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Finding novel nuclear materials with high radiation resistance is very important for the nuclear industry
and requires the understanding of the self-healing of radiation damage in such novel materials as nanocrystalline iron. Combining molecular dynamics simulations, molecular statics calculations and the object kinetic Monte Carlo method, we found that the self-healing capability of nano-crystalline iron is
closely related to the coupling of the individual fundamental segregation and annihilation processes of
vacancies and interstitials near the grain boundary (GB). Statically, both near the GB and at the GB, a lowenergy-barrier/barrier-free region forms around the interstitial which promotes the annihilation of vacancies. The annihilation process was found to always involve the collective motion of multiple atoms
due to the recovery of the strained atoms around the interstitial. Dynamically, the annihilation involves
two coupled processes. Before segregating into the GB, the interstitial annihilates lots of vacancies near
the GB as it diffuses near the GB together with the low-barrier region. In addition, although the interstitial is tightly bound to the GB after segregation, it efﬁciently removes the vacancies near the GB while
moving along the GB, with the low-barrier region extending into the neighborhood of the GB and even
into the grain interior. These two mechanisms were found to work at low temperatures, even temperatures where the vacancy was immobile. This study revealed the interaction of the major radiation
defects at different scales and thereby uncovered the origin of the high radiation resistance of nanocrystalline iron.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Grain boundaries (GBs), the interfaces between grains, strongly
determine the performance and properties of devices in many
different ﬁelds, e.g., by affecting a material's mass transport properties [1,2], strength, and deformation behavior [3e5]. In the ﬁeld of
nuclear energy, GBs were observed to signiﬁcantly affect the
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radiation resistance of nano-crystalline materials with grain sizes
smaller than the grain sizes of common poly-crystalline materials
[6e9]. Methods for improving the radiation resistance of crystals by
reducing the grain size have been studied for almost four decades
[10]. Recently, it has been demonstrated that a reduction of the
grain size can signiﬁcantly reduce the accumulation of radiation
defects in nano-crystalline metals [11e16], alloys [17,18] and oxides
[19,20]. Often, the radiation tolerance of nano-crystalline metals
strongly depends on fundamental processes in such systems, i.e.,
the diffusion, segregation and annihilation of self-interstitial atoms
(SIAs) and vacancies (Vs) near the GBs. These processes can be used
to deﬁne the role of GBs in modifying the behavior of SIAs and Vs
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near the GBs.
It is well-known that defects tend to aggregate at GBs [1,2]. The
segregation of small amounts of solute atoms can signiﬁcantly
change the fracture toughness and corrosion resistance of metallic
alloys by several orders of magnitude leading to, for instance, the
well-known effect of hydrogen embrittlement and stress corrosion
cracking. Irradiation-induced defects, SIAs and Vs, are expected to
be efﬁciently trapped by GBs, which explains the enhanced radiation resistance of nano-crystalline materials [21e32]. Molecular
statics (MS) simulations at 0 K implied that it is thermodynamically
favorable for SIAs and Vs to aggregate at the GBs [25e27,29,30].
Extensive energetic calculations of the segregation of SIAs and Vs in
a-iron were performed by Tschopp et al., and their results suggested that a GB provides a larger energetic driving force for SIAs to
segregate to the GB than for Vs [27]. Similar results were obtained
for the segregation of SIAs and Vs in copper, tungsten and molybdenum [25,29,30]. Meanwhile, on the atomic scale, SIAs have been
often observed to move towards the GBs in molecular dynamics
(MD) simulations of primary radiation damage near GBs, whereas
the Vs were generally observed to be immobile at the nanosecond
time scale of the MD simulations [21e26,28,29,31,32]. Considering
that GBs act as defect sinks, Singh and Foreman proposed that the
void density in austenitic stainless steel grains depends on the
grain size [33]. Their rate-theory calculations indicated that the
depletion of Vs due to grain boundary trapping suppresses void
formation. This is supported by the results of our object kinetic
Monte Carlo (OKMC) calculations (see Figs. 1 and 2 in Ref. [34]
which were obtained by only incorporating the segregation of
point SIAs and Vs into the model). An improved radiation resistance
was observed for ﬁne-grained tungsten even at a low temperature
of 563 K [15]. At this temperature, the V in the grain was found to
actually be immobile. Such an improved radiation tolerance was
also observed for gold at low temperatures [12]. Under these conditions, the GB can no longer absorb bulk Vs, implying that the
described role of a GB as defect sink cannot explain these experimental results. The interaction between defects and GBs may
therefore be far more complicated than previously considered.
In this study, we focus on the role of the GB as a catalyst for the
VeSIA annihilation, which has been proposed to enhance the radiation tolerance of nano-crystals [25,29]. Recently, after studying a
single-element model for copper with a face-centered cubic
structure, Bai et al. observed a surprising phenomenon that the
interstitial-loaded GB acted as an interstitial source, emitting interstitials via a replacement process along 〈1 1 0〉, with chains of up
to ﬁve atoms pushing from the GB to anneal vacancies in the bulk,
each atom moving about one nearest neighbor distance [25]. They
referred to this mechanism as “interstitial emission” (IE) which was
expected to efﬁciently anneal radiation damage in nano-crystalline
copper due to a low annihilation energy barrier. However, the
generality of this IE mechanism for other metallic systems has not
been assessed, which may depend on the GB sink strength, i.e., the
binding energy for the binding of the defect to the GB or the
segregation energy. Quite recently, we have examined the VeSIA
annihilation mechanism in tungsten where the SIAs were tightly
bound to the GB due to an exceptionally large binding energy of
about 7.5 eV [29]. The VeSIA annihilation near tungsten GB was
found to be a low energy barrier process via a replacement process
along 〈1 1 1〉 that looked like an emitted chain of atoms towards the
V [29], analogous to the visualization annihilation process near the
copper GB [25]. The annihilation in tungsten bulk was also found to
be a concerted process with collective and directed motion of chain
of atoms. The strength of the GB sink for an SIA has been calculated
to be about 2.7 eV for iron [30], which is comparable to the value of
1.6 eV obtained for copper [25] and much lower than the 7.5 eV
calculated for tungsten. Considering the different sink strengths in

these systems, it may be very interesting to further explore if the
proposed mechanism which has been successfully applied to copper can also be applied to iron.
In addition to the dual role of the GB as both defect sink and
annihilation catalyst, several atomic mechanisms for describing the
radiation resistance have also been proposed focusing on either the
radiation-induced modiﬁcation of the GB structure or the GB motion state, e.g., the coupled sliding-migration of GBs in tungsten
under extreme stress conditions and the radiation-enhanced GB
migration [16,35,36]. Here, we focus our attention on the basic
interactions of radiation-induced defects with the static GB, i.e., the
segregation and annihilation of SIAs and Vs near the GB. Although
certain energetic and kinetic characteristics are known regarding
these individual processes, they may be coupled with each other in
a complicated manner, especially when considering macroscopic
time scales rather than the nanosecond time scale of MD simulations. For instance, how does the SIA interact with the V prior to its
segregation into the GB? In other words, does the preferential
segregation of the SIA into the GB, to some extent, suppress or
compete with the SIAeV recombination near the GB? After the SIA
resides at the GB, does it have to reemit to recombine with the V
near the GB? Or, does there exist a coupling of some sort, for
instance, of the segregation/diffusion process of the SIA and the V,
which promotes the SIAeV annihilation? These issues remain to be
fully understood.
Considering the importance of a-iron in nuclear engineering, we
selected body-centered cubic (bcc) iron as a model system in the
present study. For instance, ferritic/martensitic steels with an airon matrix structure act as structural materials in nuclear reactors
[9]. We combined MD and MS simulation with the OKMC method
to investigate the radiation tolerance of nano-crystalline iron. The
MD simulations of the primary radiation damage near the GBs in
iron revealed fundamental processes involved in defect generation
and evolution both in the grain interior and near the GB. These key
processes were then parameterized utilizing MS calculations to
model the diffusion and annihilation of Vs and SIAs near the GB. In
this work, a modiﬁed dimer method was combined with the
nudged elastic band method to investigate the annihilation
mechanism in detail [37,38] because the exact mechanism for the
annihilation process is still unknown. These parameterized processes were then used as a basis for the OKMC simulation to study
the dynamic behavior of the diffusion and annihilation of the V and
SIA near the GB on a macroscopic scale. The present work aimed to
improve our knowledge of the annihilation process near the GB
both at an atomistic and at a macroscopic level, in hope of understanding the role of GBs in the reduction of the radiation damage in
nano-crystalline iron. Particular attention has been paid to the
coupling of the basic segregation and annihilation processes near
the GB.
2. Computational method
2.1. GB models and atomic potential
The GB studied in this work is a Ʃ5 (3 1 0)/[0 0 1] symmetric tilt
GB in bcc iron, where S indicates the degree of geometrical coincidence at the GB, (3 1 0) denotes the plane of the GB and [0 0 1]
denotes the rotation axes. The creation and relaxation procedures
are identical to the procedures described in our previous work [29].
Periodic boundary conditions were applied in the two directions
parallel to the GB plane, but the ﬁxed boundary condition was
selected for the direction normal to the GB plane. The simulation
cells consist of a moving region sandwiched between two rigid
regions, similar to simulation cells used in other studies
[25,29e31]. The GB energy was minimized through the relaxation
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of all non-rigid atoms and the rigid-body translations of one grain
relative to the other in all three Cartesian directions at 0 K. The
lowest energy of the relaxed GB structure was calculated to 0.99 J/
m2. Six other GBs, i.e., S5 (2 1 0), S13 (5 1 0), S17 (4 1 0), S25 (7 1 0),
S29 (5 2 0) and S37 (6 1 0), were constructed and relaxed
analogously.
The inter-atomic potential proposed by Mendelev et al. as part
of their embedded-atom-method [39] (Potential 2 in Ref. [39]) was
used to model the inter-atomic interaction. At the short range of
1.0 Å the potential has been splined to the universal high-energy
empirical potential established by Ziegler et al. [40]. The obtained
potential was then applied to study the primary radiation damage
near the GBs in iron. Tests showed that this potential correctly
predicted the properties of the point defects. The bulk V formation
energy was calculated to be 1.72 eV, and the diffusion barrier to
0.63 eV. The stable conﬁguration of a single SIA was identiﬁed as the
〈1 1 0〉 dumbbell conﬁguration with the formation energy of 3.53 eV
and a diffusion energy barrier of 0.33 eV. The potential was
therefore proved suitable for investigating the diffusion and annihilation of Vs, SIAs and corresponding VeSIA pairs.
For the MD simulations, a large GB model with a size of about
180  70  90 Å3 was constructed containing 95,520 atoms. The
atoms in the outermost layers of the moving region, with a thickness two times the lattice constant, were coupled with a velocityrescaling thermostat to absorb the cascade energy and maintain
the system temperature at the chosen value. The model is illustrated in Fig. 1(a). The size of the simulation cell was carefully
chosen to avoid interactions between two cascades in the two
neighboring cells. This was conﬁrmed by the visualization of the
MD simulations. The size of the model in the direction normal to
the GB was then adjusted to avoid interactions between the ﬁxed
surface and the GB.
The thermodynamic and kinetic properties of the relevant
processes identiﬁed in the MD simulations were then calculated
by MS simulations using a smaller GB model. This model consisted of 3792 atoms and had a size of about 73  27  23 Å3. The
ground state for the GB core structure is illustrated in Fig. 1(b).
We have ﬁrst checked whether the model size was large enough
for calculating the energetic and kinetic properties of SIAs and Vs
and for calculating the energy landscapes of the SIAeV pair near
the GB.
For the OKMC simulations, a square-shaped grain model was
built with periodic boundary conditions imposed in all three dimensions, as illustrated in Fig. 1(c). The GB was placed at the
center of the cell. The physical picture and related approximations
underling the model are shown in Fig. 1(def). In the bulk and at
the GB, the GB model structure is periodic three-dimensionally
and two-dimensionally, respectively, composing of structural
units. Nevertheless, the lattice sites or the defect sites within a
structural unit are often non-equivalent and the local atomic
environment therein is complex. This may lead to existence of
multiple meta-stable sites for the defect location (referred to the
MS calculation results in the text). As a result, as a defect moves in
the real coordinate space, it not only visits stable states but also
visits meta-stable ones. For example, for a vacancy diffusing in the
bulk, there exists a meta-stable site at the center of the path from
the vacancy to its ﬁrst-nearest neighbors. Near the GB, the system
loses its structural periodicity as it transits from one grain to the
other. Although the GB generally acts as the defect sink, the exact
trapping process may involve several sequential transitions from
the bulk region to the GB. Correspondingly, the real energy landscapes for the defect near the GB and at the GB and even in the
bulk were found to be rough and rugged. The nature of the OKMC
simulation of defects behaviors is to use a motion rate to model
the local potential ﬁeld. Emergence of lots of transitions related to
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these meta-stable states will severely reduce the computation
efﬁciency of the OKMC if all the transitions are considered into the
model. Therefore, in the present coarse-grained OKMC modeling of
defect evolution, only the transitions from one stable site to
another were considered and the transitions between a stable
state and a meta-stable one or between two meta-stable states
were omitted.
The real energy landscape for the V and SIA near the GB was
approximated by a squared potential well (Fig. 1(e)). The width of
the well was deﬁned as the interactive range of the defect with the
GB. The depth of the well is the energy reduction as the defect
segregates into the GB from the bulk (binding energy). This
approximation was believed to have little effect on the evolution of
the defect near the GB, since the interactive range of the defect with
the GB was calculated to be quite small than 1.0 nm [30] and the
events near the GB was estimated to be very fast due to GBenhanced diffusion or annihilation of the defect compared with
other events in the bulk or at the GB. Particularly, this is a good
approximation for the SIA due to the spontaneous absorption of the
SIA near the GB (referred to the MS calculation results in the text
and also results in Ref. [30]).
In the simulation, the low-barrier problem was also encountered. As the system evolved, the system was found to occasionally
fall into a region of the landscape where a series of meta-stable
states exist. The transitions between these states only overcome a
low barrier, leading to a large transition rate and consequently
frequent visiting of these states, e.g., the vacancy migration from
one stable site on one GB side to the symmetric site on the other GB
side nearly barrier-freely. As a result, the timescale that OKMC can
access is severely shortened. In this case, multiple states were
treated as a super-basin (Fig. 1(f)). By adopting this approximation,
the time for the defect to wander at a meta-stable state was set to
be zero, in other words, accelerating the overall transition rate from
one stable state to another. Consequently, the corresponding
timescale was underestimated.
Above approximations lead to the following pictures. In the
bulk, the V and SIA undergo three dimensional walk with migration
rates r1, r2, r3, r4, r5, r6, r7, r8 along eight directions in a bodycentered cubic cell (Fig. 1(d)). These rates are equal independent
of the motion direction. At the GB, the V and SIA move two
dimensionally with rates r1, r2, r3, r4 along four directions. Rates
r1 ¼ r3 and r2 ¼ r4. In the vicinity of the GB, the V and SIA have two
motion degree, segregation into the GB or escape from the GB with
V , r SIA and r V
SIA
the corresponding rates rseg
seg
escape , rescape . The annihilation
rate of the VeSIA pair depends on the location of the V and SIA. As
both the V and SIA are in the bulk or at the GB, the annihilation rates
bulk and r GB , respectively. If one of the V and SIA is located in
are rann
ann
the bulk and the other resides at the GB, their annihilation rate is
near GB .
rann
These event rates for the defect object were calculated by
r ¼ v0exp(Ea/kBT), wherev0 is the vibration frequency of atoms in
iron bulk and is generally assumed to be 1012/s. The Boltzmann
constant kB has a value of 8.617  105 eV/K. Ea and T are activation
energy and system temperature, respectively. Here, Ea was deﬁned
as the overall barrier that the defect overcomes when migrating
from one stable site to another according to above approximations.
V
SIA
Ea in rescape
/ rescape
is the sum of the binding energy and the
diffusion energy barrier of the V/SIA. For the annihilation, Ea was
taken to be zero within a certain range of the VeSIA pair considering spontaneous annihilation. Within the low-barrier region, Ea
was approximated to be half the diffusion energy barrier of the
defect that has a smaller migration energy barrier compared with
its counterpart. The parameters related to Ea and other interactive
range parameters were deduced from MS calculations.
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Fig. 1. Schematic illustration of the models used for the simulations: (a) GB model for the molecular dynamics simulation of the primary radiation damage, (b) GB model for the
molecular statics calculation of the energetic and kinetic properties of the SIAs and vacancies, and (cef) GB model for the object kinetic Monte Carlo simulation of the macroscopic
behavior of the SIAs and Vs. In (a), the GB position is marked by the vertical purple line. The purple sphere with the red arrow represents the primary knock-on atom (PKA). The red
rectangles on either side represent the ﬁxed atom layers and the cyan rectangles the thermostat, respectively. In (b), the color of the atoms corresponds to their potential energy.
The structure illustrates a S5 (3 1 0)/[0 0 1] symmetric tilt GB. The red dashed line indicates the position of the GB. In (c), the purple lines indicate the position of the GBs and L
denotes the grain size. In (d), axis Z is normal to the GB, while axes X and Y are parallel to the GB. The red cubic and green sphere represent a V and an SIA, respectively. RV-SIA
stands for the distance from the V to the SIA that are in the bulk or at the GB. RV-GB and RSIA-GB respectively denote the distance from the V and the SIA to the pure GB, while RVGB_SIA is for the distance from the bulk V to the SIA that is preferentially located at the GB. The symbols r1, r2, r3, r4, r5, r6, r7, r8 denote the rates along eight directions in a
V
bodycentered cubic cell for the V and SIA diffusion in the bulk. The symbols r1, r2, r3, r4 are rates along four directions for the V and SIA migration within the GB. The symbols rseg
SIA denote the segregation rates for a V and an SIA, respectively. The corresponding rates for a V and an SIA to migrate out from the GB are represented by r V
SIA
and rseg
escape and rescape . The
bulk , r near GB and r GB , respectively. (e) illustrates the approximation of the real energy
annihilation rates for a VeSIA pair in the bulk, near the GB and at the GB are denoted by rann
ann
ann
landscape for the V and SIA near the GB by an squared potential well. (f) shows the approximation of multiple states by a super basin. The symbols A and B mark the positions of two
states which are considered as a super basin as marked by C (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article).

2.2. MD simulation of the primary damage near the GB
The velocity-Verlet method was used for solving the motion
equations during the MD simulations. A temperature of 1000 K was
selected for the activation of the V near the GB on the MD simulation time scale and to help us observe the generation and evolution of irradiation defects near the GB.
Before irradiating the system, the GB was ﬁrstly relaxed
assuming a temperature of 1000 K for 10 pico-seconds (ps) with a
time step of 2  103 ps to reach thermal equilibrium. Then, an
atom within about 70 Å of the GB and located at the center of the
cross-sectional plane parallel to the GB plane was selected as the
primary knock-on atom (PKA). The atom was then given a kinetic

energy of 3 keV and a velocity vector directed perpendicularly towards the GB. The PKA induced a collision cascade at the GB, and a
smaller time step of 1  104 ps was used for the next 2 ps to
observe the collision cascade. After the cascade cooled down, the
simulation was allowed to run for another 10,000 ps with a time
step of 2  103 ps. For each selected distance of the PKA, 12 independent simulation runs were performed.
To characterize the damaged GB structure, we visualized the GB
structure and counted the defects in the bulk region, particularly
within the GB. In this work, the bulk region in the GB-containing
system was deﬁned as those parts of the system with a distance
of at least 5 Å to the GB plane. To count the number of irradiation
defects, we also employed the Wigner-Seitz cell method [41] to
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identify the defects.
2.3. MS calculation of the SIAeV interaction near the GB
The defect formation energy at site a is deﬁned as:
a
Efa ¼ EGB
±Ecoh  EGB ;

(1)

where positive sign corresponds to the V and a negative sign corresponds to the SIA. Ecoh is the cohesive energy per atom for a
a and E
perfect bcc iron lattice (4.12 eV); EGB
GB denote the total
energies of the simulation cell with and without the V or SIA,
respectively. Defect formation energy means the energy cost for
creating a defect, which is the thermodynamic description of defect
properties. When a V/SIA was created (by removing or adding an
atom) in a system in order to calculate the V/SIA formation energy,
the system was relaxed using the steepest decent method.
To investigate the kinetics and dynamics of the V and SIA
diffusion and annihilation in the bulk and near the GB, we combined the dimer method [37] with the nudged-elastic-band (NEB)
method [38]. The NEB method was mainly used to determine the
minimum energy path for defect diffusion and annihilation, as well
as the corresponding energy barrier. The states that have been
relaxed for calculating defects formation energy served as the
possible initial and ﬁnal states of a diffusion or annihilation process.
During the NEB calculation, the conventional NEB method does not
exactly yield a saddle point. We added dense images along the
initial path: 28 intermediate images were inserted between the
initial and ﬁnal states using the linear interpolation method.
The dimer method was mainly used to explore the SIAeV
annihilation mechanisms in the bulk and near the GB rather than
fully explore the potential energy surface of the system of interest.
Once the transition was detected, the structural variation during
the transition was analyzed. Only the transitions corresponding to
SIAeV annihilation was further analyzed to reveal possible annihilation mechanisms (the other transitions are shown in Ref. [34]).
In the calculations, the dimer method was ﬁrstly used to ﬁnd the
approximate minimum energy path, which was then rigorously
relaxed by applying the NEB method. In the modiﬁed dimer
method [37], we used curvatures at rotation angles of 0 , 45 and
90 to calculate the Fourier coefﬁcients a0, a1 and a2. Thereby we
were able to calculate the curvature with high accuracy. In addition,
we only activated the atoms within a certain range of the event
region. The center for the activated region can be at the site of the
defect introduced. To make the dimer search well converge, the
radius for the activated region was found to vary from 3 to 8 Å. A
choice of a large radius makes the dimension of the potential energy surface too large to be explored and the search was therefore
difﬁcult to converge. The un-relaxed system with defects was found
to be a good initial conﬁguration for dimer searches. The dimer
separation was set to 0.05 Å. The critical angle for the dimer rotation was 0.01 rad. The step for the dimer translation was 0.1 Å. For
each dimer search, the initial dimer direction was randomly given
by assigning a unit random vector or by assigning a speciﬁc direction, e.g., the direction of the V migration. For a given initial state
and activation direction, 20 independent dimer searches were
conducted.
2.4. OKMC investigation of the dynamic interaction of the SIAeV
pair near the GB
Two different OKMC models were used and two typical temperatures, 200 and 300 K, were selected. At 200 K, the SIA in the
bulk region became activated whereas the V remained immobile. At
300 K, both the SIA and the V became activated. In the ﬁrst model,
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only an SIA or a V segregation event was included in the model. This
model was employed to test whether the GB acts as an effective
sink for radiation-defects, as expected (see Figs. 1 and 2 in Ref. [34]).
The grain size was chosen to 15, 50, 100, and 700 nm. The experimental values previously reported for the average grain size (49, 96
and 700 nm) served as reference [13]. The initial SIA/V concentration was set to 30 appm in the GB system with a grain size of 15 nm.
The concentration was only 1 appm for the systems with a grain
size of 50 and 100 nm, and 0.1 appm for the system with a grain size
of 700 nm. The choice of the defect concentration was based on two
considerations, i.e., the statistics of the results and the computational cost (the combination of a high defect concentration with a
large grain size were beyond the capabilities of the OKMC
simulation).
In the second model, both segregation and annihilation processes were considered, including the diffusion of the SIA and the V
and their annihilation in the bulk region, near the GB and at the GB.
The model was used to investigate the segregation and annihilation
behavior of SIAs and Vs over long timescales, especially the coupling
of the segregation and the annihilation processes. The grain size
was selected to a typical value of 50 nm. For comparison, the corresponding SIAeV pair concentration was chosen to 10 and
100 appm. In both models, only point defects and single SIAs and Vs,
were considered.
3. Results
3.1. Primary radiation damage near the GB at 1000 K
First, MD simulations of primary displacement cascades near a
S5 (3 1 0)/[0 0 1] symmetric tilt GB induced by a single 3 keV-PKA
were performed considering a temperature of 1000 K. The simulation was allowed to run for several thousands of ps. Two typical
PKA distances of 52 and 23 Å were selected for the simulations. In
Fig. 2(a), the distance between the PKA and GB is large enough to
prevent a direct interaction of the cascade with the GB. After 0.5 ps
the cascade had reached its maximum expansion. Meanwhile, one
SIA had already segregated into the GB. One di-SIA was also
observed to move towards the GB. After 4.0 ps, the cascade started
to cool down and most of the displaced atoms returned to their
original lattice sites, while others formed stable defects. At this
stage, the di-SIA was found to reside at the GB. In the time interval
from 4.0 to 10.0 ps, close SIAeV pairs were observed to interact with
each other. Three SIAs and six Vs remained in the bulk region after
10 ps. Subsequently, after a random-walk a SIA recombined with a V
in the bulk region by 58 ps. During the time interval from 58 to
672 ps, the other two SIAs diffused into the GB. A much longer time
was required for the Vs to arrive at the GB (between 672 and
6522 ps). In the meantime, the SIA at the GB was observed to move
along the GB, as illustrated by the vertical two-way arrow along the
GB.
For the second case, i.e., the overlapping of the cascade and the
GB, Fig. 2(b) shows several snapshots illustrating the V diffusion
and possible annihilation by the SIA at the GB (see Fig. 3 in Ref. [34]
for the evolution of the number of defects in the bulk region and
within the GB). After 0.5 ps, the cascade well overlaps with the
boundary. Then, due to SIAeV annihilation and SIA segregation, the
cascade started to shrink. After 10 ps, only three Vs remained in the
bulk, with already several SIAs localized at the GB. In the time interval from 10 to 287 ps, the Vs near the GB were either annihilated
via IE or trapped by the GB, or were annihilated at the GB after their
segregation into the GB. After 287 ps, the grain interior was
perfectly recovered.
These MD simulations revealed the possible individual atomic
processes involved in the interaction between the SIA, the V and the
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Fig. 2. Representative simulation snapshots illustrating the progression of a collision cascade near a S5 (3 1 0)/[0 0 1] symmetric tilt GB at 1000 K. In (a), the damage cascade was
initiated by a single PKA with a kinetic energy of 3 keV placed at a distance of about 52 Å normal to the GB. In (b), the PKA was placed at a distance of about 23 Å to the GB. The time
is given in ps in (a) and (b). In the simulations, if the deviation from the bulk energy value was lower than 0.1 eV, the atom was treated as non-defective and is not shown on the
images, whereas all atoms located within the three layers adjacent to the GB are displayed to illustrate the local structure and position of the GB. To highlight the defective atoms,
atoms were represented by bigger spheres if the deviation from the bulk energy value was larger than 0.2 eVs. (c) shows schematic illustration of the fundamental atomic
interaction processes between the SIA, V and the GB, as observed in (a) and (b). Here, Ea and Ta denote the activation energy barrier and the corresponding activation temperature,
respectively, and Eseg is the segregation energy. W is the range of interaction between the defects and the GB.

GB, as summarized in Fig. 2(c). They include the diffusion and
annihilation of the SIA and V in the bulk region far away from the GB
(process 1), the segregation of the SIA and V near the GB (processes
0
2 and2 , respectively), the SIAeV annihilation in the vicinity of the
0
GB (processes 3 and3 , respectively), and their migration and
recombination along the GB (process 4). These processes can be
characterized according to their energetic and kinetic parameters,
as well as atomic details and events rates, e.g., the segregation
energy, the activation energy and the corresponding activation
temperature. More importantly, the MD simulations strongly
indicated a complicated coupling between these processes. For
instance, prior to the absorption into the GB (process 2), the SIA can
also recombine with Vs in the bulk region (process 1). In other
words, the annihilation of SIAs with bulk Vs competes with the
segregation of the SIAs into the GB. In addition, the annihilation and
0
segregation near the GB (processes 3 and2 , respectively) may be
coupled to the motion of the SIA along the GB (process 4). This
coupling may render the VeSIA annihilation near the GB more
complex than previously considered.
3.2. Evaluation of the SIAeV interaction at 0 K by MS calculations
In order to understand the energetic and kinetic conditions of
the individual processes depicted in Fig. 2(c), as well as the possible
coupling between these processes, MS calculations were performed
assuming a temperature of 0 K. For an SIAeV pair in the bulk region
that is not inﬂuenced by the GB, it can reside there as an isolated
object or temporarily stay there at higher temperatures. On a longer
timescale, the SIA and V will migrate three-dimensionally according

to their well-known individual mechanisms. The present empirical
potential predicts that the bulk V with the formation energy of
1.72 eV diffuses via a simple exchange mechanism involving its ﬁrst
nearest atom by overcoming an energy barrier of about 0.63 eV. The
migration of the SIA can be described by the Johnson's mechanism,
i.e., the SIA migrating via translation and rotation, with a barrier of
0.33 eV; the formation energy of the stable 〈1 1 0〉 dumbbell
conﬁguration is 3.53 eV.
When the SIA and V were close enough, they interacted with
each other and even recombined, as observed for a temperature of
1000 K in Fig. 2(a) after 58 ps. The mutual interaction manifested as
a change in their respective formation energies and diffusion energy barriers and also as a potential modiﬁcation of their diffusion
or annihilation mechanisms. The effect of the SIA on the V was
evaluated by studying the variation in the V formation energy (Evf)
and diffusion energy barrier around the SIA. Evf was calculated according to Eq. (1) by using MS method. In the MS calculation of Evf,
Vs were created, one at a time, at all possible sites around the SIA
that is in the bulk or at the GB. Fig. 3(a) shows the Evf values for the
sites around the SIA in the bulk region, together with the diffusion
energy barriers along several typical paths.
According to the sign of Evf, the sites around the SIA can basically be divided into two groups separated by the red dashed line.
The orange sites outside the enclosed area are associated with a
positive Evf value of 1.6 eV, which is 0.1 eV below the bulk value of
1.71 eV. The decrease in Evf implies an attraction between the V
and the SIA and a trend for the V to approach to the SIA. This also
suggests that the SIA reduces stability of the sites near itself. The
structural analysis suggests that the slight decrease in Evf is due to
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Fig. 3. Interaction of the SIAeV pair in the bulk and near the GB at 0 K. In (a), the area enclosed by the dashed red line contains the sites with negative V formation energy (Evf). The
orange sites outside this area are associated with a positive Evf value lower than the bulk value of 1.71 eV. The blue spheres represent normal lattice sites with an Evf equal to the
bulk value. The values printed in pink are the diffusion energy barriers for the V on its path. Several paths are associated with a V diffusion barrier higher than the bulk value, such as
J/B (0.70 eV). If a V is produced at the site J, its mobility is reduced. These paths are kinetically unfavorable for V diffusion. In (b), the sites near the GB with different stability are
represented by colored spheres, similarly to the sites in (a). The green spheres indicate other sites with a deviation of Evf from the bulk value larger than 0.05 eV. The Evf values
corresponding to these sites are printed in blue. (c) shows energy proﬁles for the V diffusion on the two corresponding typical paths K/L/M/N and O/P/Q/R/T near the
GB. For comparison, a path for the diffusion of an SIA towards the GB and its segregation is also shown. (d) shows energy landscapes for a single colliding SIAeV pair in the bulk
region, near the GB and along the GB, respectively. Here, the symbols marking the V diffusion paths, e.g., M/H/A in the bulk and C/D/E near the GB, correspond to the symbols
in (a) and (b), respectively. R0 denotes another stable site for the V and ReR0 is parallel to the tilt axis [0 0 1]. I1 and I10 are two stable sites for the SIA with I1eI10 also being parallel
to [0 0 1] (see Fig. 7 in Ref. [34] for the SIA conﬁgurations). The energy of an SIA and V pair in the bulk region that does not interact with each other was chosen as reference. The
atomic processes denoted by 1, 2, 20 , 3, 4 correspond to the atomic processes described in Fig. 2. The dashed red, green and blue lines indicate the “energy levels” of the system with
a SIAeV pair in the bulk region, near the GB and at the GB, respectively. The black line indicates the energy level of the pure GB system with an annihilated SIAeV pair (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

local relaxation of the atoms around the V (see Fig. 4(a) and (c) in
Ref. [34] for the V created at site A in Fig. 3(a)). Nevertheless, the
Evf values for the sites within the enclosed area are even reduced
to be negative such as sites F and J in Fig. 3(a) denoted by red
spheres; the total number of such sites is 22. Since Evf corresponds
to the energy required to create a V, a negative value of Evf implies
that no extra energy is needed to produce the V. Instead, the
system actually releases its energy. Therefore, it is thermodynamically favorable to put a V at the certain sites around an
SIA, different to that in a perfect bulk where an energy of 1.71 eV
(Evf in the bulk) is required to form a V therein. Evf was also found
to be very low, at 3.5 eV. The energetic analysis suggests that the
system energy releases tremendously after relaxation of the
structure containing an SIA and such a V with negative Evf. For the
case of the V at site F in Fig. 3(a), the energy release is as much as
5.07 eV (see Fig. 4(a) in Ref. [34]), which is only 0.16 eV for the V at
site A with positive Evf (see Fig. 4(a) in Ref. [34]). Meanwhile, the
value of 5.07 eV is approximately equal to the sum of the formation energy of a V and an SIA in the bulk (1.71 and 3.53 eV for the V
and SIA, respectively), indicating possible recombination of the V
with the SIA. The structural analysis suggested that the V was
indeed instantly annihilated when commencing with the structural relaxation. The annihilation was a consequence of the longranged structural relaxation (see Fig. 4(d) in Ref. [34]). Since the
structure was relaxed at 0 K, the annihilation of the SIA with the V
at the site with negative Evf was therefore barrier-free and spontaneous. The annihilation is not only downhill in the energy but

with the energy barrier of zero eV (see Fig. 4(a) in Ref. [34] for the
annihilation of the V at site F in Fig. 3(a)). Consequently, a VeSIA
annihilation region spontaneously formed around the SIA. We also
found such a region in our previous study around SIAs in bulk
tungsten and near GBs in tungsten [29]. And thus these sites with
negative Evf values are unstable. In this case, Evf corresponds to the
energy released when a bulk SIA is eliminated, and Evf is thus the
SIA formation energy of about 3.53 eV. For the V out of the
spontaneous annihilation region, the V was observed to exist after
relaxation and the atoms near itself only relaxed slightly and quite
locally at 0 K, although the SIA was located nearby. Its elimination
will be a thermally-activated process characterized with the
downhill energy and a non-zero energy barrier less than the energy barrier for the V diffusion in the bulk (see Fig. 4(b) and (c) in
Ref. [34] for an activated annihilation between the V at site A and
the SIA with a barrier of 0.06 eV).
In addition to modiﬁcation of the V energetic by the SIA, the
diffusion of Vs in close proximity to the spontaneous annihilation
region was also explored by using NEB method. The V was assumed
to jump to its ﬁrst or second nearest neighbors. A V was observed to
sequentially overcome barriers of 0.59 and 0.52 eV on the path
M/H/A while approaching the SIA; these barriers were lower
than the 0.63 eV for V diffusion in a perfect bulk crystal. Particularly
for the ﬁrst nearest neighbors, the V actually jumped one step to be
annihilated together with the SIA. In this case, the V diffusion barrier is identical to the annihilation barrier, which is very low. For
instance, the V overcame a barrier of 0.06 eV on the path A/F and
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then recombined with the SIA. Due to the annihilation, the system's
energy was reduced by 5.23 eV. The annihilation barriers for the
path C/G (0.18 eV), D/G (0.002 eV), and E/F (0.16 eV) are all
signiﬁcantly lower than the diffusion barrier of a single V in bulk
iron. The transition of the V to its certain second-nearest neighbors
was also found to be a low-barrier process, e.g., I/F (0.45 eV) and
B/G (0.21 eV). Therefore, diffusion of the V near the SIA was greatly
enhanced. Meanwhile, an area with a low annihilation barrier extends from the spontaneous annihilation region. In other words,
around the SIA in the bulk region, an energetically and kinetically
favorable region forms for the location of the V, its diffusion and
annihilation. We stress that this is the ﬁrst atomic picture we intend
to establish.
Fig. 3(b) illustrates the interaction of a V with an SIA that preferentially resides at the GB, as observed in the MD simulations
performed considering a temperature of 1000 K. Previously, for a
distance of up to several layers to the GB, the SIA has been shown to
segregate into the GB [30], thereby reducing the system's energy by
about 2.7 eV. The following calculations suggest that the SIA at the
GB signiﬁcantly inﬂuences the location and diffusion of nearby Vs.
Again, the sites could be divided into two groups according to their
Evf values: sites with positive values and sites with negative values,
which are separated by the red dashed line in Fig. 3(b). The sites
within the enclosed area share an Evf value of 0.87 eV; the total
number of such sites was determined to 14. This suggests an energy
release of 0.87 eV when creating a V at one of these sites. A structural analysis showed that the recombination of SIA and V occurred
almost barrier-free during the structural relaxation process (see
Fig. 5(a) and (d) in Ref. [34] for the V at a site F with negative Evf in
Fig. 3(b)). Therefore, a spontaneous annihilation region also exists
around the SIA at the GB.
Outside the spontaneous annihilation region, positive Evf values
were obtained for the sites. Furthermore, the Evf values of these
sites are hardly affected by the SIA, except for site A with Evf values
of 1.47, 1.59 and 1.72 eV, and site B with Evf values of 1.67, 1.80 and
1.99 eV, respectively. For a pure GB, an Evf of 1.57 and 1.80 eV was
determined for sites A and B, respectively. Therefore, the occupation of the V was slightly modiﬁed by the SIA. Correspondingly, the
atoms around such V with positive Evf were observed to relax
locally at 0 K (see Fig. 5(a) and (c) in Ref. [34] for the V at site E in
Fig. 3(b); see Fig. 6 in Ref. [34] for the activated annihilation of the V
along the path R/H and the spontaneous annihilation of the V at
site H). The system's energy was also observed to reduce slightly,
which only reduced by 0.15 eV for the V at site E. Nevertheless,
many Vs close to the SIA had to overcome only a very low energy
barrier to recombine with the SIA via a thermally activated process,
different to the barrier-free annihilation within the spontaneous
annihilation region. For example, the energy barrier for the paths
A/G, B/G, E/F, I/F, J/F was determined to 0.01, 0.57, 0.09,
0.27, and 0.26 eV, respectively (see Fig. 5(b) in Ref. [34] for the
energy variation during the annihilation along path E/F which is
downhill and with a small barrier of 0.09 eV). These values are
signiﬁcantly lower than the V diffusion barrier of 0.63 eV in the
bulk. Furthermore, the inﬂuence of the SIA even extended into the
bulk region. The V at site C had to overcome a series of low energy
barriers of 0.61, 0.57 and 0.09 eV, and then recombined with the SIA
(process 3). The energy of the system was thereby reduced by
2.57 eV. Near the pure GB, the V followed a downhill path and
became trapped at the GB (Fig. 3(c)). For the paths K/L/M/N
and O/P/Q/R/T, the barriers were 0.63, 0.67, 0.59 eV and 0.59,
0.40, 0.27, 0.03 eV, respectively. The system's energy was reduced
0
by about 0.5 eV due to the vacancy's segregation (process2 ). Thus,
near the SIA that resides at the GB, the diffusion of the V was
enhanced, thereby promoting the annihilation process.
The SIAeV pairs that were not annihilated either in the bulk

region or near the GB segregated into the GB, where they inevitably interacted with each other. Determining their stable locations and favorable migration paths at the GB is more complex
than ﬁnding these locations and paths in the bulk region. After an
isolated SIA arrived at the GB, the formation energy for a stable
site was 0.84 eV (see Fig. 7(a) in Ref. [34]; in the above investigation of the SIAeV interaction near the GB, a stable SIA was
considered). The easiest transition for the SIA was found to be
along the tilt axis [0 0 1], with an energy barrier of 0.44 eV (see
Fig. 8 in Ref. [34]). This is consistent with the observation that, for
an assumed temperature of 1000 K, the SIA migrated onedimensionally along the tilt axis within the GB during annealing
of the damage. For the V, stable sites were found in the ﬁrst
atomic layer, where Evf could be as low as 1.23 eV compared with
the bulk value of 1.72 eV. In Fig. 3(b), R, G, U and X denote such
favorable sites. The kinetically favorable transition for the V was
also found to be along the tilt axis [0 0 1], with a barrier of
0.63 eV (see Fig. 9 in Ref. [34] for the V diffusion perpendicular to
the tilt axis). The V approached the SIA via a low-barrier path
X/J/F (process 4). On this path, the annihilation barrier was as
low as 0.26 eV. If the V was located at other sites near the SIA, e.g.,
R and B, it could also recombine with the SIA with a low energy
barrier. Therefore, the above mentioned atomic picture of an
enhanced diffusion and annihilation of the V around the SIA in the
bulk region and near the GB also applies to an SIAeV pair located
at the GB. In other words, a common energetic and kinetic picture
exists for the V around the SIA whether it is in the bulk region,
near the GB or at the GB.
The MS calculations presented above were focused on the effect
of the SIA on the location, diffusion and annihilation of Vs. Fig. 3(d)
shows the interaction of the SIAeV pair as they approach each other
in the bulk region, near the GB and at the GB, respectively. It can be
seen that all interactions result in the reduction of the respective
diffusion energy barrier and a simultaneous decrease of the system's energy. This indicates an enhancement of the diffusion and
annihilation of one type of defect by its anti-defect. Furthermore,
when both the SIA and the V were located in the bulk region, the
system showed the highest energy level. Once the V recombined
with the SIA, the system's energy dropped to the lowest energy
level, as indicated by the black dashed line, independent of the
location of the annihilation event. Yet, the energy landscape further
suggests several different ways for the SIAeV pair to recombine. On
the one hand, the SIA could directly recombine with the V in the
bulk region (process 1). This type of annihilation lead to a reduction
in the system's energy by up to 5.3 eV and the annihilation barrier
was as low as 0.06 eV. On the other hand, the SIA could ﬁrstly
segregate into the GB, thereby reducing the system's energy by
about 2.7 eV (process 2). Then, the energy of the system further
decreased by about 2.6 eV due to the recombination of the SIA with
the V near the GB (process 3). In this case, the annihilation barrier
was as low as 0.09 eV. In addition, the annihilation could also
proceed along the GB after the segregation of the SIAs and Vs into
the GB (process 4). Then, the energy decreased by about 2.1 eV, and
the recombination barrier was 0.20 eV. Thus, from the point of view
of thermodynamics, the three recombination paths are all energetically favorable considering the high amount of energy released
during the annihilation. Kinetically, the annihilations along the
three different paths can all easily occur because of the signiﬁcant
reduction of the energy barrier due to the interaction of the SIA and
the V. Therefore, the existence of multiple paths for the VeSIA
annihilation together with their similarity in the energy landscape
may lead to the coupling of the individual processes shown in
Fig. 2(c).
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3.3. Mechanism for the recombination of SIAeV pairs at the atomic
scale
The atomic details of the annihilation process along above
different paths were further explored to clarify which defects start
the recombination: the motion of the SIA, the motion of the V or
another more complicated mechanism. When the SIA and the V are
well-separated, e.g., in the bulk region or at the GB, we can safely
conclude that it is the defect with the lower diffusion energy barrier
that tends to move ﬁrst and approach to its anti-defect. According
to the results of the MS calculations presented above, in bulk iron,
the diffusion energy barrier calculated for the SIA is lower than the
barrier calculated for the V (0.33 versus 0.63 eV). This is also true for
the diffusion of the SIA and V along the GB (0.44 versus 0.63 eV).
Therefore, when both the SIA and the V are located in the bulk
region or at the GB, it is the SIA that preferentially moves towards
the V and then induces the annihilation process, agreeing well with
our intuition. When an SIA is conﬁned to the GB, the SIA has to
overcome a barrier of at least 2.7 eV to leave the GB in order to
annihilate the V if the V remains immobile in the bulk region.
Meanwhile, the V has to overcome a barrier of at most 0.63 eV to
recombine with the SIA at the GB. Thus, in this case, it is the bulk V
that preferably moves towards the SIA trapped at the GB.
In contrast, when the SIA and the V are close enough, the
interaction might be different. The results of the MS calculations
presented in Fig. 3 showed that, once an SIA is trapped at the GB in
iron, there exist many sites near the SIA with energetic and kinetic
properties similar to those observed for sites near GBs in copper
and tungsten, e.g., the negative V formation energy and the lower
diffusion and annihilation barrier for Vs. Furthermore, the interaction between an SIA and a V in the bulk region was also similar
(Fig. 3) to the interaction mechanism observed in bulk tungsten
[29] (keeping in mind the aforementioned ﬁrst atomic picture of
the SIAeV interaction in bulk iron, near the GB, or at the GB). Thus,
the energetic and kinetic interaction features of the VeSIA did not
depend on the location of the SIA if it was located in the bulk or at
the GB in iron and tungsten. The interaction between the V and SIA
in iron, tungsten and copper is similar in terms of the energetic and
kinetic properties, despite the great difference in the GB sink
strength for the SIA in the three systems (the GB sink strength for
the SIA is about 2.7 eV in iron, comparable to the 1.6 eV in copper,
but much lower than the 7.5 eV in tungsten).
In addition to above MS calculations of the energetic and kinetic
properties of the V and SIA, we also used the modiﬁed dimer
method combined with the NEB method to explore the VeSIA
annihilation mechanism near the GB in more detail, as well as the
annihilation in the bulk region and at the GB for comparison (see
Figs. 10e15 in Ref. [34] for the transitions obtained from the dimer
searches and Table 2 in Ref. [34] for its comparison with the MS
calculations). As shown in Fig. 4(a) and (b), by joining the arrows
from the initial to ﬁnal location of each atom involved in the
annihilation (the same visualization method was employed in
Ref. [25]), the VeSIA annihilations in the bulk, near iron GB and at
iron GB were all found to be a replacement process along mixed
directions of 〈1 1 1〉 and 〈1 1 0〉 with chains of up to four atoms. Each
atom displaced by more than 0.6 Å moved about one nearest
neighbor distance, e.g. atoms F, G, H and I in Fig. 4(a) and atoms F, G,
SIA and H in Fig. 4(b), emerging as the emitted chain of atoms towards the V. The annihilation process here was analogous to the
visualization annihilation process near copper GB [25] and that
near tungsten GB and also in tungsten bulk [29]. The atom involved
in the annihilation and displaced by more than 0.3 and less than
0.6 Å moved locally, e.g., atoms J, K and L in Fig. 4(a) and atoms I, J
and K in Fig. 4(b) (see Figs. 4e6 and Figs. 11e15 in Ref. [34] for other
cases of annihilation processes in the bulk and near the GB that are
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spontaneous or thermally activated, which behave similarly to that
in Fig. 4(a) and (b)).
Meanwhile, in addition to comparing the initial and ﬁnal states
of the annihilation, we also monitored atom displacements variation with time during the annihilation to reveal precise annihilation
process. As shown in Fig. 4(a) and (c), the displacements curves
obtained for the atoms involved in the three different annihilation
processes occurring in the bulk, near the GB and at the GB all
exhibit strong correlations. This indicates a concerted motion of
multiple atoms during the annihilation of SIAeV pairs that are near
GBs or in the bulk. It also implies the V and SIA actually move
mutually close to each other during the annihilation. The annihilation in tungsten bulk and near tungsten GB was also found to
follow similar process [29]. Note that, in the IE mechanism for
annihilating vacancies near the copper GB [25], it was claimed that
the vacancy remained immobile, while the interstitial came out of
the GB to anneal the vacancy. In effect, from the view of basic
material movement, the motion of a vacancy from one site to
another is equivalent to the motion of a corresponding atom from
the nearest site of the vacancy to the vacancy since the vacancy
moves via the exchange of its nearest atom. The annihilation of a
vacancy by a SIA or as an annihilation of a SIA by a vacancy is also
similarly equivalent.
The emitted chain of atoms can also be regarded as the result of
the long-ranged relaxation of the structure around the SIA induced
by a V placed nearby, which is supported by results of the dimer
searches and the MS calculations of the transitions around one
VeSIA (see Figs. 10e14 in Ref. [34]). In addition, the similarity of the
interaction mechanism can be well understood when focusing on
the recovery of the displaced atoms around the SIA (Fig. 4(def)).
Inserting an atom into the bulk region or at the GB in order to
produce an SIA will result in the displacement of several surrounding atoms from their normal lattice positions after relaxation.
When a V is introduced near the SIA, the recombination proceeds
via the recovery of these displaced atoms and the elimination of the
inserted atom. It is therefore naturally to observe a concerted
motion of several atoms that are initially strained or displaced. We
stress that this is the second atomic picture we intend to establish:
a collective motion of atoms during the SIAeV recombination process, in addition to the ﬁrst atomic picture of an enhanced V
diffusion and annihilation around the SIA in the bulk region and
near the GB.
Therefore, the annihilation process in the three systems with
rather different GB sink strength for the SIA shares common energetic and kinetic features. The atomic sequence of the annihilation
process emerges as a similar emitted arrow. The exact details are,
however, system dependent (see Table 2 in Ref. [34] for comparisons among the three systems), e.g., direction of the chain of atoms
involved in the annihilation determined by the SIA conﬁguration
and the ﬁrst nearest neighbor vectors. No matter how the exact
process is described or termed, the VeSIA pair near the GB can be
indeed annihilated at a rather low energy barrier compared with
the diffusion energy barrier of the bulk V, making the radiation
damage nearby the GB in nano-crystallines well self-healed.
3.4. Evaluation of the dynamic SIAeV interaction near the GB using
the OKMC method
Next, we focused on how these individual processes work
together on a macroscopic timescale and at temperatures of
experimental interest. Fig. 5 shows the typical trajectory of an SIA
and V recorded over a time period of 60 s at simulated temperatures
of 200 and 300 K, respectively (see Table 1 in Ref. [34] for the energetic and kinetic parameters and the range of interaction which
served as the basis for the OKMC investigation of the dynamic

124

X. Li et al. / Acta Materialia 109 (2016) 115e127

Fig. 4. (aec) Recombination of an SIAeV pair in the bulk region, near the GB and at the GB, respectively, and (def) displacement of atoms around an SIA located in the bulk region
and at the GB. In (a), the V was created at the site A. F, G, H, I, J, K and L denote the atoms involved in the recombination which are displaced by more than 0.3 Å. The inset image
illustrates the annihilation process. The annihilation process is visualized by joining the green arrows from the initial to ﬁnal location of each atom involved. The other symbols have
the same meaning as in Fig. 3(a). The corresponding annihilation barriers and energy changes are given in Fig. 3(d). In (b), similarly, the V was initially created at the site E and R,
corresponding to a location near the GB and at the GB, respectively. F, G, SIA, I, J, K denote the atoms involved in the recombination of the V at site E with the SIA at the GB, whereas
H, SIA, I, J, K denote the atoms involved in the recombination of the V at site R with the SIA at the GB. (c) shows evolution of the displacement of the atoms involved in the
annihilation process. The corresponding annihilation barriers and energy changes are given in Fig. 3(d). (def) show strain ﬁelds around the SIA in the bulk and at the GB. The blue
arrows connect the initial state and the state after relaxation. In (d), the bulk SIA was created by inserting a single atom at two nearest atoms and the system relaxed to a stable
<110> dumbbell conﬁguration. In (e) and (f), the SIA was initially placed in the middle between the two nearest atoms F and H. After relaxation, it resides at the point denoted by
SIA.

SIAeV interaction near the GB on a long timescale). As shown in
Fig. 5, for both temperatures, after placing an SIA at a position of
about 30 nm normal to the GB, the SIA was subject to a random
walk process before it became trapped at the GB. The SIA diffused
over a distance of several tens of nanometers. In contrast, the V
remained immobile at 200 K (see Table 1 in Ref. [34] for the activation temperature of the V in bulk iron, 265 K). As predicted by the
MS calculations, the annihilation at such a low temperature is
initiated by the motion of the SIA, and Vs along the SIA's diffusion
path will be annihilated because of the low-energy barrier region
for V annihilation surrounding the SIA (Fig. 3(a)). Such an annihilation induced by the diffusion of the SIA was observed after
58.0 ps at 1000 K (Fig. 2(a)).
After the SIA had moved to the GB, it began to move along the GB
at both temperatures. Meanwhile, we observed that the low-barrier

annihilation region around the SIA trapped at the GB not only
extended along the GB but also into the bulk region (Fig. 3(b)).
Therefore, as the SIA moves along the GB together with its lowenergy barrier region, the Vs near the GB will be swept up.
Consequently, all Vs that are not only located at the GB but also near
the GB and even in the bulk region might become annihilated via
processes 3 and 4. This picture, the third dynamic atomic picture of
the annihilation of immobile Vs near the GB by the mobile SIA that
is surrounded by a low-energy barrier annihilation region, makes
the annihilation work at low temperatures, without the SIA having
to reenter the bulk region.
At 300 K, both the SIA and the V in the bulk region were activated. Yet, their motion rates were found to be signiﬁcantly
different. When the V jumped one step, the SIA had already jumped
about 105 times in the bulk (see Fig. 16 in Ref. [34] for the transition
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Fig. 5. Typical trajectories of an SIA and a V near the GB in a 1-min time period: (a) at
200 K, (b) at 300 K. Here, SIA1 and SIA2 denote the initial and ﬁnal location of the SIA,
respectively, and V1 and V2 denote the initial and ﬁnal position of the V. The dashed
red line indicates the position of the GB, whereas the black arrow marks the track of
the SIA moving along the GB.

time). Therefore, in this case, in addition to the annihilation of Vs in
the bulk region, the SIA will quickly move into the GB within 1 min,
as revealed by the OKMC simulations. After the SIAs had moved to
the GB, the SIAs were observed to frequently travel along the GB.
Meanwhile, the V in the bulk gradually approached the GB. This is
consistent with the estimation that the time required for a V to
jump one step in the bulk is similar to the time required by the SIA
to jump about 1.6  103 times along the GB. This implies that the
annihilation near the GB involves the diffusion of the SIA along the
0
GB (process 4) and the diffusion of the V near the GB (process2 ).
When the V enters the low-barrier region around the SIA moving
0
along the GB, it will be eliminated. Processes2 , 3 and 4 are involved
in this annihilation mechanism.
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calculations performed by Singh and Foreman [33] and Bai et al.
[25]. Singh and Foreman suggested that the effect of the grain size
on the radiation damage recovery is primary due to the depletion of
Vs from the grain interior and their migration to GBs. The depletion
of Vs due to GB trapping lowers the V super-saturation level and
substantially decreases the void density. Smaller grain sizes result
in a larger GB area, which consequently leads to fewer and smaller
He bubbles. Considering the results of the calculations performed
by Bai et al. for GBs in copper, Yu et al. suggested that the GBs may
act as defect emitters by reemitting SIAs back into the domain,
thereby reducing the V super-saturation level. Smaller grains were
then associated with an enhanced defect repair capability and may
also reduce defect clustering. The explanation proposed by Singh
and Foreman focuses on the trapping of the V by the GB, i.e., the
segregation of the V into the GB. In addition, for the annihilation in
the bulk, they assigned a value of 10 to the number of sites around a
V at which an SIA atom will directly recombine with the V. This
number is signiﬁcantly lower than the 22 sites we obtained through
our MS calculations (Fig. 3(a)), suggesting that the frequency of the
annihilation in the bulk region may be severely underestimated in
their rate equations.
The present calculations allowed us to gain new insights on
different scales regarding the radiation resistance of nanocrystalline iron. The static and dynamic pictures describing the
interaction between the V, SIA and the GB are summarized and
illustrated in Fig. 6, and also illustrated in supplementary Movie S1
in Ref. [34]. The MS calculations showed that an energetically and
kinetically favorable region forms around the SIA when the SIA is
located in the bulk or near the GB, which promotes V diffusion and
annihilation. The Vs near this region can be easily annihilated due
to the low-energy barrier. The annihilation involves the collective
motion of multiple atoms due to the recovery of the displacement
of strained atoms around the SIA. For the annihilation near the GB,
such a concerted motion was also observed. Dynamically, the SIA
can annihilate bulk Vs during its segregation into the GB, i.e., there
exists a competition between processes 1 and 2. This is attributed to
the existence of the low energy-barrier region around the SIA and a
relatively high mobility of the SIA in the bulk region compared to
the mobility of the V. The SIAs that segregate into the GB are tightly-

4. Discussion
As mentioned in the introduction, in recent irradiation experiments performed on nano-crystalline iron at room temperature
[13], Yu et al. found that the nano-crystalline iron with a grain size
of 49 nm showed a slightly lower helium bubble density than an
iron ﬁlm with a grain size of 96 nm, whereas the bulk iron with an
average grain size of 700 nm showed a bubble density at least two
times the density measured for the two nano-crystalline ﬁlms. If we
assume that helium bubbles nucleate on Vs (there are also other
mechanisms like the self-trapping of helium atoms), and V clusters
grow and trap helium to form bubbles, the different bubble densities in the nano-crystalline iron ﬁlms and the bulk iron may be
explained by the different behavior of Vs in these systems. The
explanation of Yu et al. is mainly based on the theoretical

Fig. 6. Schematic illustration of the complete self-healing process in nano-crystalline
iron. Here, the numbers denote the same atomic processes as in Fig. 2. The orange
sphere and ellipsoid around the green sphere represent the low-barrier annihilation
region around an SIA in the bulk and at the GB, respectively, as revealed by the results
of the molecular statics calculations shown in Fig. 3(a) and (b) (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of
this article).
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bound to the GB. Meanwhile, the low-barrier region around the SIA
extends into the neighborhood of the GB and even into the bulk
region. As the SIA moves along the GB, carrying with it the lowbarrier region, the Vs along its path are eliminated. The relevant
processes 3 and 4 are coupled to the V diffusion towards the GB
0
(process2 ) at room temperature, eliminating the radiation damage
near the GB. The two key physical factors contributing to this picture are the low-barrier annihilation region around the SIA, and the
relatively high mobility of the SIA along the GB compared to the V
diffusion in the bulk. Further calculations showed that the results
obtained for the other six types of GBs also satisfy the two conditions (see Fig. 17 in Ref. [34]). Therefore, the proposed mechanism
also works for these GBs, not only for the S5 (3 1 0)/[0 0 1] GB.
To quantify the contributions of the proposed mechanism to
healing radiation damage, all the essential processes deﬁned in
Fig. 2(c) were incorporated into the OKMC model. The percentage
of annihilation processes in the different regions was obtained by
recording the number of events (see Fig. 18 in Ref. [34] for the
evolution of the fraction of SIAs and Vs in the bulk and at the GB
with time). As shown in Fig. 7(a) and (b), the percentage of SIAeV
pair annihilation processes occurring in the bulk region (about 25%
at 300 K and 27% at 200 K) is comparable or even larger than the

Fig. 7. (a) Fraction of defects segregating into the GB and annihilated in the bulk and
near the GB during annealing of the defect structure at 300 K (left) and 200 K (right).
The grain size in the OKMC model was set to 50 nm. Here, SIA-seg, V-seg, and Annbulk and Ann-GB denote the segregation of the SIA and the V, and the annihilation
of the SIAeV pair in the bulk region and near the GB, respectively. (b) shows dependence of the fraction of the SIAeV pairs annihilated in the bulk on the bulk SIA
diffusion energy barrier. The real energy barrier for the bulk SIA diffusion was determined to 0.33 eV. The initial SIAeV pair concentration was set to 10 appm each. In the
graph, each point represents an average value calculated from eight independent
OKMC runs. (c) shows fraction of the SIAeV pairs (fann) annihilated near the GB at 300
and 200 K, respectively, as a function of the SIA diffusion energy barrier along the GB
(Esiam). Again, each point represents an average value calculated from eight independent OKMC runs. Here, 0.44 eV was determined as the energy barrier for the SIA
diffusion along the S5 (3 1 0)/[0 0 1] GB.

percentage of annihilation processes near the GB (30% at 300 K and
5% at 200 K); of course, about 70% of the SIAs segregated into the
GB. This suggests that the annihilation events induced by the motion of SIAs in the bulk region signiﬁcantly contribute to the healing
of the bulk radiation damage.
This might be counterintuitive, since it is generally assumed that
SIAs quickly segregate into the GBs in nano-crystals, and their
contribution to the recombination of bulk Vs is therefore often
ignored. Meanwhile, we obtained a diffusion energy barrier of
0.33 eV in bulk iron for the SIA with a stable 〈1 1 0〉 dumbbell
conﬁguration. This is higher than the diffusion energy barriers in
other typical metals: for the 〈1 1 1〉 crowdion SIA in bulk tungsten
and molybdenum, extremely low barriers of 0.002 and 0.03 eV
were reported, respectively. In copper and other fcc cubic metals,
the barrier for the diffusion of SIAs is also only about 0.1 eV. The
higher barrier of SIAs in bulk iron may prolong the lifetime of the
SIA, thereby increasing the annihilation probability for bulk Vs. The
results presented in Fig. 7(b) verify this speculation. When we
artiﬁcially decreased the barrier for the diffusion of the SIA in the
bulk, the percentage of SIAeV annihilation processes in the bulk
signiﬁcantly decreased. At 300 K, the percentage dropped from 25
to 18% as the barrier was reduced from 0.33 to 0.01 eV. Correspondingly, the percentage decreased from 27 to 13% at 200 K.
Therefore, the large percentage of annihilation processes in the
bulk is related to the relatively low mobility of the SIA in bulk iron.
The SIAs that do not recombine with Vs in the bulk preferentially
segregate into the GB. There are two possible directions of motion.
Its motion along the GB is activated at a temperature of 185 K with a
barrier of 0.44 eV (see Table 1 in Ref. [34]). In addition, the SIA has to
overcome a barrier of at least 2.7 eV to leave the GB, implying that
its direct emission from the GB is prohibited. As the SIA moves
along the GB, surrounded by the low-barrier recombination region
that extends into the neighborhood of the GB (Fig. 3(b)), all Vs on its
path that are located near the GB and even in the bulk are annihilated (Fig. 5). Fig. 7(c) suggests that the motion of the SIA along
the GB plays a key role in the healing process. We artiﬁcially
inhibited the motion of SIAs along the GB by pinning the SIAs at the
GB (see Fig. 19 in Ref. [34] for the results for an initial SIAeV pair
concentration of 100 appm each), and found that the percentage of
SIAeV pair annihilation processes occurring near the GB is sharply
reduced. At 300 K, it decreased from about 30 to 5%, and at 200 K it
decreased from 5 to 1%. In addition, when no SIAs survived in the
bulk but there were still Vs left in the bulk, the SIA was observed to
frequently diffuse within the GB in the OKMC simulations. This also
suggests that the motion of SIAs along the GB plays an important
role in removing Vs near the GB.
In addition to the experimentally observed improved radiation
resistance of nano-crystalline iron compared to bulk iron at room
temperature, our results suggest that nano-crystalline iron will also
exhibit a superior resistance to radiation at a lower temperature,
e.g., 200 K (Figs. 6 and 7). Such an improved radiation resistance of
nano-crystals at low temperatures was also observed for other
metals [12,15]. Although the V in the bulk is not activated at such a
low temperature, the SIA is activated and mobile. A large faction of
bulk Vs can recombine with the SIA due to the motion of the SIA in
the bulk and its motion along the GB, coupled to the segregation of
the SIA into the GB and the diffusion of the V towards the GB,
respectively. Further characterization of these processes by MS
calculations suggested the existence of a low-energy barrier region
around the SIA. Within a certain region around the SIA, the annihilation barrier was found to be zero and the V can spontaneously
recombine with the SIA. Near the spontaneous annihilation region,
the annihilation barriers can be as low as 0.17, 0.23 and 0.22 eV for
an SIAeV pair located in the bulk region, near the GB and within the
GB, respectively (see Table 1 in Ref. [34]). Correspondingly, the
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annihilation process in the three regions might occur at extremely
low temperatures of 71, 97 and 92 K, respectively (see Table 1 in
Ref. [34]). This implies that close SIAeV pairs in the bulk region,
near the GB and within the GB can easily undergo recombination at
a low temperature, contributing to a low V density in nanocrystalline iron.
5. Conclusions
In this study, we investigated the radiation tolerance of nanocrystalline iron in comparison to bulk iron by combining MD simulations, MS calculations and the OKMC simulations and were able
to obtain insights into the self-healing capability of nanocrystalline iron on an atomistic and macroscopic level. The results
revealed that the radiation resistance of nano-crystalline iron is
intimately related to the coupling of the fundamental processes
near the GB. The MS calculations showed that an energetically and
kinetically favorable region forms around the SIA which promotes V
diffusion and annihilation independent of the location of the SIA
(bulk or near the GB). The Vs near this region can be annihilated
with the SIA at a low-energy barrier. The annihilation process involves the collective motion of multiple atoms due to the recovery
of the displacement of strained atoms around the SIA. If the annihilation occurs near the GB, such concerted motion was also
observed. The SIA was found to annihilate a large number of Vs in
the bulk region before its segregation into the GB. This is attributed
to the existence of the low energy-barrier region around the SIA and
a relatively high diffusion energy barrier of the SIA in the bulk region compared to other typical metals. The SIAs that segregate into
the GB are tightly-bound to the GB. Meanwhile, the low-barrier
region around the SIA extends into the neighborhood of the GB
and even into the bulk region. As the SIA moves along the GB,
carrying with its low-barrier region, the Vs along its way are
eliminated.
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