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Abstract
Bi-phase interfacial engineering is an effective method for improving irradiation resistance, as
interfaces play a critical role in defect generation and annihilation. In this work, molecular
dynamics simulations are performed to investigate the evolution of the high entropy
crystalline/amorphous laminates under ion irradiation. The effects of the crystalline/amorphous
interface (ACI) on the distribution of point defects in the high entropy alloy (HEA) as well as on
the microstructure evolution in metallic glass (MG) plates are investigated. During irradiation,
fewer activated point defects were found in the HEA plate of the MG/HEA laminates compared
to a free-standing HEA. In addition, the interface acts as a defect sink, accelerating the
annihilation of interstitials at the interface. As a result, residual vacancies accumulate in the
crystalline region following the first cascade, leading to a segregated distribution and an
imbalance between the vacancies and interstitials in the HEA plate. Vacancy accumulation and
clustering are responsible for the formation of stacking faults and complex dislocation networks
in the HEA plate in the subsequent overlapping cascades. The interface also acts as a
crystallization seed, accelerating the crystallization of the MG plate during irradiation process.
However, the structural damage in the MG plate is mitigated by the redistribution of the free
volume generated in the collision cascade zone, resulting in structural stability of the MG plate
in the overlapping cascades.

Supplementary material for this article is available online
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1. Introduction

With the development of next generation nuclear reactors,
the operating environment for nuclear structural materials is
becoming more severe [1, 2]. One of the main challenges
of fission reactors is the irradiation-induced structural dam-
age, which leads to swelling, hardening, embrittlement and
even failure of materials [3–5]. High entropy alloys (HEAs)
have excellent mechanical properties and irradiation tolerance
due to their single-phase solid solution with multi-principal
element alloys [6, 7]. As demonstrated by theoretical and
experimental studies, the high-level lattice distortion and com-
positional complexity can alter the energy dissipation pro-
cess and promote the recovery of irradiation damage at the
earlier stage of irradiation compared to conventional alloys
[8, 9]. Most of the irradiation-induced vacancies are anni-
hilated by the interstitials, i.e., the self-healing effects in the
crystalline structures [10, 11].

Unlike crystalline alloys, there are no unit cells, grains,
or grain boundaries in metallic glasses (MGs), so there is
no possibility of well-defined crystallographic defects under
irradiation [12]. However, it has been experimentally observed
that the MGs have a high resistance to particle irradiation
[13–15]. It has been shown that irradiation-induced transi-
ent vacancy-like defects are completely annihilated by free
volume rearrangement after structural relaxation [16–18]. In
addition, the irradiation-induced volume expansion (swelling)
and embrittlement are suppressed in some amorphous alloys
[19–21]. Unfortunately, the MGs are limited by the inherent
shortcomings, such as structural relaxation and poor plasticity
in extreme irradiation environments, which undermine their
application to advanced nuclear materials [22, 23].

The introduction of a high-density interface, such as het-
erophases or grain boundaries, is a strategy for designing
materials with high irradiation tolerance [24–26]. This method
has been shown to be effective for some nuclear structural
materials, such as oxide-dispersion-strengthened steels, nano-
layered and nano-grained polycrystalline alloys [27–30]. The
interfaces and grain boundaries, acting as defect sinks, can
effectively promote defect annihilation and structural self-
healing, thereby enhancing the structural stability and irra-
diation resistance [31, 32]. Meanwhile, it has been specific-
ally reported that the irradiation-induced Fe/amorphous-FeZr
interface can absorb defects and confine the movement of
dislocation loops in crystalline layers [33]. By designing the
Cu/Nb system, An et al found that nanolayered metallic com-
posites with heterogeneous interfaces have better thermal sta-
bility, and the interactions between dislocations and interfaces
can be effectively tuned by controlling the atomistic interface
structure [34]. Furthermore, the interface-dominated materials
can effectively eliminate the trade-offs that constrain conven-
tional alloy design, while achieving superior irradiation toler-
ance, high strength and high thermal stability [35, 36].

Interfaces play a key role in determining the properties
of interface-dominated materials. Most previous studies have
focused on the irradiation resistance in the nanolaminates

with crystalline/crystalline interfaces and conventional alloys
[37–39]. Rupert et al suggested that the amorphous phase
introduced into the nanocrystalline structure can effectively
increase the recombination rate of point defects and limit
the growth of grain under irradiation [40, 41]. Also, the
mobility of defects within interfaces depends on the inter-
face properties and structure, and the sink efficiency of inter-
faces depends on the mobility of defects within the bound-
ary plane [42]. Also, there are a number of studies that have
revealed the mechanisms of excellent irradiation resistance for
HEAs through molecular dynamics (MD) simulations, from
the formation, evolution and distribution of point defects in
the collision cascade [43, 44]. Furthermore, the MD method
has been used to analyze the free volume and stress redis-
tribution at the atomic scale in MG [45, 46]. Combining the
irradiation tolerance of high-entropy crystalline and amorph-
ous alloys with the interfacial structural response under irradi-
ation offers a promising new strategy for designing materials
with enhanced irradiation resistance. However, the application
of such layered structures may raise some interesting and as
yet unresolved questions. How does a laminar structure made
of two HEAs behave under irradiation? How does the inter-
face affect the defect distribution in MG/HEA nanolaminates?
The answers to these critical questions will not only be bene-
ficial for a thorough understanding of the irradiation mech-
anisms of MG/HEA nanolaminates, but will also provide a
useful guideline for the design of irradiation tolerant materi-
als. Studying the irradiation of MG/HEA nanolaminates using
experimental techniques is challenging due to the difficulty in
accurately analyzing the mechanisms at the atomic level.

In this work, a detailed study of the effects of the interface
on the structural responses, defect dynamics and atomicmobil-
ity of MG/HEA nanolaminates under ion irradiation is carried
out using the MD method. Firstly, the influence of the interfa-
cial effects on the defect formation, evolution and distribution
mechanisms in the HEA plate is investigated. Secondly, the
effect of irradiation on structural relaxation and crystal nucle-
ation and growth in the MG plate is evaluated by quantifying
the fluctuations in free volume and excess entropy. Finally,
the microstructural evolution during irradiation at the inter-
face and the dislocation-interface interaction inMG/HEA nan-
olaminates are investigated in the overlapping cascades.

2. Simulation approach

In this work, the MD simulations of collision cascades were
performed using the Large-scale Atomic/MolecularMassively
Parallel Simulator (LAMMPS) [47]. Alloys with nominal
compositions of (FeCoCrNi)100−xAlx were selected to gen-
erate the atomic models of the free-standing MG and HEA
models and the MG/HEA nanolaminate. The atomic interac-
tions were described using the Fe–Co–Cr–Ni–Al embedded
atom method potential developed by Farkas and Caro [48].
In addition, the Ziegler–Biersack–Littmark repulsive potential
was added to accurately describe the short-range interactions
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during high-energy collision cascades. By adjusting the Al
content in FeCoCrNiAlx, both a face centered cubic (FCC)
crystalline structure and an amorphous alloy can be formed
during quenching process. First, 432 000 atoms were ran-
domly distributed in a box of 21.6 × 10.8 × 21.6 nm3 with
periodic boundary conditions (PBCs) in all three directions
and relaxed at 2000 K for 1 ns to ensure chemical homogen-
eity. Second, the melt was quenched from 2000 K to 300 K
at 1 K ps−1. During quenching, the FeCoCrNiAl1.7 composi-
tion stabilizes in an amorphous structure while FeCoCrNiAl0.5
shows a crystalline structure. The MG is stable and retains
the glassy structure during annealing at elevated temperature
close to the Tg (850 K). The MG/HEA laminate was con-
structed by superimposing the model of the MG plate and
the HEA plate along the y-direction. For the MG plate, the
model was relaxed in the y-direction (perpendicular to the
interface of the MG/HEA laminate) while keeping the x- and
z-directions fixed to maintain the same dimensions as the HEA
plate during annealing. As a result, there are some small resid-
ual stresses in these two directions in the MG plate due to the
effects of constrained thermal contraction. However, the resid-
ual stress components are less than 0.3 GPa. It has been shown
that a slightly higher interfacial stress field contributes to the
improved defect absorption capacity [37, 49]. Therefore, the
interfacial stress field may also be an important factor in the
irradiation response of the MG/HEA laminate [50]. Prior to
the displacement cascade, all the models were relaxed to the
equilibrium state at room temperature (300 K) lasting for 0.1
ns using an isobaric-isothermal (NPT) ensemble. The PBCs
were applied in three dimensions along the x (1 0 0), y (0 1 0)
and z (0 0 1) directions.

First, a Ni atom, selected as primary knock-on atom (PKA)
with kinetic energy (EPKA) of 10 keVwas randomly positioned
in the HEA plate of the MG/HEA laminate and launched at a
certain distance away from the interface. In order to effect-
ively study the effects of the interface on defect dynamics, the
PKA was set up in the HEA plate to ensure that sufficient col-
lisions occur in the HEA plate. The direction of the PKA is
perpendicular to the interface (along the y-direction). To meet
the requirement of the recoil energy to the number of atoms,
the 60a0 × 60a0 × 60a0 unit cell (containing 864 000 atoms)
is constructed for the EPKA of 10 keV. To ensure the collision
cascade passes through the interface, the distance between the
PKA and the interface is set at 4 nm.During the irradiation pro-
cess, the microcanonical (NVE) ensemble was applied to the
displacement cascade atoms, while a Nóse–Hoover thermostat
was applied to the outermost layer of the simulation box, with
a thickness of approximately three lattice units, to control the
atomic velocities based on the target temperature (300 K). Use
the Nose–Hoover thermostat only at the boundaries to absorb
and dissipate excess heat and avoid the associated heating of
the system. Keeping the core of the simulation box in an NVE
ensemble ensures realistic dynamics during the collision pro-
cess. A variable time step algorithmwas implemented to speed
up the simulations (generally from 0.0001 to 1 fs). The colli-
sion cascade simulation was completed in 100 ps. The further

relaxation process was applied to satisfy the requirement of
fully stable atomic structures with a constant time step of 1
fs using the NPT ensemble for 0.1 ns after the collision cas-
cade process. In order to better highlight the interfacial effects
on the structural response and defect evolution during irradi-
ation, overlapping cascades were applied to the nanolaminate
sample. For each simulation, 10 collision cascades were per-
formed for statistical purposes.

The open-source visualization software (OVITO) was used
to analyze the simulation results [51, 52]. The irradiation-
induced defects were detected using the Wigner–Seitz defect
method, where the lattice sites with an empty atom are
labelled as vacancies and the sites occupied by multiple atoms
are labelled as interstitials. The dislocation lines and loops
and stacking faults (SFs) in crystalline plate were identi-
fied using the dislocation extraction algorithm (DXA). The
microstructure in crystalline plate was identified using com-
mon neighbor analysis [53, 54]. The stress or thermal-induced
atomic rearrangement in the amorphous plate was revealed
by the analysis of excess entropy and free volume. The free
volume was calculated by Voronoi tessellation method imple-
mented in OVITO [52]. The excess entropy was calculated
based on the radial distribution function g(r) [55], a modifier
available in OVITO.

3. Collision cascade process

During the displacement cascade process, the high-energy
PKA triggers collision and motion of some atoms in the nan-
olaminate, resulting in primary structural damage. The kin-
etic energy of the PKA is readily transferred to a number
of colliding atoms, defined as knocked-on atoms, which is
the origin of atomic motion and structural damage in the
sample. Therefore, the evolution of knocked-on atoms is used
to describe the collision cascade process. To visualize the
zone where the collision cascades take place in the nanolamin-
ate model, the spatial distributions of knocked-on atoms with
kinetic energy higher than 0.4 eV during the displacement
cascade process for the 1st cascade are shown in figure 1.
The energy per atom of 0.4 eV is much higher than that
caused by thermal vibrations, so there are no atoms with a
kinetic energy greater than 0.4 eV in the nanolaminate model
before irradiation.

In general, MD simulations have suggested that the col-
lision cascade process has three main phases: an initial bal-
listic phase in which the atoms collide strongly, a subsequent
thermal spike stage in which the high kinetic energy of the
atoms dissipates into the surrounding matrix, and a thermal
relaxation stage in which the structure cools and the crystal is
usually left with a large number of defects [56]. Initially, the
knocked-on atoms in the HEA plate spread rapidly, induced
by high-energy PKA and approach to the interface position at
0.9 ps (figures 1(a) and (b)). The knocked-on atoms are then
activated in the MG plate, and the collision cascade accord-
ingly reaches a maximum value at 2.3 ps during the thermal
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Figure 1. Spatial distribution of knocked-on atoms with a kinetic
energy greater than 0.4 eV at the simulation time of 0 ps (a), 0.9 ps
(b), 1.8 ps (c) and 20 ps (d) in the MG/HEA nanolaminate at the 1st
cascade. The red arrow represents the direction of PKA.

spike stage as shown in figure 1(c). The region of the colli-
sion cascade with the maximum volume at the thermal spike
is defined as the core of the cascade. After the thermal spike
stage, the number of knocked-on atoms gradually decreases
and almost disappears at 20 ps, indicating the end of the
energy dissipation process (figure 1(d)). For the next overlap-
ping cascades, the evolution of the collision cascade follows a
similar trend. Further information on the specific distribution
of the collision cascade core for the overlapping cascades is
provided by the distribution of the knocked-on atoms at the
thermal spike in the nanolaminate as shown in figure S1 in the
supplementary material.

4. Defect evolution and distribution in the HEA plate

The point defects, including interstitials and vacancies are gen-
erated by the atomic displacement under the collision cas-
cades of the energetic particles [57, 58]. The typical evolu-
tion of the number of defects with cascade time in the HEA
plate of the laminate for the 1st and 10th cascade are shown
in figure 2(a). The PKA excites some atoms which become
interstitials, leaving corresponding vacancies, so that the num-
ber of interstitials and vacancies induced by ion irradiation is
equal, called Frenkel pairs [59]. The evolution of the number
of vacancies and interstitials in the HEA plate in the lamin-
ate follows a similar trend: a rapid increase at the start of the
collision cascade, reaching a maximum value at the thermal
spike stage. A fraction of the point defects then recombine and
are annihilated during the thermal relaxation stage, while other
defects survive.

To evaluate the effects of the ACI, the formation and evol-
ution of defects in the HEA plate are compared with those
in the free-standing HEA (the defect evolution in the free-
standing HEA is shown in figure 2 in [60]). There are several
obvious differences in the defect evolution in the HEA plate
for the MG/HEA laminate. For the HEA plate in the 1st cas-
cade, it has fewer defects at the thermal spike, almost a third of
the free-standing HEA, but it has more surviving defects after
thermal equilibrium (recombination) than the free-standing
HEA [60]. The reduction in defects is due to energy diffu-
sion into the interface and the amorphous phase. Part of the
PKA energy is dissipated in the MG plate, as indicated by the
knocked-on atoms activated in the MG plate across the inter-
face (figure 1(b)). As the MG plate has no lattice structure,
the Wigner–Seitz defect method cannot be used to analyze the
defect structure. Therefore, the number of irradiation-induced
point defects in theHEAplate is determined by the distribution
of the collision cascade zone only in this plate. The number
of vacancies becomes progressively higher than the number
of interstitials after the collision cascade reaches the interface
(0.9 ps) for the 1st cascade (see the solid lines in figure 2(a)).
Even after structural relaxation (100 ps), there is still a differ-
ence between the number of residual vacancies and the number
of interstitials.

For the 10th cascade the evolution of point defects follows
the same trend as for the 1st cascade. It is worth noting that the
difference between the number of residual vacancies and inter-
stitials for the 10th cascade is much smaller than that for the
1st cascade (see the dashed lines in figure 2(a)). The fraction
of residual vacancies and interstitials after structural relaxa-
tion for 10 overlapping cascades is shown in figure 2(b). The
gap between the number of residual vacancies and interstitials
decreases as the number of overlapping cascades increases,
eventually reaching a dynamic equilibrium. The number of
residual vacancies is almost equal to the number of intersti-
tials after the 4th cascade. This means that as the number of
overlapping cascades increases, the effect of the interface on
the evolution of the point defects is weakened.

To further investigate the effect of the ACI on the propaga-
tion and accumulation of point defects, the spatial distribu-
tion of point defects in the HEA plate corresponding to the
1st cascade at cascade times of 1, 2.3, 10 and 100 ps is shown
in figures 3(a)–(d). The vacancies and interstitials are repres-
ented by blue and red spheres respectively. The irradiation-
induced vacancies and interstitials are randomly generated in
the HEA plate without any effect of ACI before the colli-
sion cascade is spared to the interface (figure 3(a)). The num-
ber of vacancies is equal to the number of interstitials at this
stage, which is consistent with the distribution in the free-
standing HEA [60]. At the thermal spike, a rapid increase
in the number of vacancies and interstitials is activated in
the HEA plate (figure 3(b)). As more interstitials are attrac-
ted to the ACI due to the defective structure at the inter-
face, this leads to an imbalance between the number of vacan-
cies and interstitials (figure 2(a)). However, the distribution
of vacancies and interstitials is uniform along the y-direction
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Figure 2. (a) Number of point defects versus simulation time for the 1st and 10th collision cascades in the HEA plate and the free-standing
HEA. The inset dashed square displays the magnification for the number of defects after thermal relaxation. (b) Fraction of residual point
defects after thermal relaxation in the HEA plate for 10 overlapping cascades.

Figure 3. Spatial distribution of defects in the HEA plate at 1 ps (a), 2.3 ps (b), 10 ps (c) and 100 ps (d) in the 1st cascade. The
corresponding distribution of defects at different distances from the interface along the y-direction at 2.3 ps (b1), 100 ps (d1).

as shown in figure 3(b1). Subsequently, most of the vacan-
cies are recombined by the interstitials in the HEA plate dur-
ing the thermal relaxation stage, resulting in a decrease in the
number of defects. In addition, due to the higher mobility of
the interstitials, more interstitials diffuse towards the interface
and are preferentially adsorbed by the interface (figure 3(c)).
In contrast to the interstitials, the vacancies have a signific-
antly lower mobility and therefore the majority of the remain-
ing vacancies are confined to the bulk of the HEA plate, away
from the interface (figures 3(d) and (d1)). This shows a distinct
distribution of vacancies and interstitials, with a vacancy-rich
bulk and an interstitial-rich interface.

To analyze the interface effects on the distribution of point
defects for the overlapping cascades, the spatial distribution of
vacancies and interstitials for the 10th cascade at the cascade
time of 1, 2.3, 10 and 100 ps is shown in figures 4(a)–(d). The
vacancies and interstitials are uniformly distributed before the

knocked-on atoms approach the interfacial position, which is
consistent with that in the 1st cascade (see figure 4(a)). With
the collision cascade time, the point defects are rapidly gen-
erated and diffused in the HEA plate at the thermal spike (see
figure 4(b)), and then most of the vacancies are annihilated by
the interstitials during the thermal relaxation stage, resulting in
the reduction of the point defects (see figure 4(c)). However,
unlike the 1st cascade, the diffusion of interstitials to the inter-
face is inhibited, resulting in more interstitials being trapped
in the HEA plate. The distribution of vacancies and intersti-
tials in the HEA plate after structural relaxation is more uni-
form than that in the 1st cascade (see figure 4(d)). The dis-
tribution of vacancies and interstitials across the interface is
plotted at the thermal spike and thermal equilibrium stages
in figures 4(b1) and (d1), respectively. There is no signific-
ant biased defect distribution in the HEA plate for the 10th
cascade, compared to the 1st cascade (see figure 4(d1)). The
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Figure 4. Spatial distribution of point defects in the HEA plate at 1 ps (a), 2.6 ps (b), 10 ps (c) and 100 ps (d) at the 10th cascade. The
corresponding distribution of defects at different distances from the interface along the y-direction at 2.6 ps (b1), 100 ps (d1).

Figure 5. Evolution of (a) free volume and (b) local entropy of the collision cascade zone in the MG plate for the 1st and 10th cascades.

more uniform distribution of vacancies and interstitials in the
bulk results in a smaller difference between the number of
vacancies and interstitials after thermal relaxation for the fol-
lowing cascades. During the successive collision cascades,
the microstructural changes in the HEA plate and in the ACI
simultaneously influence the accumulation and distribution of
point defect.

5. Structural responses in the MG plate

As mentioned above, the Wigner–Seitz defect method cannot
analyze the structural defects in the amorphous phase. In order
to evaluate the structural responses in the MG plate during
irradiation, the evolution of the average atomic volume in the
collision cascade cores for the 1st and 10th cascade is shown
in figure 5(a). The free volume in the collision cascade core

increases rapidly as the collision cascade passes the interface
and extends into theMG plate. The irradiation-induced atomic
motion leads to the generation of the free volume in the MG
plate. Subsequently, the free volume reaches amaximum value
at the thermal spike, and then decreases after thermal relaxa-
tion, as can be seen in figure 5(a). The redistribution of the free
volume is related to the structural relaxation of the MG plate.
It is worth noting that, for the 1st cascade, the amount of the
free volume after thermal equilibrium is slightly lower than
that of the initial (non-irradiated) structure. This indicates that
the ACI may affect the recombination of the free volume in the
MG plate in the 1st cascade. For the 10th cascade it can be seen
that the mean free volume at the beginning of the irradiation
process is lower than the values of the 1st cascade, indicating a
structural relaxation process during the overlapping cascades.
Also, the maximum free volume at the thermal spike is signi-
ficantly higher than for the 1st cascade. This is a direct result
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Figure 6. Microstructure configuration before irradiation (a), at the thermal spike (b), and after thermal relaxation (c) in the 1st cascade,
and after thermal relaxation in the 10th cascade (d) in the laminate. All the atoms with FCC structure in HEA plate and all the atoms with
amorphous phase in MG plate are deleted to clearly visualized the microstructure during irradiation. The interfacial microstructure in HEA
and MG plates before irradiation (a1) and (a2), at the thermal spike (b1) and (b2), and after thermal relaxation (c1) and (c2) in the 1st
cascade, and after thermal relaxation in the 10th cascade (d1) and (d2).

of the higher energy from PKA that is introduced into the MG
plate, leading to a greater expansion of the free volume at the
core of the collision cascade. In addition, the free volume after
thermal equilibrium for the 10th cascade is lower than that for
the 1st cascade, indicating a continuous decrease of the free
volume in the collision cascade core during relaxation with
the overlapping cascades.

The movement of the knocked-on atoms and the expansion
of the free volume induce the structural disorder in the MG
plate. The excess entropy evolution is further used to quantify
the structural disorder in the collision cascade core during the
irradiation process for the 1st and 10th cascades, as shown in
figure 5(b) [61, 62]. The excess entropy follows the same trend
as the evolution of the free volume but shows a wider dis-
tribution. Also, during the thermal spike, the excess entropy
for both the 1st and 10th cascades reaches comparable levels.
This suggests that, while the energy diffused into theMG plate
causes varying degrees of configurational changes, the excess
entropy remains unaffected at this stage. The free volume
reflects the configurational aspects of the structure, while the
excess entropy consists of both configurational information
and vibrational contributions [63, 64], leading to the difference

in the evolution of atomic volume and excess entropy. As a res-
ult, the excess entropy is also sensitive to the initial shockwave
generated during the irradiation process. After thermal relax-
ation, the excess entropy for the 10th cascade is significantly
lower and smoother compared to the 1st cascade, indicating
that structural relaxation in the MG plate becomes progress-
ively enhanced with overlapping cascades. In summary, the
heat injected into the collision cascade zone during irradiation
facilitates free volume recombination and promotes interfacial
crystallization in the nanolaminates.

6. Microstructural evolution in nanolaminate

To further reveal the ACI effects on the structural responses
under irradiation, the microstructural evolution in HEA and
MG plates, as well as at the interface for the nanolaminate,
is analyzed. The microstructural evolution of the nanolamin-
ate before irradiation, at the thermal spike and after thermal
relaxation for the 1st cascade is shown in figures 6(a)–(c).
The atoms with FCC and amorphous phase are represented
by green and gray spheres respectively. All the atoms with
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Figure 7. (a) Number of atoms with FCC structure in MG plate at the interface for 10 overlapping cascades. (b) Evolution of the number of
atoms with FCC structure in MG plate at the interface at the 1st, 4th, and 10th cascades.

FCC structure in HEA plate and all the atoms with amorph-
ous phase in MG plate are deleted to clearly visualize the
microstructure during the irradiation process. Before irradi-
ation, the stress mismatch between the crystalline and amorph-
ous plates leads to the crystallization and formation of defects
in the MG plate at the interface (figure 6(a)) [36]. During irra-
diation, the high energy introduced by PKA spreads into the
laminate, inducing localized melting in the collision cascade
zone, as shown in figure 6(b). In addition, free volume expan-
sion and weakened structural stability occur at the collision
cascade core in the MG plate (figure 5). The variation of the
temperature per atom with time in the cascade core of the nan-
olaminate is shown in figure S2 in the supplementary material.
At the initial irradiation stage, the temperature of the collision
cascade core is much higher than the melting point of the HEA
and MG plates, and then rapidly decreases to room temper-
ature during the thermal relaxation stage. This leads to local
atomic rearrangement and recrystallization in the HEA plate
(figure 6(c)) and relaxation of the free volume in theMG plate.
Most importantly, the structural healing in the HEA plate trig-
gers the atomic rearrangement in theMG plate at the interface,
leading to the crystallization of the MG plate at the interface,
as shown by the red dashed square in figure 6(c). Furthermore,
after the 10th cascade, there is a significant increase in the crys-
tallization at the interface in the MG plate, as shown by the red
dashed square in figure 6(d). It should be noted that irradiation
of bulk MGs at room temperature leads to structural relaxa-
tion and a decrease in free volume content, but never triggers
crystallization [18, 20], as shown in figure S3 in the supple-
mentary material. This suggests that the partial crystallization
observed at the interface in the MG plate during irradiation is
driven by interfacial effects. This partial crystallization in the
MG plate can also explain the decrease in free volume within
the overlapping cascades (figure 5).

Details of the evolution of the interfacial structure in the
HEA and MG plates before irradiation, at the thermal spike
and thermal relaxation stages for the 1st cascade are shown in
figures 6(a1), (b1), (c1) and (a2), (b2), (c2), respectively. For
the interfacial structure in the HEA plate, there are some dis-
ordered regions resulting from the stress mismatch between

HEA and MG plates before irradiation, as shown by the red
dashed circles in figure 6(a1). The irradiation induced atomic
displacement leads to the phase transformation from FCC to
amorphous phase in the collision cascade zone (gray atoms
in figures 6(b1) and (b2)). Subsequently, during the thermal
relaxation, the atomic rearrangement in the collision cascade
zone leads to the more ordered structure at the ACI in the HEA
plate compared to the initial structure, as shown by the red
dashed circles in figure 6(c1). In addition, the more disordered
structure is generated in the collision cascade zone in the HEA
plate after the 10th overlapping cascade (see figures 6(d1)).
With further irradiation, the MG plate continues to crystallize
at the position of the collision cascade zone (see figures 6(a2)
and (c2) for comparison). The chemical composition in the
crystalline phase in the MG plate is further calculated after
10 overlapping collision cascades. The Al content in the crys-
talline region of the MG plate decreases from the initial con-
tent of 30 at.% to 20 at.%, while the contents of the other four
elements are very close to 20 at.%. This means that the com-
position of the crystalline phase in the MG plate has an equi-
atomic ratio after the irradiation-induced atomic diffusion and
rearrangement. Therefore, the crystallization in MG plate is
accompanied by the compositional transition which together
with the presence of a crystallization seed (HEA plate), trig-
gers crystal nucleation and growth in the MG plate. After the
10th overlapping cascade, the local crystallization at the inter-
face is significantly larger compared to the 1st cascade, as
shown in figures 6(c2) and (d2).

The evolution of the number of atoms with FCC structure
in the MG plate with the overlapping cascades is shown in
figure 7(a). The crystallization of the MG plate at the inter-
face shows a continuous increase, although it gradually slows
down with successive overlapping cascades. The local melting
induced by the irradiation process increases the atomic mobil-
ity, which drives the atomic rearrangements at the interface,
leading to the further crystallization of the MG plate at the
interface. To further elucidate the slowdown in crystallization
within the overlapping cascades, figure 7(b) shows the evol-
ution of the number of atoms with an FCC structure in the
collision cascade zone in the MG plate at the 1st, 4th, and
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Figure 8. (a) Number of vacancies and interstitials in clusters in HEA plate for the 1st and 10th cascades. (b) The length of dislocations
after 10 overlapping cascades in the nanolaminate. Snapshots of microstructure and dislocation distribution at (c) the 1st cascade and (e) the
10th cascade after structural relaxation. Snapshots of defects and dislocation distribution at (d) the 1st cascade and (f) the 10th cascade after
structural relaxation. (e1) The detailed view of the dislocation distribution with stacking faults for the corresponding magnifications of the
dashed square in (e). The detailed view of the accumulated (f1) vacancies and (f2) interstitials with the dislocation loops, respectively.

10th cascades. In the 1st cascade, there is a greater increase
in the number of atoms with FCC structure during the thermal
relaxation stage, indicating the greater influence of the inter-
face on the crystallization in the MG plate. As the number
of overlapping cascades increases, the effect of the interface
on crystallization is reduced. Initially, there is a significant
reduction in the FCC structure during the thermal spike stage
due to the local melting caused by the irradiation process fol-
lowed by an increase in the number of FCC atoms during
the subsequent relaxation stage. A plausible explanation for
this behavior is the compositional transition at the interface
caused by irradiation-induced atomic diffusion and rearrange-
ment. As the crystalline phase in the MG plate approaches an
equiatomic composition (20 at.% for each element), the chem-
ical equilibrium at the interface reduces the driving force for
further diffusion and crystallization. In addition, the compos-
itional mismatch between the crystalline region and the sur-
rounding amorphous matrix creates a barrier that makes fur-
ther diffusion energetically less favorable.

It is well known that the movement and interaction between
dislocation loops during the defect evolution can lead to differ-
ent defect distributions andmicrostructures [65, 66]. To under-
stand the relationship between the distribution of point defects
and the dislocation network during irradiation, the defect clus-
tering and dislocation structures in the HEA plate for the 1st
and 10th cascade are analyzed in figure 8(a). For the 1st cas-
cade, large vacancy clusters with more than 10 vacancies are
formed in the HEA plate away from the interface. On the other
hand, the interstitials trapped in the interface region appear
almost as a single interstitial. Compared to the 1st cascade,
more complex defect clusters are formed for the 10th cascade
as the number of overlapping cascades increases. A greater
number of vacancies and interstitial clusters accumulate in the

HEA plate after thermal relaxation, including medium (the
cluster with 2–10 defects) and large (the cluster with more
than 10 defects) interstitial clusters as well as single defects.
Thus, the more disordered structure occurs in the collision cas-
cade zone after the 10th cascade compared to the 1st cascade
(see figures 6(c1) and (d1)). To clarify the interface effects on
defect interaction, the details of the dislocation and defect dis-
tributions after thermal relaxation for the 1st and 10th cascades
are shown in figures 8(b)–(f). The length of different kind of
dislocations after 10 overlapping cascades in the nanolamin-
ate is displayed in the figure 8(b). After collision cascades,
the dislocation lines exhibit the Shockley and Stair-rod. The
length of the Shockley dislocation increases with the increas-
ing number of collision cascades. The more complex disloca-
tions, e.g. Perfect and Frank dislocations generate with the fur-
ther interaction between defects and dislocations. For the 1st
cascade, there is almost no formation of SFs and dislocation
loops due to the high recombination rate in the HEA plate after
the structural relaxation (figures 8(c) and (d)). However, some
interstitials diffuse into the interface where they are trapped,
leading to the accumulation of vacancies in the HEA bulk.
The corresponding vacancies accumulate and forms large-
size vacancy clusters that generate SFs and dislocations [60].
Then, the further interaction between defects and dislocation
lines within the overlapping cascades trigger the more resid-
ual defect clusters and SF accumulation in the HEA plate, as
shown in figures 8(e) and (f). This interfacial effects accelerate
the formation of more complex dislocation structures and SFs
in the HEA plate compared to that in the free-standing HEA
(The comparison of dislocation structures between the free-
standing HEA and the nanolaminate after the overlapping cas-
cades is displayed in figure S4 in supplementarymaterial). The
formation of some order SFs is related to the formation of a
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complex dislocation network in the HEA plate, which inhibits
the mobility of vacancies and interstitials (figure 8(e)). A rep-
resentative SF is shown in figure 8(e1). The SFs and the com-
plex dislocation network around them lead to more interstitials
being trapped in the bulk, which explains the more uniform
distribution of point defects in subsequent collision cascades.
Meanwhile, the suppressed mobility of point defects inhibits
the recombination of vacancies and interstitials, generating a
greater number of defect clusters in the HEA plate, as shown
in figure 8(f). The interstitial and vacancy clusters accumu-
late between these dislocation loops as shown in figures 8(f1)
and (f2) respectively. The propagation of dislocation loops fur-
ther hinders the recombination and annihilation of vacancies
and interstitials. Thus, the limited mobility and recombination
of interstitials as the vacancies in the bulk of the HEA plate
leads to the smaller difference between the number of resid-
ual vacancies and interstitials after structural relaxation in the
next collision cascades. Details of the evolution of defects and
dislocations after thermal relaxation for these 10 overlapping
cascades are shown in figure S5 in supplementary material.

7. Conclusions

In this work, the high entropy crystalline/amorphous laminates
under ion irradiation have been studied by means of MD sim-
ulations. The atomic scale effects of ACI on the distribution of
point defects and microstructural evolution in HEA and MG
plates have been revealed. The main findings are summarized
as follows:

1. Compared to the free-standing HEA, the high energy PKA
activates a lower number of point defects in the HEA
plate because part of the PKA energy is absorbed in the
MG plate of the laminate. In addition, the ACI acts as a
sink, trapping most of the interstitials. The corresponding
vacancies accumulate in the bulk of the HEA plate, lead-
ing to a significant separation of vacancies and interstitials
into vacancy-rich bulk and interstitial-rich interface after
the 1st cascade.

2. During irradiation, the MG plate undergoes a structural
relaxation process resulting in a reduction in free volume.
The HEA plate also acts as a seed for crystallization, trig-
gering crystal nucleation and growth in the MG plate at
the position of the collision cascade core. Crystallization
in the MG plate is accompanied by a compositional trans-
ition, with theAl content decreasing from an initial 30 at.%
to 20 at.%.

3. As the number of overlapping cascades increases, more
interstitials are trapped in the ACI, while vacancies con-
glomerate and form vacancy clusters in the bulk of the
HEA plate, leading to the formation of SFs and dislocation
loops. These SFs and the complex dislocation network act
as a barrier, reducing the mobility of the point defects and
inhibiting further migration of interstitials to the interface.
A weaker interfacial effect results in a more uniform dis-
tribution and almost equal number of vacancies and inter-
stitials after thermal relaxation in the HEA plate for the

further overlapping cascades. In the overlapping cascades,
the effect of the interface on crystallization in theMG plate
is also reduced due to the compositional transition at the
interface, which reduces the driving force for crystalliza-
tion. With further irradiation, structural damage in the MG
plate is mitigated by free volume redistribution, resulting
in structural stability of the MG plate.

These results provide an atomistic picture of the interfacial
effects in high entropy amorphous/crystalline nanolaminates
under ion irradiation, which may provide strategies for design-
ing materials with high irradiation tolerance.

8. Future perspectives

The results of this study clearly demonstrate that the enhanced
irradiation resistance of high entropy nanolaminates provides
a robust basis for advancing materials design for extreme
environments. The synergistic combination of high entropy
crystalline and amorphous phases highlights the potential for
developing advanced nuclear materials with tailored proper-
ties. However, a significant gap remains in the understanding
of the role of interfaces in defect formation and interaction in
HEAs, particularly in comparison with other interface types.
The high entropy crystalline and amorphous nanolaminates
open up several avenues for future research:

The potential of bi-phase interfaces as defect sinks, focus-
ing on interfacial stress fields, chemical gradients and phase
boundaries to improve defect recombination efficiency, needs
to be systematically investigated. The exploration of altern-
ative material combinations and the incorporation of ele-
ments with tailored diffusion and bonding properties may fur-
ther improve irradiation tolerance. Beyond irradiation resist-
ance, understanding the behavior of MG/HEA nanolaminates
under mechanical stress, thermal cycling and corrosive envir-
onments is critical. Long-term performance studies, particu-
larly under high temperature and neutron flux conditions, can
assess the viability of thesematerials for nuclear and aerospace
applications. Therefore, future work should address the chal-
lenges of scaling up the synthesis of MG/HEA nanolamin-
ates whilemaintaining structural integrity and interfacial prop-
erties. Advances in additive manufacturing techniques, such
as directed energy deposition or selective laser melting, may
enable the production of larger, more complex components
with nanolaminate structures.

The unique combination of irradiation resistance and
mechanical stability in MG/HEA nanolaminates positions
them as candidates for new applications. Beyond nuclear
reactors, these materials could be explored for advanced
microelectronics, wear resistant coatings and components in
extreme chemical environments. High-resolution character-
ization techniques, including in situ transmission electron
microscopy, atom probe tomography and synchrotron-based
x-ray diffraction, are essential to gain detailed insights into
structural stability, defect dynamics and interfacial mechan-
isms. Furthermore, it is essential to reveal the atomic-level
behavior at MG/HEA interfaces under irradiation to enable
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precise fine-tuning of nanolaminate structures to achieve
optimal performance. The integration of computational sim-
ulations with experimental observations can accelerate the
optimization of high-entropy nanolaminates. Advanced MD
models that predict the interplay between irradiation-induced
cascades and interfacial phenomena can guide experimental
designs, reducing cost and development time. By address-
ing these challenges, future research will pave the way for
the design of next-generation materials with unparalleled per-
formance in demanding environments, significantly expanding
the applications of high-entropy nanolaminates.

Acknowledgments

The authors acknowledge financial support by the China
Scholarship Council (CSC, No. 202008430162). The authors
are grateful for the computing time granted by the Lichtenberg
high performance computer of Technische Universität
Darmstadt. Additional computation time was made avail-
able on the JFRS-1 supercomputer system at Computational
Simulation Centre of International Fusion Energy Research
Centre (IFERC-CSC) in Rokkasho Fusion Institute of
QST (Aomori, Japan).

ORCID iD
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