
in the edge area within 0.5 nm width. Adaptive time step algo-
rithm [32] was used to ensure the accuracy of the integration at
initial cascade process. To reach the stable state, the MD runs until
the global temperature return to 300 K without significant energy
fluctuations (after 100 ps~400 ps, see in supplementary material).
For each case, we repeated 20 times to check the reliability of our
simulation results, and the corresponding numbers of defects were
also averaged over 20 cascade simulations. Here, all the MD simu-
lations were carried out using the LAMMPS package [33]. Open Vi-
sualization Tool (Ovito) [34] is applied to extract Frenkel pairs by
the integrated Wigner-Seitz method [35]. Accordingly, the intersti-
tial clusters are then identified based on the neighboring criterion
(less than second nearest distance in the present work) [36]. Also,
we use dislocation extraction algorithm(DXA) [37] to analysize in-
volved dislocations.

To investigate the effect of local chemical concentration on ra-
diation resistance, the Monte Carlo [38] simulation was carried out
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to obtain equilibrium configurations after annealing at room tem-
peratures. Upon annealing, the local chemical short-range order
can change with time. Here, the Warren-Cowley pairwise short-
range-order parameter ai’}l was calculated to quantify the degree of
short-range order, where superscript m means m-th nearst neigh-
bor shell of central atom, subscript i, j represent the types of cen-
tral atom and neighbor atom, respectively [39].

Besides, the self-interstitial formation energy as well as the in-
terstitial cluster binding energy are also calcuated in the present
work. Here, the self-interstitial formation energy is defined as
Ei = E; - %*El, where E; is the energy of a perfect CCA, E,
is the energy after inserting a guest atom into a selected intersti-
tial position, and N is total number of atoms. While the binding
energy of interstitial clusters with different sizes is calculated by

Ej =y Elff - E'f‘"z“"'”, where E}j is the formation energy of
=1

system only contain an interstitial atom j, and Eiri2in s the for-

mation energy of a interstitial cluster with n different interstitial
atoms [40].

3. Results

Previous studies on Ni-containing equi-atomic fcc alloys and
CCAs have suggested that increasing the number of principal ele-
ments can enhance the compositional complexity, which can mod-
ify defect dynamics to promote annihilation of radiation damage
that ultimately enhance radiation tolerance [11]. Besides, the gen-
eration, distribution and evolution of defects in the early stage of
displacement cascades are important information for obtaining the
mechanisms of irradiation resistance [41,42]. Therefore, we first in-
vestigate the radiation induced defect formation upon a displace-
ment cascade for bcc CCAs with different numbers of principal el-
ements. As shown in Fig. 1, the surviving defect data are compared
among pure Mo, MoNb, MoNbTa and MoNbTaW CCAs. For both
30 keV and 50 keV displacement cascade cases, the number of sur-
viving Frenkel pairs and interstitials in clusters are generally less
than that in fcc CCA systems [11], indicating a better performance
of bcc CCA systems [43,44]. More importantly, we find that it is not
always true that more surviving Frenkel pairs means more intersti-
tials aggregate to form clusters in bcc CCAs. For example, the num-
ber of Frenkel pairs in MoNb is more than that of pure Mo(Fig. 1(a)
and (b)), but the number of interstitials in clusters is less in both
cascades of 30 keV and 50 keV(Fig. 1(c) and (d)). However, further
complicating the composition to MoNbTa and MoNbTaW decreases
both Frenkel pairs and interstitials clusters.

More strikingly, the CCAs exhibit excellent resistance to the for-
mation of interstitial clusters compared to elemental materials. At
30 keV, there are around 12 mean number of interstitial atoms in
the size of 2-10 clusters in pure Mo. It is more than twice as many
as that in other three CCAs. The difference in the size of 11-30
clusters is tinny for all the metallic materials. Note that the binary
MoNb CCA has shown a good enough suppressed interstitial atoms
accumulation, i.e., the total number of interstitials within the clus-
ters of all sizes is reduced by over 50%. The same is true for 50 keV
displacement cascade cases where the capability of resisting inter-
stitial clusters formation in pure Mo is obviously worse than that
of other three CCAs, as shown in Fig. 1(d). We note that the defect-
cluster reduction among CCAs between 30 keV and 50 keV is a bit
different (see Table 1), i.e., the effect of composition complication
is stronger when undergone higher PKA energy cascade.

In Fig. 2, the typical morphology of surviving defects of pure
Mo and the three CCAs for 50 keV radiation case are visualized.
The red and purple atoms present the self-interstitial atoms and
vacancies respectively. In each case, we can find large interstitial
clusters, which act as a precursor of dislocations, demonstrated by
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Fig. 1. Comparison of irradiation-induced damage in elemental Mo and MoNb, MoNbTa, MoNbTaW CCAs. (a-b) Number of surviving Frenkel pairs at cascade energy of 30 keV

and 50 keV. (c-d) Number of interstitials in different sizes clusters at cascade energy of 30 keV and 50 keV.

Table 1

Averaged defect number after PKA for Mo, MoNb, MoNbTa and MoNbTaW.

Epka(eV)  Element composition  Frenkel pairs Interstitials in clusters(size:2-10)  Interstitials in clusters(size:11-30)  Interstitials in clusters(size:30+)
30keV Mo 47.6 11.6 13 0

MoNb 53.9 41 1.7 0

MoNbTa 42.2 3.2 0.7 0

MoNbTaW 39.6 4.4 2.5 0
50keV Mo 76.3 233 33 3.7

MoNb 82.9 8.1 2.8 0

MoNbTa 64.2 6.0 22 0

MoNbTaW 54.3 7.3 1.7 0

1/2(111) dislocation loops formed around these interstitial clusters.
In this aspect, it is consistent with previous studies that the clus-
tering of self-interstitial atoms predominate the formation of dis-
locations in bcc alloy systems [45]. Hereafter, we will mainly focus
on the information of radiation-induced interstitial clusters.

We find the suppression of interstitial atoms accumulation in
binary systems depends on the chemical composition (alloying el-
ements) seriously. Fig. 3 compares the Frenkel pairs and intersti-
tial clusters formation behaviors of three Mo-based binary CCAs i.e.
MoNb, MoTa and MoW. The three binary CCAs have similar com-
positional complexity, but the number of Frenkel pairs in MoNb is
obviously more than that in MoTa and MoW at 30 and 50 keV (see
Fig. 3(a) and (b)). Nevertheless, in Fig. 3(c) and (d), we show the
ability of suppressing interstitial clusters in MoNb CCA still outper-
forms other two CCAs, and this is demonstrated by showing less
interstitials in clusters. In contrast, MoW CCA has the worst ability
to resist interstitial clusters formation, while MoTa CCA in between.
Summarizing the results shown in Fig. 3 ; the relative interstitial

clusters forming resistance of these three CCAs can be ranked in
the order from the worst to the best as MoW< MoTa < MoNb.
However, like the result in Fig. 1, the MoNb CCA resides the most
Frenkel pairs. This is quite different from normal cases where the
more interstitial atoms, the greater chance of forming interstitial
clusters. It seems that alloying element Nb can dictate the intersti-
tial atoms that are unwilling to agglomerate together. The specific
element seems play a significant role here.

Therefore, we investigated the effect of Nb concentration on the
primary radiation damage behavior. Fig. 4 compares the number
of Frenkel pairs, isolated self-interstitials and interstitials in clus-
ters in Mo-Nb system with different Nb concentration of 0%, 25%,
50%, 75% and 100% mole fraction of Nb atoms. It is evident that
both the number of Frenkel pairs and isolated self-interstitials in-
crease (Fig. 4(a)) continuously as the Nb content rises, but with
less interstitials in clusters (Fig. 4(b)). It is until the Nb content
reach to 50%~75% that the ability of clusters formation resistance
tends to be saturated (see Fig. 4(b)), but the number of Frenkel
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Fig. 2. 3D atomic configure of defects survived in (a) Mo, (b) MoNb, (c) MoNbTa and (d) MoNbTaW when undergone a 50 keV displacement cascade.

pairs still increase. However, if we increase the Nb concentration
up to 100% or pure Nb metal, the number of interstitials in clusters
with size 2-10 grows sharply, even higher than that of elemental
Mo, leading to a sudden reduction of isolated self-interstitals. Ob-
viously, besides the alloy elemental concentrations and types, the
compositional heterogeneity should play a significant role in radi-
ation tolerance of bcc CCAs.

To address this issue, we compared the primary radiation dam-
age behaviors of three different equi-atomic MoNb binary CCAs.
The three CCAs only differ in the compositional arrangement. They
are B2 periodic arrangement structure, random solution structure
(RSS) and local chemical ordering structure (LCO). Here, B2-MoNb
CCA has “man-made” periodic site lattice site-occupation of Mo
and Nb atoms, which is very spatial homogeneous compositional
distribution. The LCO-MoNb CCA is obtained from the equilibrium
configurations after annealing the RSS-MoNb CCA with the help of
Monte Carlo (MC) simulations at 300 K, showing chemical short-
range ordering. The RSS-MoNb CCA presents ideal CCA. The cor-
responding statistics of surviving Frenkel pairs and interstitials in
clusters of these three CCAs after the 30 keV displacement cas-
cade is shown in Fig. 5. The number of Frenkel pairs of three type
of MoND is similar, in which RSS-MoND is slightly less. In addi-
tion, the MoNb CCAs with compositional heterogeneity including

RSS-MoNb and LCO-MoNb show less interstitial atoms in clusters
with size of 2-10. Note that the LCO-MoNb shows the best per-
formance of suppressing interstitial clusters formation among the
three CCAs, even no larger clusters (size of 11-30).

4. Discussions

Previous studies on Ni-based fcc HEAs have indicated that the
good radiation resistance of CCAs is related to their unique slower
energy dissipation and lower defect cluster binding energy com-
pared with elemental materials [11], both of which are based on
the ideal CCAs with perfect random solid-solution state. However,
even for ideal CCAs, Jin et.al. pointed out that the radiation damage
resistance directly correlates with the heterogeneity of defect diffu-
sion due to the randomness nature of lattice site-occupation [46].
Our simulation results also suggest the important role of alloying
elements as well as its spatial heterogeneity. In the following, we
will focus on the above two factors and how to use them to design
new bcc CCAs with better radiation tolerance.

4.1. Alloying elements

We first analyzed the effect of alloying elemental types in the
radiation damage resistance. Here, we focus on the three Mo-based
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binary CCAs, which are MoNb, MoTa and MoW. In Fig. 3, we have
shown that the three CCAs have quite different radiation dam-
age behaviors. In particular, MoNb CCA shows significant num-
ber of interstitial atoms but only a few interstitials in clusters af-
ter a displacement cascade. Therefore, we first calculated the self-
interstitials formation energy of three binary CCAs. Different from
pure elements or dilute alloys, the self-interstitials formation en-
ergy in bcc CCAs is quite different from one place to another. In
this scenario, bcc CCAs have wide range of local self-interstitials
formation energy, i.e., the self-interstitials formation energy is not

a constant value. Instead, the value of formation energy can cross
several eV.

The probability distribution of self-interstitials formation energy
in three binary CCAs is compared in Fig. 6(a), (b) and (c). Among
the three CCAs, MoNb has the lowest self-interstitials formation
energy, in the region of 3-5.5 eV, and the interval of MoTa and
MoW is around 4.9-6.5 eV, 7-9.1 eV, respectively. It is consistent
with our finding that MoNb CCA has the most Frenkel pairs but the
MoW CCA has the least ones at 50 keV(Fig. 3(b)). Besides, we note
that there exist considerable gaps of self-interstitials formation en-
ergy between the two principal elements in MoNb and MoW CCAs.
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The formation energy of Nb interstitials is lower than Mo in MoNb
system but the opposite in MoW system. With the increase of Nb
concentration, more locations in MoNb systems possess low forma-
tion energy of self-interstitial, facilitating the formation of Frenkel
pairs (Fig. 4(a)). Also, it helps use explain the data of chemical con-
centrations shown in Table 2 (we will discuss it later).

Besides, we also calculated the binding energy of interstitial
clusters with the size of 2, 4 or 8 for the three CCAs in Fig. 6(d).
The results are in good agreement with the radiation damage data
in Fig. 3(c) and (d) where MoW> MoTa > MoNb sorted by the

number of interstitials in clusters. In Fig. 6(d), MoW CCA has the
highest binding energy of interstitial clusters while MoNb has the
lowest one, and MoTa is in between. Often, the higher the cluster
binding energy, the more and larger clusters can survive. It also
helps us to understand why MoTa CCA has less number of surviv-
ing Frenkel pairs than MoW at 30 keV(Fig. 3(a)), i.e., the interstitial
atoms in MoW CCA are more prone to be clustering than MoTa,
which retards the interstitial-vacancy annihilation, giving rise to
more surviving Frenkel pairs. These suggest that both the forma-
tion energy of self-interstitials and binding energy of interstitial
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Table 2
Local chemical concentration of regions around the isolated self-interstitials and in-
terstitial clusters in MoNb, MoTa and MoW CCAs.

MoNb MoTa MoW
Regions around isolated Mo:30% Mo:52% Mo:60%
self-interstitials Nb:70% Ta:48% W:40%
Regions around interstitial Mo:46% Mo:45% Mo:56%
clusters Nb:54% Ta:55% W:44%

clusters can serve as order parameters to guide the selection of
alloying elemental types for a better radiation tolerance.

4.2. Compositional heterogeneity

Before studying the effect of compositional heterogeneity, we
first analyzed the correlation between surviving local defects and
chemical concentrations. Here, we show the local chemical concen-
trations around isolated self-interstitials and interstitial clusters of
three binary CCAs, which are equi-atomic MoNb, MoTa and MoW,
as listed in Table 2. We find quite different features of local chem-
ical concentrations for regions of isolated self-interstitials and in-
terstitial clusters. Among the three different CCAs that undergone
the same 30 keV displacement cascade, the local chemical con-
centrations of regions near isolated self-interstitials in MoNb and
MoW are largely departed from the equi-atomic ratio while no
obvious segregation observed in MoTa system. In contrast, nano-
regions around the interstitial clusters show local chemical con-
centrations that are not far from the global average concentration.

Simutanously, the three binary CCAs show quite different forma-
tion behaviors of self-interstitials. Self-interstitials in MoNb CCA
prefer to locate or be formed at the Nb-rich regions while MoW
CCA shows self-interstitials located at Mo-rich regions. However,
MoTa CCA has no obvious preference. All these indicate that lo-
cal chemical concentration or compositional heterogeneity governs
the formation of radiation induced point defects. Then, a question
naturally rises about what the latent variables given by the com-
positional heterogeneity determines the radiation damage.

We then measure the tendency of local segregation for the
three types of MoNb CCAs in Fig. 5 by calculating the corre-
sponding Warren-Cowley SRO parameters, o [39]. We only fo-
cused on the first nearest neighbor spacing. Here, @ ranges from
—1 to 0, where 0 means the complete random and disorder, —1
means complete periodic arrangement. Other values between —1
and O indicate a certain degree of local segregation. As shown in
Fig. 7(a), afy, np and afy . are only slightly negative (—0.002)
for RSS-MoNb with almost ideal solid-solution. However, the ab-
solute value of Warren-Cowley SRO parameter is much larger in
LCO-MoNb, indicating considerable Mo-Nb ordering or local segre-
gation. Both o, . and o}, . of “man-made” B2-MoNb are —1,
a complete periodic arrangement.

Subsequently, we analyzed how the self-interstitials formation
energy and cluster binding energy correlated to the local chemical
environments. In Fig. 7(b), we show the probability distribution of
self-interstitial formation energy of three types of MoNb CCAs. The
self-interstitial formation energy of B2-MoNb has constant values.
Instead, the compositional heterogeneity renders both RSS-MoNb
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and LCO-MoNb a wider range of local defect formation energies,
the interval or variance of which is related to the intensity of their
local fluctuations. It is found that a larger proportion of locations
have lower formation energy than B2-MoNb, which help to trap
the moving self-interstitials and may retard the formation of self-
interstitial clusters. Fig. 7(c) compared the binding energy of in-
terstitial clusters as a function of cluster size, and B2-MoNb has
the highest cluster binding energy which should make interstitial
clusters more likely to appear. However, the compositional hetero-
geneity in MoNb CCAs sharply reduces the clusters binding energy,
rationalizing the less interstitials in clusters after the displacement
cascade. It is important to note that with the help of local short-
range order, the LCO-MoNb shows the lowest binding energy of
interstitial clusters, also the best radiation damage resistance.

4.3. Optimization strategy

In order to investigate the degree to which our findings help
design bcc CCAs with better radiation tolerance, we performed ad-
ditional sets of MD calculations of new multi-principal alloys. In
this subsection, both the alloying elements and compositional het-
erogeneity will be tuned to predict new alloys of good radiation
tolerance. Then, MD simulations of primary radiation damage will
be carried out to validate our predictions.

Firstly, we focus on the screening of new alloying elemental
types that can reduce the interstitial clusters binding energy. In

Fig. 6, we have shown that equi-atomic MoNb, MoTa and MoW
CCAs have quite different cluster binding energies. Here, we pro-
pose an empirical formula to build the relationship between the
interstitial clusters binding energy and the self-interstitials forma-
tion energy of pure elements in equi-atomic binary systems. In this
formula, the binding energy of interstitial clusters is described as

Ediffer v
SI
Ecjuster o ( Faver )
SI

where Ej . is interstitial clusters binding energy, Eglif fer s the
difference between the self-interstitial formation energy of two
pure elements and E{®" is the average self-interstitial formation
energy of two pure elements, they are always positive. y always
be negative, means E,,, iS inversely proportional to the value
in brackets. We fitted the data of Fig. 6(d) in clusters size of 4.
As shown in Fig. 8(a), the x-axis increases logarithmically, all the
data points located in the same line, indicating a reasonable model.
With help of this empirical formula, we can screen new equi-
atomic binary bcc CCAs easily using only the self-interstitial for-
mation energy of pure elements. Among the elements Mo, Nb, Ta
and W, equi-atomic binary NbW (the red start in Fig. 8(a)) pos-
sesses the lowest binding energy of interstitial clusters. Therefore,
it should have a better radiation tolerance. This prediction agrees
well with our following MD simulations. The number of intersti-
tials in clusters in NbW after the 50 keV displacement cascade is

(1)
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indeed less than that in MoNb (Fig. 8(b)). It is important to note
that the defect formation energy and binding energy can also be
calculated by DFT calculations, which have a higher accuracy and
better predictability for specific alloy systems.

Secondly, we confirm the role of local chemical ordering in im-
proving the radiation tolerance of multi-principal CCAs in general.
Fig. 9(a) compared the binding energy of interstitial clusters among
different CCAs between RSS and LCO. For equi-atomic binary MoW,
ternary MoNbTa, and quaternary MoNbTaW CCAs, the binding en-
ergies of interstitial clusters are all reduced after MC annealing
or introducing LCO. Since such effect is the strongest in ternary
MoNbTa, we calculated the interstitial clusters accumulation after
the cascade in Fig. 9(b). Similar to Fig. 5(b), the number of intersti-
tials in clusters is reduced after the MC annealing. This suggests a
general strategy of tailoring the radiation tolerance of bcc CCAs by
local chemical ordering. Actually, before the present study, tailor-
ing the degree of LCO has been successfully applied in tuning the
stacking fault energies and mechanical properties of HEAs [47,48].

5. Conclusions

In summary, we have investigated the primary radiation dam-
age in bcc concentrated solid-solution alloys by means of large-
scale molecular dynamics simulations. Our findings can be sum-
marized as following: (1) With proper alloying elements and lo-
cal chemical ordering, even binary concentrated solid-solution al-
loys can show excellent radiation tolerance, not to mention bcc
medium or high entropy alloys; (2) The formation energy and clus-
ter binding energy of self-interstitials play an important role in the
behavior of primary radiation damage; (3) Compositional hetero-
geneity can serve as tunable order parameters to tailor radiation
tolerance of complex concentrated alloys. Due to the nanoscale
chemical heterogeneity widely found in different solution concen-
trated alloys, our findings are expected to apply to high entropy
alloys in general.
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