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A B S T R A C T

Atomistic simulations of radiation damage uncover how grain boundaries (GBs) migrate and coalesce under
irradiation in bicrystalline Cu. Planar GB migration biased by defect cluster-mediated attraction first leads
to slow and steady motion. Subsequently, adjoining GBs coalesce into curved surfaces, where curvature-
driven migration with a velocity three orders of magnitude higher than that of a planar boundary dominates
motion, triggering rapid grain growth. This study reveals the atomistic mechanisms of radiation-induced
grain growth, and has practical implications towards engineering radiation-tolerant nanostructures.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Internal interfaces such as grain boundaries (GBs) play a central
role in governing many material properties in metals. For example,
decreasing grain size to the nanometer scale, which increases the
volume density of GBs, considerably improves mechanical strength
[1]. Microstructural evolution due to grain growth is controlled
by a key process - GB migration. The growth of one grain at the
expense of others can be driven by various forces, from elastic energy
anisotropy, non-uniform defect or impurity density, a gradient in
temperature, and capillary forces of curved GBs [2]. These driving
forces are frequently considered in experiments and simulations to
study GB migration and grain growth in a variety of polycrystalline
systems [3-5].

Boundaries and interfaces act as effective radiation damage sinks
by rapidly absorbing radiation-induced defects [6]. To this extent,
nanocrystalline metals with a high volume density of boundaries are
promising radiation-tolerant structural materials, but they inevitably
experience radiation-enhanced GB motion and growth [7,8] accom-
panied by mechanical property degradation. In studies of irradiated
polycrystalline metals, the average grain size increases with irradi-
ation dose with a power law relationship depending on microstruc-
tural characteristics and irradiation conditions [9,10]. Theoretical
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models based on thermal spikes were proposed to interpret the
nature of radiation-induced grain growth [11,12], in which a GB
is hypothesized to migrate through biased atomic diffusion. The
process is assumed to occur within the displacement cascade (i.e.
thermal spike) region in the vicinity of the GB, and is driven by
local curvature. This radiation-induced GB motion has also been
observed in MD simulations of displacement cascades in nanocrys-
talline metals, but only arises if the thermal spike exceeds the grain
size and overlaps the boundaries [13]. Although the aforementioned
experiments and simulations of polycrystalline materials construct
a picture of the overall change in grain size, it is difficult to extract
a clear understanding of precisely how GBs respond to radiation
damage, due to the complexity of microstructures which encompass
connected GBs and limitations in temporal and spatial resolution of
experiments.

A bicrystal system is a reasonable alternative to investigate indi-
vidual boundaries. To induce GB motion, external forces are typically
applied to the system, including shear stress [14], elastic stored
energy [15], vacancy loading [16] and artificial synthetic forces [17],
which have been considered in both experiments and simulations.
The resultant GB migration rates were found to be proportional to the
magnitude of each force. Without external forces or internal energy
gradients, planar GBs generally exhibit random-walk migration [18].
How they evolve under irradiation is an open and interesting scien-
tific question, which is also of central importance to understanding
radiation-induced grain growth.
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Here, we examine a high-angle planar GB’s response to radiation
damage through a series of consecutive displacement cascade MD
simulations [19]. A Cu bicrystal as shown in Fig. 1 (a) is constructed,
containing two symmetrical tilt, high-angleS5(210) GBs with dimen-
sions of 2k × 11.4 nm × 10.9 nm, where k (taken here as 11.4 nm)
represents the spacing between adjacent GBs. We model Cu-Cu
interactions using an embedded-atom method (EAM) potential [20]
which is smoothly joined [21] to a Ziegler-Biersack-Littmark (ZBL)
repulsive potential to resolve highly energetic collisions [22,23]. The
system is first equilibrated to zero pressure for 100 ps at 800 K with
periodic boundary conditions, followed by damage cascade simula-
tions using the same procedure as described in [24]. Specifically, a
cascade is modeled by assigning a kinetic energy of 5 keV with an
arbitrary direction to a randomly selected primary knock-on atom
(PKA) and annealing for 30,000 adaptive timesteps, with a thermal
sink at the boundaries to cool the system to ∼800 K after the cas-
cade. This process is repeated up to experimental radiation dose
levels by successively introducing 2000 cascades with randomly cho-
sen PKAs, achieving a dose level of ∼1.42 dpa according to the NRT
[25] approximation in a total simulation time of 58 ns. It should
be noted that this procedure inevitably leads to a much higher
dose rate compared with experiments. Nevertheless, it provides
a representative view of microstrutural evolution driven by colli-
sion cascades. The simulations were performed using the large-scale
atomic and molecular massively parallel simulator (LAMMPS) [26],
and the simulation data repository is available at [27] with the input
and output files, and processing scripts used in the creation of this
manuscript.

Fig. 1 (a) depicts the simulation model with two GBs located
at X = −5.7 and 5.7 nm, respectively. During collision cascades,
GB positions are recorded and plotted as a function of time as
shown in Fig. 1 (b). GBs are observed to move towards each other
under the applied, constant radiation flux. A close inspection of
the position-time plots reveals two pronounced characteristics: GB
motion exhibits a temporally intermittent manner, manifested by
abrupt position changes interspersed in the curves, and a back-and-
forth motion is superimposed on a general trend of GBs approaching
each other. Such features reflect volatile GB behavior under the com-
bined influence of collision cascades, thermally-activated diffusion,
and defect-GB interactions. The two GBs move at about the same
velocity V ∼ 0.08 m/s to the center of simulation box, followed
by direct interaction with each other, leading to final grain growth
which will be elaborated below. Correspondingly, the system poten-
tial energy (energy of inherent structure [28]) exhibits a drastic
drop as shown in Fig. 1 (c), indicating energy release accompanied
by GB annihilation. Fig. 1 (c) also shows that the system energy
gradually builds up at the beginning of irradiation, owing to the
extra energy introduced by radiation defects into the originally per-
fect crystal. After ∼3 ns, the defect concentration reaches saturation
where defect creation and annihilation strike a balance, giving rise
to a roughly constant system energy before the drop associated with
grain growth. It is worth noting that in Fig. 2 (b) the two GBs prefer-
entially migrate to the center, but our ten independent simulations
indicate that GBs are equally likely to move outwards, interacting at
the system boundary. Due to the periodic boundary conditions, there
is no difference between motion in one direction or the other.

We then focus on the detailed microstructural evolution of the
system, particularly on atomistic processes of boundary evolution
and grain growth resulting from GB migration. In Fig. 2, we show
the microstructural evolution of the system before, during, and after
grain growth at times from 43.12 to 54.42 ns. At 43.12 ns, the GBs
have considerably shifted away from their original locations and
approach each other (Fig. 2 (a)). The boundary profiles become wider
and rougher as they preferentially absorb radiation-induced inter-
stitials. In the bulk region, vacancy clusters rearrange to more ener-
getically favorable stacking fault tetrahedra (SFTs). Attraction due to
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Fig. 1. (a) Illustrates the bicrystal model with two S5(210) boundaries. Primary
knock-on atoms (PKAs) are randomly selected and homogeneously distributed in the
system. (b) shows GB position as a function of time during irradiation at 800 K, where
the slope represents GB velocity. (c) shows the corresponding system energy change
dE with time.

the elastic interaction [24] between SFTs and irradiated (interstitial-
loaded) GBs provides the necessary driving force for GB migration.
The SFTs in the reduced bulk region are synergistically absorbed by
the moving GBs (refer to the supplementary video) which results in
a defect-scarce zone. At 54.28 ns as shown in Fig. 2 (b), the bound-
aries simultaneously interact with the same defect. With the small
separation distance ∼4 nm, the elastic interaction between the two
GBs could increase the driving force for attraction. Subsequently, the
two GBs have come into direct contact (Fig. 2 (c)), leaving a small
region of perfect atomic structure where the GBs are partially anni-
hilated. From this point, the two planar boundaries transform into a
curved surface, and the migration becomes curvature-driven with a
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Fig. 2. Microstructural evolution of a Cu bicrystal under irradiation at 800 K. (a) Structures of irradiated GBs and SFTs at 43.12 ns; (b) two GBs simultaneously interacting with a
defect at 54.8 ns; (c) GBs connecting at 54.21 ns and curvature-driven migration leading to GB annihilation (d); (e) defect distribution following GB annihilation at 54.42 ns, and
corresponding interstitial and vacancy type structures shown in (f). Atoms are colored by structure, and the shaded turquoise indicates the initial GB location. Only large atom
clusters are shown in (a–e) for ease of visualization.

significantly increased velocity of ∼102 m/s (see Fig. 2 (d)). Compar-
ing to the planar boundary velocity of ∼0.08 m/s, the speed of the
curved one increases by three orders of magnitude, signifying the
effects of curvature on GB migration. One can also see in Fig. 2 (d)
that the boundary (hole) migration is anisotropic, due to orientation-
dependent boundary stiffness and the formation of minimum free
energy surfaces. In Fig. 2 (e), planar stacking faults are left behind
after GB annihilation, formed by the collapse of interstitials on the
close-packed {111} planes terminated by partial dislocations. Cor-
responding to the same atomic structure as in Fig. 2 (e), Fig. 2 (f)
shows the distribution of interstitial and vacancy defects analyzed by
Wigner-Seitz cell method [23].

During irradiation, GBs preferentially absorb interstitials to
become interstitial-loaded, and these irradiated boundaries can dif-
fer from the pristine ones in terms of mobility. The boundary velocity
V could be described with the product of a driving force P and
the intrinsic mobility M. However, the intractability of the driving
force in the irradiation condition renders the calculation of mobil-
ity impractical. To characterize the migration properties of irradiated
(interstitial-loaded) and pristine GBs, we adopt the continuum model
[18] to extract GB mobility in the limit of zero driving force. We per-
form additional 30 independent MD simulations (without cascades)
for systems containing perfect or irradiated boundaries. Due to slow
GB diffusion, a higher temperature of 1200 K is chosen to obtain a
reliable relation between mean squared displacements (MSDs) and
time, and therefore their diffusivities. Fig. 3 shows the MSD of GB
position (〈X̄2〉) as a function of time t, and the linear slope represents
the GB diffusion coefficient D. We therefore compute the mobility
from a theoretical model, which relates the mobility to the diffusion
coefficient by M = DA/2kBT, where A is the boundary plane area and

T is the system temperature in Kelvin. The pristine GB has a mobility
M = 1.6 × 10−8m4J−1s−1 which is consistent with experiments [29].
The irradiated GB is far more mobile (M = 2.2 × 10−7m4J−1s−1),

irradiated

perfect

Fig. 3. Mean squared displacement of GBs 〈X̄2〉 as a function of time for perfect and
irradiated (interstitial-loaded) S5(210) boundaries at 1200 K. The boundary diffusion
coefficient D is the slope of a linear fit to the points in the random walk model.
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Fig. 4. Schematic illustration of different stages leading to grain growth under irradiation. (a) Stage I: GBs are irradiated, exhibiting random walk behavior with high mobility;
(b) Stage II: defect-biased planar GB migration dominates due to synergistic attraction of defects; (c–d) Stage III: rapid curvature-driven GB migration.

possibly due to more frequent atom rearrangement and migration
associated with the disordered boundary structure.

Fig. 4 illustrates a mechanistic process for radiation-induced
grain growth in three stages. In the early stage of radiation dam-
age, the GBs become interstitial-loaded, gaining a higher mobility
than pristine ones. At this stage the boundaries exhibit random walk
oscillations (Fig. 4 (a)). With increasing radiation dose, energeti-
cally favorable SFTs between the GBs induce attraction to further
reduce interboundary distance. The boundary migration mechanism
changes from random walk to biased-motion, and GBs slowly and
steadily drift from their original positions. In this second stage (Fig. 4
(b)), GB drift shrinks the boundary distance to the extent that both
can synergistically contribute to the capture of defects inside the
smaller bulk region. When the GBs reach a small interval (< 4 nm
in this case), they can directly interact and then connect, leading
to stage III where curvature-driven boundary migration dominates
(Fig. 4 (c–d)). Because the grain boundary energy is orientation-
dependent, its migration is an anisotropic process as shown in
Fig. 4 (c). The migration rate is significantly accelerated, owing to
the high driving force from the curved-boundary. After a short dura-
tion of tens of picoseconds, the completion of migration results in GB
annihilation and grain growth.

In summary, our results reveal the detailed microstructural pro-
cesses underpinning grain growth in nanocrystalline Cu under irra-
diation. Grain boundary evolution proceeds in stages, marked by
different migration mechanisms. With a gradually increasing dam-
age level, the motion of the planar GBs starts as a random walk,
and then becomes biased due to defect cluster attraction, steadily
reducing GB distance. Ultimately, curvature-driven migration domi-
nates and leads to rapid GB annihilation, with a velocity three orders
of magnitude higher than that of planar boundaries. The proposed
three stage mechanism of grain growth can be utilized to develop a
thorough theoretical analysis of radiation-induced grain growth in
polycrystalline metals when subjected to elevated temperature [30]
or radiation flux [31]. The results have practical implications in engi-
neering stable GB structures to maintain radiation resistance, and

motivate further investigation into the mechanisms of grain growth
in more complex systems such as polycrystalline metals.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scriptamat.2018.12.038.
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