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ABSTRACT

Nanocrystalline materials with a high density of grain boundaries have long been reported to alleviate
radiation damage. However, a full mechanistic understanding of defect reduction, particularly the
interaction mechanisms between grain boundaries and clustered defects during irradiation, remains an
open question. Here we present atomistic simulations of prolonged radiation damage evolution in Cu
bicrystals with increasing radiation dose. Our results reveal the atomic details of defect nucleation and
migration, and the mechanisms for the annihilation of defect clusters during irradiation. Stacking fault
tetrahedra formed due to radiation damage cascades show preferential migration to irradiated grain
boundary. Interstitial-loaded grain boundaries are observed to be dynamically resilient, and persistently
interact with the stacking fault tetrahedra, revealing a self-healing response to radiation damage. The
results show a synergistic effect of grain boundaries on defect annihilation at small grain spacings of less
than 6 nm, giving rise to a drastic decrease in the density of defect clusters. These findings, along with the
mechanistic insights, present an integrated perspective on interface-mediated damage reduction in
radiation-resistant nanomaterials.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nanostructured materials in the form of nanocrystalline [1],
nanolayered [2], nanoporous [3], and nanodispersed [4] structures
have received much attention due to their exceptional tolerance of
radiation damage compared with their coarse-grained counter-
parts [5]. During irradiation, point defects including vacancies, in-
terstitials, and defect clusters are produced by displacement
cascades [6]. These defects further migrate and aggregate, forming
larger clusters such as dislocation loops, interstitial clusters,
stacking fault tetrahedra (SFTs) [7,8], and voids [9]. The continual
alteration of the microstructure due to radiation damage leads to
severe degradation of material properties, including radiation
hardening [10,11], embrittlement [12], creep and swelling [13], and
eventual material failure. In nanocrystalline (NC) materials, the
high fraction of grain boundaries (GBs) or interfaces serve as defect
sinks, ultimately contributing to defect reduction. Recently, NC
materials have been intensely studied by in situ [14—17] and ex situ
[1,18] ion irradiation experiments. It has been found that NC
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materials exhibit smaller defect sizes and lower defect densities
than their polycrystalline counterparts [17,19]. Moreover, the defect
cluster density shows strong dependence on the average GB
spacing, with a more refined nanostructure giving rise to a lower
defect density. It is reasonable to attribute these changes to GB-
mediated defect annihilation, such as SFTs absorbed during their
interaction with twin boundaries [16,20]. Despite these successful
experiments, the mechanistic understanding of GB-mediated SFT
annihilation in these materials was not fully elucidated, mostly due
to the inability to resolve the complexity at the atomic level.

To unravel the mechanisms of GB-mediated point defect anni-
hilation, a number of atomistic simulations have explored how
collision cascades interact with GBs. The influence of GBs on defect
production was extensively investigated by many groups, including
Samaras et al. [21,22], Bai and Uberuaga et al. [23,24], and Dem-
kowicz et al. [25]. The GBs act as defect containers by preferentially
absorbing collision cascade-produced interstitials. As a result,
defect distributions are strongly biased by the GBs, leaving behind
vacancy-rich bulk regions and interstitial-concentrated GBs
[5,22,26]. The interstitial-rich GBs lower the energetic barriers to
interstitial migration and efficiently emit interstitials to interact
with nearby vacancies, leading to enhanced interstitial-vacancy
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recombination processes [23,27].

In addition to point defects, clustered defects such as SFTs are
predominant in many irradiated face centered cubic (FCC) metals,
including Cu, Ag, Ni, and Au [20,28]. Dislocation pinning by these
radiation-induced defect clusters increases the resistance to plastic
flow, causing material hardening and embrittlement [11]. There-
fore, their reduction or removal is key to radiation damage resis-
tance. For these reasons, the interaction of SFTs with various types
of pristine GBs has been simulated [29—31], and the ability to
remove SFTs depends on the GB's structural characteristics. Despite
the successes of previous atomistic simulations, the detailed
mechanisms of SFT interaction with GBs as a function of irradiation
dose and their mechanisms for damage reduction in NC materials
remain elusive, because the microscopic structures of the GBs
themselves constantly change under irradiation.

Essentially, the way in which defects interact with irradiated
GBs is different from that with pristine GBs and interfaces [5,24].
For a comprehensive understanding of damage reduction and the
enhanced radiation-tolerance in NC materials, we develop a
consecutive displacement cascade algorithm to perform atomistic
simulations of prolonged radiation damage in NC-Cu, a system that
has been widely used in irradiation studies [14,17,23,25,32]. The
aims of this work are to understand (1) radiation-induced defect
evolution with increasing damage dose, particularly defect cluster
nucleation, migration and aggregation in the presence of GBs, (2)
the mechanisms and processes for SFT annihilation, and (3) how
radiation-induced defect density depends on grain size.

2. Computational models and methods

We consider two representative, high-angle =5(210) and
=5(310) symmetrical tilt GBs in Cu, modeled by an embedded-
atom method (EAM) potential developed by Mishin et al. [33]. In
Fig. 1 (a), we show the simulation model used in this study, with
periodic boundary conditions applied in all three directions. The
GBs in the simulation cell are separated by a spacing A. The lengths
of the simulation box along X — , Y — , and Z— directions are 21 x
11.4nm x 10.9nm, with A ranging from 5.7nm to 28.5nm
considered, corresponding to between 117,600 and 588,000 atoms.
The GB is built by joining two perfect crystals along the (210) or
(310) planes followed by static energy minimization. A number of
configurations are sampled by varying the relative positions of the
two crystals and removing atoms within a cutoff distance, which is
varied to obtain an equilibrium state. The stable structures with the
lowest potential energy in each configuration are chosen for this
study. Fig. 1(b) and (c) show the equilibrium structures of the two
symmetrical boundaries =5(210) and =5(310), respectively. In the
figure, we highlight the structural units [34] to illustrate the
boundary characteristics, where both GBs appear to be composed
of kite-shaped units [27,35,36]. Atoms are color-coded according to
their volumes calculated by Voronoi analysis [37]. It is worth noting
that atoms in the GBs indicate larger free volumes than those in the
bulk, implying potential sites for accommodating interstitials.

To reach a high damage dose and reveal defect evolution during
irradiation, we utilize a recently developed successive displace-
ment cascade algorithm [38] and the molecular dynamics (MD)
method as implemented in LAMMPS [39]. The Ziegler-Biersack-
Littmark (ZBL) repulsive potential [32,40] is smoothly joined to
the aforementioned EAM potential [23] to deal with high energy
atom collisions, and an adaptive time step algorithm is used to limit
atomic movement to 0.05A per timestep. Before the collision
cascade simulation, we first relax the system to zero pressure at
300K for 100 ps. Then, an atom is randomly chosen as the PKA, and

the entire system is shifted so that the PKA is positioned at the
center of the cell. This operation prevents the damage cascade from
reaching the cell boundaries. The PKA is assigned a kinetic energy
of 5keV with a random incident direction, and 50,000 adaptive
timesteps (~45 ps) are performed. The Nosé-Hoover temperature-
rescaling thermostat [41,42] is applied to the atoms at all sides of
the simulation cell with a width of one lattice constant, mimicking
a thermal sink to absorb excess collision cascade energy and cool
the system to 300 K. To clearly uncover defect evolution, the system
is shifted back after annealing each cascade, allowing defects to be
continuously tracked with increasing damage dose. This simulation
procedure is repeated with each PKA randomly chosen and shifted
to the center of the cell, simulating the spatially random damage
cascades. A damage level of ~0.27 dpa (250—1250 cascades
depending on system size) is achieved according to the NRT
approximation i.e. n x Epga/2Ep, where n is number of cascades,
Epka is the PKA energy, and Ep represents the displacement
threshold energy [43]. The short simulation time (an inherent
limitation of MD) between collision cascades yields a dose rate
several orders of magnitude higher than that in experiments.
Although the difference in dose rate between MD and experiments
is quite large, recent studies using similar simulation approaches
have shown good agreement with experiments [38]. It should be
noted that the chosen incident energy of 5 keV is a representative
value from the full PKA spectrum in irradiation experiments at MeV
energies [44]. This energy enables a reasonably sized simulation
cell to reach a damage level comparable to experiments, and allows
us to efficiently study defect evolution and diffusion processes and
the underlying SFT annealing mechanisms with the presence of
GBs.

To illustrate defect nucleation and evolution after each
displacement cascade, we use the recently developed method of in
situ computational microscopy [45,46]. Adaptive common neighbor
analysis (a-CNA) [47] and the Wigner-Seitz cell method [32] are
utilized to identify defective structures and defect types. Specif-
ically, the evolution of interstitials and vacancies is analyzed by
comparing irradiated structured with the initially perfect one. All
data files supporting the findings of this study, including data files,
processing scripts, and accumulated data to produce the figures are
available on our public GitHub data repository [48].

3. Results
3.1. Dynamic evolution of defects during irradiation

The results of radiation damage in NC-Cu with £5(210) GBs are
presented in Fig. 2, where defective structures (non-FCC atoms) are
shown at various doses. Similar results and defect evolution for
=5(310) GBs is shown in the Supporting Information (SI). At a low
damage level of 0.001 dpa, one can see in Fig. 2(a) the production of
points defects and small clusters, which cause the left-hand GB to
wiggle due to its preferential absorption of interstitials. This pref-
erential uptake of interstitials by GBs results in a biased defect
distribution, with a vacancy-rich bulk and interstitial-loaded
boundary region (distributions of vacancies and interstitials are
shown in Fig. S1 of SI). As the damage level increases, small defects
are continuously produced and the interstitials continue to gather
in the boundary region. The GBs in Fig. 2(b) can be regarded as
highly irradiated, which appear thicker when compared with
pristine ones. They are observed to be more dynamically interactive
with surrounding defect clusters, such as SFTs formed through
collision cascades or vacancy aggregation. These SFTs preferentially
diffuse towards GBs and interact with them as shown in Fig. 2(c),
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Fig. 1. (a) lllustration of the simulation model used in this study. Brown atoms have a FCC structure, while GB atoms are shown in red. Periodic boundary conditions are applied in
all three directions, with periodicity along the x-direction plotted to show GBs separated by a spacing A. (b—c) GB structures and atomic volume. The GBs structures of £5(210) (b)
and =5(310) (c) are viewed along the [001] axis. The kite-shaped units are marked to illustrate the GB structures, where atoms are colored by the volume of their Voronoi cells. The
misorientation angle is defined by the [100] direction of the two crystals. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

eventually being removed in Fig. 2(d) (the detailed SFT removal
process is shown in Fig. S2 of SI). At the higher damage level of
0.221 dpa, we do not see a clear increase in SFTs compared with
0.079 dpa, implying that the defect density may have saturated (see
discussion of Fig. 3). During irradiation, we also observed that GBs
oscillate, sweeping up nearby defects, further contributing to
damage reduction. The full details of damage processes and the role
of GBs in defect annihilation are illustrated in the supplementary
videos.

Supplementary videos related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.05.071.

The total number of defective atoms (non-FCC) induced by
irradiation as a function of dose is shown in Fig. 3(a). The defect
number rapidly increases with doses up to about 0.08 dpa, after
which the defect production rate markedly slows, approaching
saturation. Both GB types show essentially the same defect accu-
mulation behavior, while £5(210) has a slightly lower saturated
defect density than that of =5(310), which could be attributed to
the extra free volume (Fig. 1(b)) and higher energy of =5(210) [49].
A similar two-stage process has been observed for the behavior of
SFTs in Fig. 3(b). However, SFT saturation appears to reach a slightly
higher dose compared with that for the total number of defective
atoms, because the system requires extra time to rearrange va-
cancies into SFTs. After about 0.1 dpa, the number of SFTs starts to
fluctuate with a characteristic zigzag shape, suggesting a dynamic

equilibrium between SFT creation and annihilation.

3.2. Mechanisms of SFT annihilation

We now focus on the atomistic mechanisms underlying the
removal of SFTs, as they constitute one key to understanding the
enhanced damage-tolerance of NC metals. It should be noted the
following results are described for =5(210) GBs, whereas the same
behavior is also present in =5(310) ones. The formation of SFTs
during irradiation is mainly caused by defect aggregation and
vacancy-void self-reorganization [50]. The predominant SFT de-
fects are commonly known to be immobile and stable, with their
energetic stability increasing with their size [51,52]. In a recent
study, it was found contrary to common belief that even large,
defective SFTs are quite mobile, and their diffusivities can be even
higher than that of mono-vacancies [53]. Thus the population of
various types of SFTs produced under irradiation can be important
to understand the radiation resistance and performance of NC-Cu.
We analyze the statistical size distributions of SFTs formed during
irradiation, where the size of each is measured using the Wigner-
Seitz cell method by the number of constituent vacancies [32].
The results are shown in Fig. 4(a). All the defects have been grouped
into three categories: perfect SFTs, defective SFTs, and mono- and
di-vacancies, where the sizes of perfect SFTs are so-called magic
numbers [50]. We find more than 82% of the SFTs are defective in
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Fig. 2. Radiation-induced defect clusters and GB evolution in £5(210) Cu at different
doses. The grain spacing A is 11.4nm. Atoms are color coded according to their
structures (red — HCP, blue — BCC, grey — other structure, FCC atoms not shown).
For the sake of clarity, only the ten largest defects are shown in the figures. (a) Point
defects and interstitial-loaded GB produced at a low radiation dose of 0.001 dpa (two
collision cascades at 5 keV). (b) Irradiated GBs and radiation-induced SFTs at 0.079 dpa.
(c—d) indicate that SFTs do not appear to grow in size and number at higher doses, as
they are observed interact with GBs where they annihilate. Abbreviations: FCC, face
centered cubic; HCP, hexagonal close packed; BCC, body centered cubic; GB, grain
boundary; SFTs, stacking fault tetrahedra. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

the irradiated systems, and their diffusivities, depending on their
size, are several orders of magnitude higher than those of the
perfect SFTs [53]. The strong heterogeneity of SFT diffusion is
evident as shown in the supplementary videos.

By probing the atomistic processes of defect evolution, two
typical SFT annihilation modes, removal by GBs and elimination
through interstitial recombination, are derived, and their occur-
rence depends on the corresponding SFT mobility. In consideration
of the fact that most SFTs are defective and mobile, GB removal is
found to be the major mechanism for SFT annihilation in NC-Cu.
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Fig. 3. (a) Total number of defective (non-FCC) atoms as a function of dose in £5(210)
and £5(310) systems. The dashed-lines are shown to guide the reader. (b) Number of
large SFTs (clusters containing more than 15 vacancies) versus dose.

Fig. 4(b) illustrates such a process of removing an SFT via interac-
tion with a GB. A mobile SFT is formed 4.5nm away from the
boundary, which at first appears to be straight. After a short time,
the SFT quickly migrates towards this interstitial-loaded GB, while
the GB atoms rearrange themselves to accommodate the incoming
SFT. In the middle panel of Fig. 4(b), one can see that the distorted
GB and the SFT are in direct contact, suggesting an attractive
interaction between the irradiated-GB and the SFT. In the mean-
time, a tensile strain field develops well below the distorted GB.
Following SFT annihilation, the GB once again becomes straight in
appearance, revealing a resilient, self-healing response to radiation
damage [16]. It is expected that the interstitial-loaded GBs will
reduce the defect diffusion barrier, allowing interstitials to migrate
readily to redistribute themselves along the GB region to facilitate
the GB-SFT interaction. The SFT migration during irradiation is not
purely random, but shows some bias towards the GBs. This biased
SFT diffusion implies attractive forces between interstitial-load GBs
and SFTs. Such preferential drift of radiation defects towards GBs
and subsequent self-healing interactions lead to radiation damage
reduction, with a similar mechanism observed in the interaction
between point defects and interfaces [54].

The second annihilation mechanism of interstitial recombina-
tion occurs mostly in less mobile clusters, such as perfect SFTs
whose diffusivities can be several orders of magnitude lower than
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Fig. 4. (a) Statistical distribution of vacancy-type defect sizes in irradiated =5(210) Cu with grain spacing of 11.4 nm at damage dose from 0.06 dpa to 0.27 dpa. Mono- and di-
vacancies, defective SFTs, and perfect SFTs are grouped and shown according to their sizes (number of vacancies). (b) SFT annihilation process via interaction with a GB. A
radiation-induced SFT (upper panel) migrates to a GB, which becomes locally distorted upon contact (middle panel). A cross-sectional view is also provided where neighboring
atoms of the GB are colored by atomic strain. Finally, the SFT is absorbed, returning the distorted GB to a straight profile (bottom panel). (c) SFT annihilation by interstitial
recombination. An immobile SFT shrinks in size due to absorbing interstitials resulting from GB emission and nearby cascades.

those of defective ones. Fig. 4(c) illustrates the annihilation process,
where a nearly perfect SFT appears some distance from a GB. In this
case, the SFT and GB are not directly connected, yet the SFT still
decreases in size (bottom panel of Fig. 4(c)) and eventually disap-
pears. Detailed processes of immobile SFT annihilation are provided
in Fig. S3 of SI. This SFT elimination signifies interstitial absorption,
which could arise from the surrounding bulk region and GB emis-
sion. Even though nearly 18% of the SFTs in our simulations are
perfect, their structures can be disrupted by adjacent collision
cascades or by incoming defects, and conceivably some of them
could turn into defective ones with high mobilities. This possible
perfect-defective transformation facilitates SFTs reaching GBs, and
ultimately annihilation via GB-SFT interaction.

3.3. GB size-dependent defect density

It has been reported in experiments that NC materials with
smaller grain sizes have higher tolerance to radiation in compari-
son with large grained materials [55], which motivates study of the
correlation between grain size and defect density. We extract all
defects produced by radiation damage and their size distributions
in the irradiated systems with grain spacings of A = 5.7 nm, 17.1 nm,

and 28.4 nm as shown in Fig. 5(a). It can be seen that the system
with the smallest A of 5.7 nm has no defect cluster larger than 500
atoms, whereas in the large A systems many large clusters appear.
The correlation between defect cluster density and A is shown in
Fig. 5(b). The density shows small variation with decreasing A down
to 11.4 nm, below which there is a clear reduction in density at the
smallest A of 5.7 nm. A similar value of 8 nm was reported in recent
experiments of nanotwinned Ag by Yu et al. [20], at which the
defect density is significantly reduced. Although close agreement is
obtained between our simulations and the experiments, it is worth
noting that defect annihilation in NC materials is a complex pro-
cess, dependent on the material, radiation-induced defect type, GB
structure, and dose rate [56—58], all of which can influence the
defect-sink performance of a GB.

In Fig. 6(a and b), we show the distributions of defect clusters in
>5(210) systems irradiated to 0.27 dpa with grain spacings of
22.9nm and 11.4 nm, respectively. One can see that a number of
large clusters are formed in the bulk region away from the GB (see
Fig. S4 of SI for the other GB type and grain spacing). The drastic
defect reduction at a small grain spacing of 5.7 nm in Fig. 5(b)
suggests a synergistic effect on damage reduction, which is more
effective than the sum of two individual GBs. The synergistic effect
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Fig. 6. (a) and (b) spatial distributions of defect clusters in irradiated £5(210) systems at 0.27 dpa with A values of 22.9 nm and 11.4 nm, respectively. (c) Two GBs simultaneously
interact with a large SFT at a small 4 of 5.7 nm. Small defects are the primary forms of damage (d). Atom color coding is the same as in Fig. 2. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

can be interpreted by Fig. 6(c) which depicts two GBs operating
synchronously and cooperatively to interact with a large SFT. This
accounts for the irradiated system maintaining only few small-size
defects (see Fig. 6(d)). The results suggest an approach to improving
material radiation tolerance by optimizing grain size from the
standpoint of this synergistic effect.

4. Discussion
In this work, we present the detailed, atomistic evolution of

radiation-induced defects in NC-Cu with increasing dose up to 0.27
dpa. The defect density variation with dose is found to consist of

two stages, an initial stage of rapid density rise, followed by a
saturation stage at which defect creation and annihilation pro-
cesses are approximately in balance. GBs preferentially absorb in-
terstitials, as has been seen in previous studies, leaving behind a
vacancy-rich bulk region. We found that vacancies and clusters
rearrange under irradiation and coalesce into stable SFTs. These
defects slow the motion of dislocations during mechanical defor-
mation, and are essentially responsible for radiation-induced
hardening in NC-Cu. The interstitial-loaded GBs are mobile, fluc-
tuating and strongly interacting with the surrounding defects,
thereby the motion of defective GBs further enhances the annihi-
lation of defect clusters.
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Our simulations reveal two characteristic mechanisms involved
in SFT annihilation. The interaction between interstitial-rich GBs
and defective SFTs is the dominant and efficient process for SFT
removal, while interstitial recombination appears to contribute
more to annihilate immobile, perfect SFTs. The GBs are dynamically
resilient during their interaction with defect clusters. In response to
the incoming SFTs, the GBs distort their structure and recover after
absorbing SFTs in a self-healing manner. It is worth noting that SFTs
can also anneal via interaction with low-angle and irradiated
coherent twin boundaries [15]. While the detailed process could
depend on specific boundary characteristics, the effects of GBs on
defect removal and radiation-resistance appear to be quite general.
The SFT annihilation-enhanced radiation resistance can also be
applied to other FCC metals such as Ag, Ni, and Au, which feature
SFTs as the predominant defect type under irradiation. However,
due to a high stacking fault energy, Al does not form SFTs under
irradiation [28] and its specific damage reduction mechanisms
require future investigation.

The diffusion of SFTs near GBs exhibits non-random walk
migration characteristics, showing a drift towards the boundary.
This directional diffusion suggests an attractive force exerted on the
SFTs by interstitial-rich GBs, essentially the same as the elastic
interaction between point defects and material interfaces [54]. The
drastic defect density reduction at a small grain spacing of 5.7 nm
signifies the synergistic effects of GBs on defect annihilation,
leading to the interpretation of improved radiation damage toler-
ance in NC materials compared with their coarse-grain counter-
parts. On the other hand, small grains suffer rapid radiation-
induced growth, so that the overall radiation effects and struc-
tural impact may be governed by the competition between efficient
defect annealing and simultaneous grain growth. Manipulating the
GBs through segregating dopants [59] provides a potential path to
stabilize the boundary structure and slow the rate of grain growth.
Radiation-induced grain growth is not captured by the current
simulations due to the low GB mobility at this low temperature
(300K) and short MD timescale (order of tens of ns). It should be
noted that grain growth has been frequently reported for irradiated
nanocrystalline materials, and a thermal spike-induced mechanism
was proposed by Kaoumi et al. [60].

Our results provide mechanistic insights regarding radiation
damage reduction in NC metals, and have important implications
for designing and optimizing radiation-resistant nanostructural
materials. The observed sharp change of defect density by varying
grain spacing represents design guidance on the grain size of Cu,
and other FCC metals with low stacking fault energies, subject to
irradiation. This observation likely illustrates a general trend in
other materials, though the optimal size will depend on the ma-
terial type, GB characteristics, and other competing effects such as
grain growth. These results also motivate investigating the pro-
cesses and mechanisms of radiation damage reduction in nano-
composites, such as metal-carbon nanotube composites [61],
nanolaminates [62—64], and oxide dispersion strengthened mate-
rials [65].

5. Summary

Atomistic simulations of radiation damage in nanocrystalline Cu
have been performed to experimentally comparable dose levels to
investigate GB-mediated defect reduction. The results reveal the
details of defect creation, non-random migration, and SFT anneal-
ing mechanisms during irradiation. The SFTs induced by radiation
damage exhibit preferential migration towards GBs and predomi-
nantly annihilate via interactions with GBs. Irradiated GBs with
high concentrations of interstitials persistently interact with SFTs,
revealing a self-healing nature of NC metals. Moreover, considering

the grain size effect, defect cluster density shows a drastic drop
when the grain spacing is smaller than 6 nm. Overall, this work
demonstrates the atomistic details of defect evolution and reduc-
tion mechanisms in irradiated NC metals.
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