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a b s t r a c t

The structural materials of nuclear reactors are subjected to an environment of complex mechanical
stresses, which has been reported to significantly affect the primary radiation damage suffered by the
structure. In this study, we perform classical molecular dynamics simulations to study the effects of
mechanical strains on the defect morphology due to primary radiation damage for a collision energy of
5 keV in face-centered cubic Ni. We consider the effects of four representative types of mechanical
strains: hydrostatic, tetragonal shear, monoclinic shear, and uniaxial strains, and we discuss three aspects
of the defect morphology: 1) time evolution of generated Frenkel pairs, 2) size distribution of defect
clusters, and 3) fraction of clustered defects. We find that volumetric and anisotropic strains differently
and significantly influence the primary radiation damage to the structure via affecting the intrinsic
physical properties associated with the generation, formation, migration, or binding of Frenkel pairs; this
result is generally consistent with those of many simulations. We believe our current study can aid in
providing a fundamental mechanistic understanding of primary radiation damage in Ni-based alloys (for
e.g., high-entropy alloys) as well as the subsequent long-term microstructural evolution.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In nuclear fission and fusion reactors, the microstructural evo-
lution of structural materials subjected to irradiation results in the
adverse aging/deterioration of their mechanical properties, which
can significantly affect the reactor safety and lifetime [1e4]. As the
first stage of irradiation damage accumulation, primary radiation
damage leads to the generation of numerous Frenkel pairs (FPs), i.e.,
vacancies and self-interstitials (SIAs), and these defects form the
seed of the subsequent long-term evolution of the microstructure.
Thus, the mechanistic understanding of primary radiation damage
in structural materials is a key issue in nuclear science and
engineering.

Nickel (Ni)-based alloys are widely used as structural materials
owing to their highly desirable mechanical properties and struc-
tural stability [2]. In particular, Ni-based high-entropy alloys (HEAs)
have been reported to exhibit good irradiation resistance, which
makes them potential candidates for structural materials in next-
generation nuclear reactors [5,6].
, wangbiao@mail.sysu.edu.cn
Against this backdrop, here, we focus on the primary radiation
damage of face-centered cubic (FCC) Ni (the prototype system of a
large group of Ni-based HEAs), and we study the fundamental
mechanism of the microstructural morphology and evolution un-
der irradiation, which can provide insights into the irradiation
damage accumulation of Ni-based HEAs.

As is well known, primary radiation damage is associated with a
complex non-equilibrium process in a short duration (several pi-
coseconds). However, this process cannot easily be directly
observed in experiments. In this context, we note that computer
modeling, particularly molecular dynamics (MD) simulation, is a
powerful tool to understand the fundamental mechanism of such
complex processes [7e10]. Typically, primary radiation damage is
investigated by assuming a collision cascade initiated by a primary
knock-on atom (PKA) energized by neutrons or other injected
particles. In this context, it has been found that external environ-
mental factors (PKA energy, temperature, etc.) and intrinsic pre-
existing crystalline defects in the structural materials exert signif-
icant influence on the microstructural morphology and evolution
arising from primary radiation damage, including the numbers and
clustering of the resulting defects and their distribution [10e12].
However, most previous MD simulation studies on collision cas-
cades have been conducted assuming the strain-free condition of
the structure, while little attention has been paid to the effects of
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Fig. 1. Schematics of mechanical strains applied to FCC Ni crystal (left) and primary
radiation damage (right). Here, four type mechanical strains are considered: (a) hy-
drostatic εH , (b) tetragonal shear εT , (c) monoclinic shear εM, and (d) uniaxial strains εU .
The dark green box represents the original FCC crystal, the orange box the strained
one, and the red arrow the action of the positive strains applied. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

1 ’þ’ (’-’) denotes elongation (compression) of the supercell in three dimensions.
2 ’þ’ (’-’) denotes elongation (compression) of the supercell in the ½100� direction

with compression (elongation) along both the ½010� and ½001� directions.
3 ’þ’ denotes change in the xy tilt factor.
4 ’þ’ (’-’) denotes elongation (compression) of the supercell along the ½100�

direction.
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mechanical loading. In fact, the structural materials in reactors
usually experience an environment of complex mechanical stresses
and strains, for e.g., external loading, thermal stress, and strains
induced by void swelling and solute precipitation [13,14]. In addi-
tion, high density of the extended defects like hydride precipitates
and helium bubbles could even induce very high local stress in
materials [15].

Mechanical strain has been determined to be a key factor in
primary radiation damage; for instance, such strain can change the
formation, migration, binding, and threshold displacement en-
ergies of radiation-induced defects and thus the microstructural
morphology after the collision cascade process. Recent simulations
have indicated that different types of applied strains lead to various
types of changes in the defect morphology. For example, in body-
centered cubic (BCC) metals (e.g., Fe or W), the application of
volumetric (for e.g., uniaxial and hydrostatic) strains significantly
increases the number of surviving defects [16,17]. However, this is
not the case when volume-conserved (e.g., tetragonal and mono-
clinic shear) strains are applied, because the threshold displace-
ment energy (TDE) and formation energy are more sensitive to
changes in the system volume [18,19]. On the other hand, for FCC
metals (e.g., Cu), the application of both volumetric and volume-
conserved strains can result in the formation of a larger number
of survival defect clusters after the cascade process [20,21].
Extended defects such as void and stacking faults can also be
generated [22]. Meanwhile, hexagonal close-packed (HCP) metals
(e.g., Zr) subjected to the cascade process reportedly exhibit
entirely different morphologies. In such metals, the applied uni-
axial strains significantly influence the size of the defect clusters,
but not the number of surviving defects [23]. However, in all cases,
themechanical loading effects on the primary radiation damage are
found to primarily affect the crystalline structure and intrinsic
physical properties [11].

Meanwhile, very few simulations have considered the effects of
mechanical loading on primary radiation damage in FCC Ni. Such
investigations can provide fundamental mechanistic insights into
the irradiation damage accumulation of Ni-based alloys (e.g., Ni-
based HEAs). Against this backdrop, here, using classical MD sim-
ulations, we study the microstructural morphology (defect gener-
ation and clustering, size distribution of defect clusters, etc.)
induced by collision cascades under various external mechanical
strains (hydrostatic, tetragonal shear, monoclinic shear, and uni-
axial strains) in FCC Ni to obtain a fundamental mechanistic un-
derstanding of the mechanical loading effects on primary radiation
damage. The paper is structured as follows: our simulation method
is presented in Sec. 2. The results and discussion are presented in
Sec. 3, and conclusions are drawn in Sec. 4.

2. Simulation method and details

In the study, we carried out MD simulations using the Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
software package [24]. The many-body potential based on the
embedded-atom method (EAM) [25] developed by Bonny and co-
workers [26] was adopted to describe the long-range interatomic
interactions between Ni atoms, as this approach has been found
appropriate for studying primary radiation damage in Ni-based
alloys [5,27,28]. The short-range interatomic interactions were
described with the use of the ZieglereBiersackeLittmark (ZBL)
universal potential [29] by smooth spline-fitting to the Bonny po-
tential [34].

The simulation supercell contained 50 FCC unit cells along each
dimension in the Cartesian coordinate system, including 500,000
Ni atoms, and the periodic boundary conditionwas applied to avoid
surface effects. The system was firstly relaxed to a thermal
equilibrium state under the isothermal-isobaric (NPT) condition for
50 ps, with the temperature fixed at 300 K and the pressure
controlled to 0 bar using the Nos�eeHoover thermostat and baro-
stat, respectively [31,32], to obtain the equilibrium lattice constant
of 3.551 Å. Here, the phase trajectory was acquired by solving the
equations of motion based on the velocity-Verlet approachwith the
time step set to 2 fs. Next, the systemwas relaxed under the applied
mechanical strains by correspondingly rescaling the supercell for
another 100 ps of MD runs to obtain a strained atomic configura-
tion. The schematic in Fig. 1 shows the various types of applied
mechanical strains, which form the external environment to the
collision cascade process: (a) hydrostatic strain εH (from �3%
to þ2%)1, (b) tetragonal shear strain εT along the ½100� direction
(from �3% to þ4%)2, (c) monoclinic shear strain εM (from 0%
to þ4%)3, and (d) uniaxial strain εU along the ½100� direction
(from �5.5% to þ4%)4, with the strain interval being set to 0.5%.
Here, we note that the hydrostatic and uniaxial strains are volu-
metric, while the tetragonal and monoclinic shear strains are vol-
ume-conserved.

After the strained atomic configuration was obtained, the cell
was subjected to PKA energy by setting the velocity of an atom at
center of supercell in random direction. Meanwhile, we have per-
formed additional simulations with a commonly used high-index
direction (the ½135� direction, defined in the original supercell)
for all strains, corresponding results are presented in the Supple-
mentary Materials Fig. S1, Fig. S2, and Fig. S3. Here, the velocity is
set to the value corresponding to the kinetic energy of 5 keV, which
is the typical recoil energy in collision cascade simulations [16,33].
The collision cascade is simulated in an NVE ensemble while the
outer two atomic layers of the supercell in an NVT ensemble where
the temperature is set as 300 K with Berendsen thermostat to
extract heat from system [33,34]. In the final step, the system was
relaxed for at least 20 ps by application of a variable time step



Fig. 2. (a) Time dependence of number of generated Frenkel pairs NFPðtÞ and (b)
effective generation rate GFPðtÞ induced by 5 keV PKA injection into FCC Ni at 300 K.
The non-equilibrium cascade process can be divided into five phases as a function of
the elapsed time. The red region represents the supersonic phase, orange the sonic
phase, yellow the sonic recovery phase, green the in-cascade athermal recombination
phase, and blue the kinetic phase. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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algorithm, wherein the time step was constrained to limit the
maximum atomic displacement to 0.01 Å for each MD integration
step [36]. The irradiated phase trajectory was acquired for defect
analysis as below: To limit the statistical error, each scenario was
repeated for 50 independent MD simulations.

After the MD run and obtainment of the phase trajectory, defect
identification was performed with the use of displaced atom (D-A)
analysis [37]. As per the analysis, a sphere centered on an arbitrary
perfect lattice site with a radius of 0.27 lattice constant [34] was
used to define the spacing occupied by a regular atom; conse-
quently, any atom that did not locate within these spheres was
identified as an interstitial, and a sphere with a missing atom was
identified as a vacancy. In addition, cluster analysis was carried out
using the first-nearest-neighbor (1NN) distance for SIAs. It has been
checked that varying the cutoff from 1NN to 4NN did not alter the
qualitative results (shown in the Supplementary Materials Fig. S4).
All the visual images were prepared using the Visual Molecular
Dynamics (VMD) software package [38].

3. Results and discussion

Primary radiation damage is induced by a collision cascade
initiated with a high-energy PKA. Three aspects are usually
considered in simulations to characterize the defect morphology
induced by primary radiation: 1) evolution of FPs (NFP); 2) size
distribution of defect clusters; and 3) fraction of clustered defects.
Here, we note that the details of the defect morphology due to
collision cascades are considered as important input parameters of
computer modeling models developed for the long-term evolution
of irradiation damage accumulation, for e.g., kinetic Monte Carlo
(KMC) or rate equations (RE, or reaction rate theory) [39]. In this
section, considering the results under the strain-free condition as
the reference, we discuss the effects of the various mechanical
strains on the three above mentioned aspects in our study of pri-
mary radiation damage in FCC Ni.

3.1. Time evolution of number of Frenkel pairs

During the cascade process, numerous FPs are generated due to
the energy and momentum transferred from the high-energy PKA
to the atoms within the material of interest. According to the FP
generation rate, the collision cascade process can be divided into
the ballistic stage and thermally enhanced recovery stage [40].
Fig. 2a and Fig. 2b show, respectively, the time-dependent number
of FPs NFP ¼ NFPðtÞ generated within the crystalline solid from the
instance of PKA injection and the corresponding effective genera-
tion rate GFPðtÞ for FCC Ni under the strain-free condition. The
generation rate is defined as

GFPðtÞ¼
dlog10N
dlog10t

(1)

From Fig. 2a, we observe that NFP increases rapidly and reaches
its maximum value (Npeak) of � 4000 in the ballistic phase, whose
duration is very short (� 0.5 ps), as measured from the instance of
5 keV PKA injection. On the other hand, in the ballistic phase, the
generation rate of FPs (GFP) shown in Fig. 2b is the highest in the
first � 0.1 ps, namely, the supersonic phase, and the rate then re-
duces to zero from 0.1 ps until the end of ballistic phase; this
reduction interval corresponds to the sonic phase [37]. Here, we
note that recoils occur because the PKA kinetic energy is signifi-
cantly larger than the TDE, which results in a supersonic shockwave
traveling inside the crystal [37,41]. In this supersonic phase, a large
number of neighboring atoms gain sufficient energy to leave their
lattice sites, which leads to the rapid increase in NFP; these FPs form
the seeds of permanent defects in primary radiation damage.
Meanwhile, atoms that are distant from the PKA cannot gain suf-
ficient energy to leave their lattice sites permanently after the
attenuation of the supersonic shockwave [42,43], which leads to a
gradual GFP reduction in the subsequent interval up to� 0.5 ps; this
phase is called the sonic phase, as shown in Fig. 2. Here, the time
instant of � 0.5 ps, when NFP ¼ Npeak, is defined as the peak time
(tpeak). In general, the damage in the supersonic phase is destruc-
tive, while that in the sonic phase is nondestructive [37,43].
Therefore, beyond tpeak, the transiently displaced atoms return to
their lattice sites, which corresponds to a negative GFP , i.e., a
reduction in NFP . This phase is what we called the sonic recovery
phase of the thermally enhanced recovery stage, corresponding to
the interval of 0.5 ps < t <1:2ps. Subsequently, FPs recover because
of the strong intrinsic strain field induced by the strong lattice
disorder that persists at the core of the cascade; thus, GFP increases
to zero at the end of the cascade (tend, corresponding to � 5 ps in
Fig. 2). After the cascade, the system tends to reach a thermal
equilibrium state, i.e. the kinetic phase, and NFP remains constant,
which is referred to as the number of surviving FPs (Nsurv).

Fig. 3 plots the time-evolution behaviors of FPs generation under
various types of mechanical strains: (a) hydrostatic strain εH , (b)



Fig. 3. Time dependence of number of generated Frenkel pairs NFP and effective generation rate GFP of FCC Ni under various applied mechanical strains: (a) hydrostatic εH , (b)
tetragonal shear εT , (c) monoclinic shear εM, and (d) uniaxial strains εU . The arrows indicate the corresponding tendencies.
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tetragonal shear strain εT , (c) monoclinic shear strain εM , and (d)
uniaxial strain εU . Upon comparing the results between the strained
and strain-free conditions, we were able to analyze the effects of the
mechanical strains. Here, keeping in mind the different mechanisms
affecting the NFP and GFP values, we discuss the effects according to
the various phases of primary radiation damage.
(1) In the supersonic phase, which is assumed to be an adiabatic
process, the primary radiation damage is mainly determined
by the injected PKA energy [42], and we found that it is in-
dependent with the applied strains. That is, all the applied
strains negligibly influence NFP and GFP (Fig. 3), and the
duration.
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(2) In the sonic phase, as reported in literature, the kinetic en-
ergy of the fastest atom in the system is lower than the TDE,
thereby leading to temporary atomic displacements [43].
Here, we note that the TDE value is closed related to atomic
interactions and the local environment. Therefore, the
volume-conserved strains, i.e., εT and εM in the current work,
do not significantly influence NFP and GFP , as well as the
elapsed time tpeak to reach the maximum NFP value. On the
other hand, the application of εH and εU results in the
changes to the system volume, thus significantly affecting
NFP and GFP , as shown in Fig. 3a and d. In particular, when
compared with the case of εU , the degree of volume
contraction is stronger for εH, which corresponds to a greater
increase in NFP and larger value of tpeak. In addition, while the
TDE is enhanced with reduction in the system volume, it is
only slightly affected by anisotropic deformation [18,19,44].
Therefore, the application of positive strains gives rise to
enhanced FP generation. Moreover, the duration of sonic
phase (and the time taken to reach the maximum NFP value)
increases, which can be clearly observed in Fig. 3a and d.

(3) In the sonic recovery phase, the temporarily displaced atoms
return to their lattice sites with sonic-shockwave dissipation.
In this phase, the volumetric change and anisotropic defor-
mation of the crystal are revealed to affect the recovery of FPs
in different ways. In Fig. 3a, we note that GFP increases to
large values with the isotropic increase in volume resulting
from εH application, similar to the case of the sonic phase. On
the other hand, the application of volume-conserved shear
strains, i.e., εT and εM (Fig. 3b and c) also significantly in-
fluences GFP , which suggests that anisotropic deformation
should be taken into account. Meanwhile, the application of
εU results in a complicated GFP evolution behavior: the re-
covery of FPs is enhanced with increasing volume and
restrained by anisotropic deformation (Fig. 3d).

(4) In the in-cascade athermal recombination phase, the va-
cancies and SIAs undergo recombination to reduce NFP . The
application of positive strains suppresses this decreasing
trend, regardless of whether they are volumetric or volume-
conserved strains. A similar trend is observed even under
negative strains, which indicates that both volumetric
change and shear deformation degrade the FP recovery and
increase the time consumption. Here, the increase in GFP
under anisotropic strains (i.e., εT , εM , and εU) in the sonic
recovery phase and the in-cascade athermal recombination
phase can be attributed to change in the diffusion mode of
the SIAs; SIAs “prefer” one-dimensional migration over
three-dimensional migration under anisotropic strain [45].

(5) In the kinetic phase, the damaged system finally reaches a
thermal equilibrium state, and the number of surviving FPs
(Nsurv) is related to the defect morphology resulting from the
non-equilibrium process in the collision cascade. Besides,
previous researches of the temperature effect have indicated
that the application of high temperature extends the cascade
lifetime, thereby leading to greater defect recovery and the
formation of less stable FPs [46,47]. However, in this study,
large tend values afford greater Nsurv. We posit that higher
positive strains directly generate extended defect structures,
thereby resulting in the formation of more stable FPs.

In this section, we briefly discuss the above results. In the bal-
listic stage, Npeak is sensitive to the volume change u ¼ VðεÞ=
Vð0Þ� 1, induced by either εH or εU, but nearly independent of
volume-conserved mechanical loading. This can be confirmed by
examining the plot shown in the inset of Fig. 4a, wherein Npeak
shows a well-defined volumetric-strain dependence; this result
indicates that Npeak remains unchanged when the volume is un-
changed, regardless of whichever type of strain is applied. Mean-
while, from the relation between Npeak and ε (Fig. 4a), we note that
the volume-conserved strains hardly influence Npeak. According to
the conjecture that TDE varies positively with change in the average
atomic volume of materials, we conclude that the damage in the
ballistic stage is mainly determined by the TDE, which is a function
of the applied volumetric strain.
3.2. Surviving FPs

In the thermally enhanced recovery stage, the volume change
and anisotropic deformation induced by strain application exert
significant but different effects on the structure. In Fig. 4b, we plot
Nsurv as a function of the strains and Nsurv as a function of volume
change in the inset. These plots indicate a different relationship
from that shown in Fig. 4a for each strain. For instance, Nsurv ex-
hibits an increasing trend with the volume increase induced by εH.
However, the change in Nsurv with the volume change under εU is
more significant relative to εH (inset of Fig. 4b), which indicates that
the anisotropic deformation reduces the FP recovery, thus increases
Nsurv. Such effects of anisotropic deformation can be also observed
for the results corresponding to εT and εM application; the applied
volume-conserved strains give rise to significant variation in Nsurv.
The different effects between the volumetric strains and aniso-
tropic deformation can be clearly observed in Fig. 4b, wherein Nsurv

increases upon application of the pure anisotropic strains, i.e., both
positive and negative εT and positive εM .

Furthermore, the volume compression induced by the applica-
tion of negative εH suppresses Nsurv, while expansion affords an
increase in Nsurv. In particular, for negative εU , the effect of negative
anisotropic deformation on Nsurv is in competition with that of
volume compression, and both these effects appear to cancel each
other; on the other hand, for positive εU values, both anisotropic
deformation and volume expansion enhance the growth of Nsurv.
Here, we note that similar effects of anisotropic deformation have
been reported for FCC Cu [21], but not for BCC Fe [16], which sug-
gests that the recovery ability of materials under irradiation de-
pends on their crystalline structure [11]. Moreover, the closed-
packed structure appears to be more sensitive to anisotropic
deformation. In addition, we compare the results of random and
½135� directions. It is found that the results of these two set of PKA
directions show little difference, the conclusions are consistent.
Detailed comparative information is provided in the Supplemen-
tary Materials Fig. S1, Fig. S2, and Fig. S3.

Finally, to consider how both Npeak and Nsurv change with the
applied strains, we propose the use of the so-called survival rate r to
characterize the recovery ability of materials [16]:

rðεÞ¼NsurvðεÞ
.
NpeakðεÞ (2)

Here, we note that smaller r values correspond to greater recom-
bination abilities. The relation between r and applied strain ε

(volume change u) is plotted in Fig. 4c (inset of Fig. 4c). We find that
r decreases with increase in the volume of FCC Ni under εH, which
indicates that a larger local atomic spacing aids FP recovery. How-
ever, we observe an anomalous “U-shaped” relation under εU
application relative to the results under εH application, which
suggests that anisotropic deformation significantly suppresses FP
recovery. This hypothesis can be confirmed from the plot of r vs. εM
in Fig. 4c, wherein r exhibits a progressively increasing trend with
increase in εM . Furthermore, r is only slightly affected by anisotropic
deformation under εT application.



Fig. 4. (a) Peak number of Frenkel pairs (FPs, Npeak), (b) number of surviving FPs
(Nsurv), and (c) survival rate of FPs ðNsurv =NpeakÞ in FCC Ni as functions of applied
mechanical strains: hydrostatic εH , tetragonal shear εT , monoclinic shear εM, and
uniaxial strains εU . The corresponding insets show the relation between each of the
three characteristics and the volume change. Here, the lines in the figures are plotted
for visual guidance, and the error bars denote the standard error. The red spheres in
the cube denote vacancies and green ones denote self-interstitials (SIAs).
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3.3. Size distribution of defect-clusters

In the previous section, we discussed the effects of mechanical
strains on the number of FPs generated and the FPs surviving the
collision cascade process to examine the primary radiation damage
in FCC Ni. In this section, we focus on the formation of defect
clustering, which is one of the most important aspects of the defect
morphology induced by PKAs. Here, we note that because the size
of vacancy clusters is extremely small under 5 keV PKA injection,
we only discuss the interstitial clusters here. For convenience, ac-
cording to the number of interstitials n, we categorized the
observed clusters into six size ranges: n � 2, 3 � n � 6, 7 � n � 11,
12 � n � 19, 20 � n � 32, and n>32 (Fig. 5). In particular, the
cluster with n � 2 corresponds to single SIAs or dumbbells, while
the cluster corresponding to the interval of 3 � n � 11 is called a
small-size cluster. Similarly, the cluster corresponding to
12 � n � 19 is named a medium-size cluster, and that corre-
sponding to 20 � n � 32 is a large-sized cluster. Finally, the cluster
containing 33 or more interstitials is defined as an oversized
cluster.

(1) For the cases of pure volumetric deformation induced by εH,
clusters with n � 6 are dominant. From Fig. 5a, we note that
the large volume resulting from increase in the strain re-
duces the fraction of single SIAs and dumbbells with n � 2
and enhances the fraction of clusters with n � 7. For
example, the fraction of single interstitials decreases from �
60% for the value εH ¼ �3% to � 20% when εH ¼ þ 2%. In
particular, the fractions of single SIAs and dumbbells
decrease rapidly with volume expansion (0< εH < þ 2%),
wherein the SIAs preferentially form clusters with larger
sizes.

(2) For the case of tetragonal shear deformation induced by εT
(Fig. 5b), small-sized clusters (7 � n � 11) are predominant
when compared with the εH case. In addition, as regards the
single SIA and dumbbells, this fraction decreases regardless
of the application of positive or negative εT , and the fraction
of larger-sized clusters (n � 12) increases, corresponding to
the “U-shaped” trend observed in the figure.

(3) As regards the monoclinic shear deformation induced by εM
(Fig. 5c), small-sized clusters (n � 11) are dominant when
εM < þ 2%, and larger-sized ones (n � 12) are easily formed
when the applied εM values are large.

(4) For the cases of εU , the cluster size distribution exhibits a
mixture of the distribution features induced by εH and εT
(Fig. 5d). For example, the fraction of single SIAs and
dumbbells rapidly decreases with increase in εU in the case of
volume expansion. For the fraction of the medium-size
cluster, we observe a “U-shaped” behavior similar to the
case of εT .

From these results, we find that volumetric deformation and
anisotropic volume-conserved deformation differently affect the
size distribution of the SIA clusters. According to previous
studies, the size distribution is mainly determined by the fact
that ε changes the formation energy Ef [16] and migration energy
Em [48] of freely moving FPs. For example, Ef shows a decreasing
trend with increase in the system volume, induced either by εH or
εU , and therefore, freely moving SIAs are more easily generated.
Moreover, the reduction in Em due to the volume expansion re-
sults in an increasing number of clusters. Therefore, the fraction
of smaller clusters decreases with increasing volume, and a larger
number of large-sized clusters are formed. On the other hand, the
anomalous defect morphology induced by anisotropic deforma-
tion under εT has also been reported in FCC Cu [20]. Here, we



Fig. 5. Size distribution of SIA clusters in FCC Ni subjected to applied mechanical strains: (a) hydrostatic εH , (b) tetragonal shear εT , (c) monoclinic shear εM, and (d) uniaxial strains
εU . The arrows indicate the distribution tendencies.
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note that clustering behavior is suggested to be related to the
binding energy [11]. However, in this study, the difference in
binding energy under various strain types might be too small to
affect short-duration single-cascade events; thus, the effect of
strain on the binding energy needs further investigation. From
our findings, we can conclude that volumetric change and
anisotropy are both key factors affecting the size distribution of
clusters; for instance, expansion induces defect clustering,
thereby leading to the formation of a reduced number of point
defects, whereas the destruction of cubic symmetry also pro-
motes clustering.
3.4. Fraction of clustered defects

In addition to the size distribution of clusters, the fraction of
SIA clustering is also considered a key aspect that can shed light
on the defect morphology. Here, the fraction of SIA clustering is
defined as the ratio of the number of clustered SIAs (number of
SIAs in a cluster of n � 9) to the total number of surviving SIAs.
From Fig. 6, we find that mechanical loading significantly affects
SIA aggregation. For the volumetric deformation induced by εH,
the SIA clustering fraction exhibits a progressively increasing
trend from negative values to positive values with increasing εH ,



Fig. 6. Fraction of clustered SIAs in FCC Ni as function of applied mechanical strains:
hydrostatic εH , tetragonal shear εT , monoclinic shear εM, and uniaxial strains εU . The
lines in the figure are plotted for visual guidance, and the error bars denote the
standard error.

Q. Guo et al. / Journal of Nuclear Materials 537 (2020) 1521918
thereby indicating that the volume expansion favors defect
clustering. However, a similar “U-shaped” behavior of the clus-
tering fraction is also observed in the case of εT , which suggests
that anisotropic deformation, either positive or negative, also
enhances defect clustering. A similar behavior can be observed in
the case of εM as well. Moreover, the competition between vol-
ume compression and anisotropic deformation determines the
behavior of clustering upon applying negative εU strain. From
Fig. 6, we note that under small uniaxial strains (for e.g., εU > �
3%), the reduction in SIA clustering due to volume compression is
dominant, while the enhancement due to anisotropic deforma-
tion is comparable with volume compression when εU < � 3%.
Here, we note that as discussed in the previous section, the in-
teractions between SIAs determine their aggregation, wherein
Fig. 7. Schematic of mechanical strains applied to FCC Ni crystal denoting volume change a
green spheres in the cluster configuration denote interstitials, and the red ones denote vaca
referred to the Web version of this article.)
the strain forms a significant factor. However, because the dif-
ference in binding energy between SIAs induced by applied
strains might be very small relative to the energy of thermal
fluctuations during a single cascade event, the difference cannot
be easily estimated [11]. Moreover, the SIA clustering behavior is
believed to be more pronounced under higher doses of irradia-
tion (for e.g., higher recoil energy or damage accumulation by
overlapping cascades); thus, the fundamental mechanism un-
derlying defect clustering requires further investigations.
4. Conclusions

We utilized MD simulations to study the effects of mechanical
strains on the defect morphology of the primary radiation damage
occurring in FCC Ni for radiation with a collision energy of 5 keV.
Four representative types of mechanical strains were considered:
hydrostatic εH , tetragonal shear εT , monoclinic shear εM, and uni-
axial strains εU , which resulted in purely volumetric (by εH),
volume-conserved anisotropic (by εT and εM) and volumetric
anisotropic deformation (by εU) (schematically shown in Fig. 7).
Furthermore, we discussed three important aspects of the defect
morphology: 1) time evolution of the generated FPs; 2) size dis-
tribution of defect clusters, and 3) fraction of clustered defects. Our
findings show that volumetric strains induce volume changes and
consequently affect the TDE and the number of FPs generated, for
e.g., volume expansion enhances the range of radiation damage in
the ballistic stage of the collision cascade process. On the other
hand, both volumetric and anisotropic deformations induced by
applied mechanical strains significantly influence the recovery of
FPs in the thermally enhanced recovery stage and consequently the
number of surviving FPs. Furthermore, the enlargement in volume
due to applied εH or εU favors the clustering of self-interstitials; and
vice versa. Moreover, the anisotropic deformation induced by
positive or negative applied strains gives rise to more SIA clusters.
Finally, from the results of the fraction of clustered SIAs, we
demonstrate the presence of the competing effect between volu-
metric deformation and anisotropic deformation, which gives rise
to a complicated defect morphology. Our findings clearly indicate
that the applied mechanical strains significantly affect the primary
radiation damage and the subsequent microstructural evolution
along expected lines.
nd anisotropy (left panel) and radiation damage to the system under strain (right). The
ncies. (For interpretation of the references to colour in this figure legend, the reader is
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