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The Autonomous Basin Climbing method and Rate Theory are applied to investigate the interstitial
emission mechanism in alpha-Fe. The atomic trajectories and potential energy landscape of the inter-
stitial emission process induced by the S3<110>{111} symmetrical tilt grain boundary are presented. By
comparing with vacancy hopping mechanism, the grain boundary influence range at finite temperature
is revealed. We uncover the energetic and geometric essentials of the interstitial emission mechanism,
and find connections between two previously reported defect-grain boundary interactions at long time
scale. Surprisingly in nanolayered structures, higher grain boundary density raises the activation energy
barriers of interstitial emission. This phenomenon is strongly correlated with the energy and local stress
distribution of the grain boundary.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Stainless steels are widely used in the core structure of fission
reactors where materials are exposed to severe irradiation envi-
ronments [1e3]. After collision cascades, those interstitials and
vacancies which escaped the dynamic annealing process degrade
material properties by the formation of extended defects [4,5].
Therefore structure-engineered materials, such as nanograined or
nanolayered metals which offers better self-healing mechanisms,
have been a subject of great interest [6,7]. The enhanced tolerance
of radiation-induced point defects of these materials comes from
higher grain boundary (GB) density.

GBs are known to be effective biased sinks for interstitials over
vacancies [8], and, at long time scale, it has a surprising “loading-
unloading” effect. Upon irradiation, self-interstitial atoms (SIAs) are
loaded into the boundary, and then, emitted to annihilate immobile
vacancies in the bulk [9]. This emission-induced recombinationwas
first studied in fcc Cu in 2010 by applying Temperature Accelerated
Dynamics (TAD) in simulations at 300 K [9]. Atomic scale details
within hundreds of nanoseconds revealed the kinetic behavior and
spatial character of this so-called “interstitial emission” mecha-
nism. In 2012, boundary-defect interactions in alpha-Fe at 450 K
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[10] were revealed to be mediated by formation and annealing of
chain-like defects, which consist of alternately positioned in-
terstitials and vacancies. Two kinds of chain defects were identified
in that study, “bulk chain-like” (BC) defect and “grain boundary
chain-like” (GBC) defect. The boundary-defect interaction occurred
within less than several nanoseconds, while with a higher energy
barrier than that for SIA emission in Cu.

In this work, we focus on the investigation of emission-induced
recombination mechanism between a vacancy and an interstitial
atom at long time scale in alpha-Fe. The autonomous basin
climbing (ABC) method [11] along with rate theory (RT) [12] are
used in our study. The S3<110>{111} symmetrical tilt grain
boundary (STGB), a widely studied representative interface on
which themechanical properties are strongly dependent on, is used
as our modeling system. Additionally, a nanolayered alpha-Fe
model containing four S3<110>{111} GBs is also formulated to
investigate the influence of GB density on the energy barrier of both
SIA emission and vacancy hopping.

2. Simulation procedure

Two modeling systems are established, the one-GB model and
the nanolayered structure model, where a single self-interstitial
atom is loaded into the GB and a vacancy is placed nearby.
Fig. 1(a) is the one-GB model which contains a S3<110>{111} STGB
with the tilt axis of ½110�. The crystallographic orientation of grain 1
is shown in the figure. The simulation system of the one-GB model
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Fig. 1. Schematic of simulation systems. (a) One-GB model. (b) Nanolayered structure model. (c) S3<110>{111} GB structure in alpha-Fe and positions of the vacancy and the
interstitial atom.
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is approximately 140*130*16 Å in three dimensions, containing
around 3 � 105 atoms. Fig. 1(b) is the nanolayered structure model
containing four parallel S3<110>{111} STGBs. The simulation sys-
tem of this nanolayered structure model is slightly larger in [111]
direction, and the distance between each GB is about 20 Å, indi-
cated as h in Fig. 1(b). For both models, periodic boundary condi-
tions (PBCs) are applied in ½112� and ½110�, parallel to the GB plane,
and the relative positions of rigid regions are kept constant.

Fig. 1(c) shows the S3<110>{111} GB structure in alpha-Fe and
the positions of the vacancy and the interstitial atom in our simu-
lation. To construct aS3<110>{111} GB in our model, atoms in the
contact region of two grains within a specified cutoff distance of
separation are deleted. Then a rigid-body translation in all three
Cartesian directions is applied to determine the stable structure,
followed by a steepest decent energy minimization of all the free
atoms to get the lowest grain boundary energy. The basic geometric
and energetic parameters of the S3<110>{111} GB are summarized
in Table 1, using Finnis and Sinclair EAM potential developed by
Ackland et al. [13]. It is seen that the excess free volume in our
model is larger than that in Refs. [14] and [15]. Two reasons can be
given for this discrepancy. First different methods were used, DFT
in Refs. [14] and [15] and molecular statics (MS) simulation in our
calculation. Secondly, in Refs. [15], parallel GBs are placed at dis-
tance less than 10 Å. The local stress distribution makes them
attractive to each other, so the relaxed equilibrium structure should
have smaller volume than obtained by MS simulation.

As Ref. [15] pointed out, <110> STGBs in bcc metals can be
interpreted by the “structural unit” [16] model. The structural units
in our modeling system are outlined by the solid black lines in
Fig. 1(c). These structural units enhance interface diffusion by their
inherent local free volume [17]. Previously, similar interface diffu-
sion mechanismwas found in Cu [18,19], suggesting that structural
units are ideal interstitial sites. To load an originally pristine GB
with one interstitial in our modeling systems, we have used two
Table 1
Basic GB properties.

Reference Misorientation (�) GB energy (mJ/m2) Excess free volume (Å)

This work 109 1380 0.80
Ref. [30] 109.47 1308
Ref. [14] 109.47 1200 0.31*

Ref. [21] ~110 ~1300
Ref. [15] 1610* 0.31*

* Result by first-principle calculations.
methods, MS simulation and ABCmethod. In theMS simulation, the
SIA was placed in the “spontaneous annihilation region” [20] near
the GB, and then through an energy minimization of the whole
system the SIA was absorbed by the GB. In the ABC method, the SIA
was placed at an octahedral site near the GB. The system was
activated to climb out of its existing energy minimum, to settle into
a final state in which the interstitial moved into the structural unit
of the GB. Both methods gave the same configuration of interstitial-
loaded GB shown in Fig. 1(c). Similar to the result in Cu [18,19], the
SIA location is at the center of structural unit.

Another part of building our modeling system for the interstitial
emission simulation is to place a vacancy in the vicinity of the GB.
Three vacancy sites along the <111> close-packed direction are
chosen, denoted as site 1, 2 and 3, as shown in Fig. 1(c). Both the
vacancy and the interstitial are on the same [111] lattice line. The
distance of these vacancy sites to the GB is 15.3 Å, 11.8 Å, and 8.3 Å,
separately. Geometrically site 2 is in the middle of the other two
sites. The selection of these three sites is based on the following
considerations. For a pristine GB, a previous work [21] chose a
distance range of 15 Å from the GB to investigate the vacancy ab-
sorption. They found that the binding energy of vacancy decreases
to nearly zero when it is placed more than 10 Å away from the
<110> STGB in Fe. So considering the indicated length scale in
Ref. [21], it is reasonable to take 15 Å as the maximum distance in
our simulation. For an interstitial-rich GB, the influence region is
recently defined as a range of 5e10 Å (on each side) upon the
analysis on both the energetic and kinetic behavior of point defects
nearby [20]. Although this definition came from the case of <100>
STGB in Fe, it is a reasonable reference for our simulation. For GB-
induced annihilation mechanism itself, as stated by Ref. [10], it
may not occur if two defects are separated too far apart, because
such removal mechanism is stress-field induced. In Ref. [10] and
Ref. [9] which reported the defect annihilation mechanism, the
defects were only approximately 10 Å away from the GB. These
three vacancy sites are chosen in our simulation with these con-
siderations in mind as we probe the phenomenon of defect anni-
hilation and compare it with the conventional vacancy hopping
mechanism.

For the nanolayered structure model, it is important to decide
the layer thickness, referring to the spacing h between parallel GBs
in Fig. 1(b). In 2004, Heinisch et al. [22] selected a 60-Å-spaced
CueNi interface in their simulation of displacement cascade. Three
years later, experimental results on 25 Å CueNb multilayer com-
posites were reported in a radiation damage study [23]. In 2008,
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Demkowics et al. used CueNb bilayer as their simulation model,
where interfaces are spaced at 20 Å [24]. In the same year, TEM
observation of a sputter-deposited 10 Å CueNb nanolayered com-
posite was reported [6]. Recently in 2010, 10 Å thick nanolayer film
was synthesized on HF etched Si substrates [25]. Although nano-
layered single-element Fe was not popular due to technical diffi-
culty or low industrial need for now, the reduction in interface
spacing does indicate interests in thinner layer down to 10 Å. Thus
in this work, STGBs are 20 Å away from each other, making vacancy
site 2 in the right middle of the two interfaces, as Fig. 1(b) shows.

All the present simulations were performed using LAMMPS [26]
with the ABC algorithm implemented as a user package. The ABC
algorithm was developed by Kushima et al. [11] as an atomistic
activation-relaxation technique for sampling transition-state
pathways. It is proved to be highly efficient on sampling and
reconstructing the system's potential energy surface (PES). In
alpha-Fe, it has been applied for studying the unfaulting of self-
trapped SIA clusters [27], void nucleation [28], and thermal creep
[29]. Starting with a minimum-energy configuration with N atoms,
ABC method adds Gaussian penalty functions to the potential en-
ergy of the entire 3N-dimensional space, and pushes the system
away from the initial configuration, until it enters into an adjacent
potential energy well. Therefore, ABC method can be useful in
finding reaction paths and low-probability final configurations
without knowing them in advance.
3. Results and discussion

3.1. Interstitial emission pathway on potential energy landscape

In this section, the energy landscape for SIA emission is found by
the ABC method. The atomistic configuration C1 in Fig. 1(c) is the
initial state, where the vacancy is located on site 2. Then, the system
was activated by energy penalty functions, and pushed into a series
of energy minima indicated as C2 to C4 in Fig. 2(a), which represent
the minimum-energy configurations for the SIA emission process.
In Fig. 2(b), nudged elastic band (NEB) method was employed be-
tween these configurations, for a better description of PES and
Fig. 2. (a) Evolution of energy as derived by the ABC method. (b) The potential energy landsc
SIA emission. Atoms with energy lower than �3.934 eV are not shown. Visualized by Atom
getting more accurate barriers. It is found in Fig. 2(b) that the SIA
emission reduces system energy by 1.71 eV, and both C2 and C3
configurations are metastable due to their small barriers (<0.2 eV).
More importantly, 0.9 eV is found to be the barrier of SIA emission,
which will be the topic in the next section. Depicting the four
minimum-energy configurations in sequence, Fig. 2(c) shows in
detail how the GB emits an interstitial atom to annihilate a vacancy
located nearby. Initially in C1, due to the absorbed SIA, atoms
around it which belong to the structural unit are slightly pushed
away from its original lattice sites, leading to a higher energy state
of atoms along [111] direction. Once the SIA is emitted, the excess
energy at GB is released and the vacancy is absorbed through the
two intermediate states (C2 and C3). As shown in C4, the GB re-
covers its pristine configuration after this interstitial emission
process. It is worth noting that all the emission mechanisms found
in this work can be described appropriately by this process.
3.2. Energy barriers of vacancy diffusion and interstitial emission

Fig. 3 lists separately the barriers of vacancy hop and SIA
emission for the three vacancy sites in the One-GB model by NEB
calculations. Among them, site 1 is the farthest from the GB,
therefore as can be seen in Fig. 3(a), the vacancy hop barrier at this
site is nearly the same as the value in the bulk, 0.63 eV [13]. While
site 2 is 11.8 Å away from the GB, within the GB influence range, and
we find a slight reduction on diffusion barrier of 0.04 eV compared
to site 1. This observation is consistent with the statement in
Ref. [21] that the diffusion barrier of the vacancy gradually de-
creases as it approaches the GB, even though in this work the GB is
SIA-loaded, not pristine. At site 3, the vacancy is only 8.3 Å to the
GB, and the diffusion barrier significantly increases to 0.90 eV.
Besides, the energy of final sate of the vacancy hop on site 3 is
higher than the initial state by 0.22 eV, indicating that the vacancy
prefers to stay at site 3, instead of diffusing towards the SIA-loaded
GB.

In contrast to the hopping mechanism, the SIA emission barrier
which dominates the state transition from C1 to C2 is significantly
reduced as the vacancy approaches the GB as shown in Fig. 3(b).
ape associated with the atomic configurations described in (c). (c) Atomic trajectories of
Eye [31].



Fig. 3. Energy barriers of (a) vacancy hop and (b) SIA emission for three selected vacancy sites (only for one-GB model), obtained by NEB calculations.
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Particularly on site 3, the SIA emission barrier is only 0.34 eV, much
smaller than the hopping barrier of 0.90 eV. The same trend of
barrier variation on vacancy hopping and SIA emission is also found
in nanolayered structure system shown in Fig. 4. It means during
the defect absorption process, when a vacancy is located on site 3,
the SIA emission mechanism is relatively easier to be activated at
any temperature, while the hopping mechanism is not preferred
since it does not lower the system potential energy. The corre-
sponding activation temperature for emissionmechanism is shown
in Table 2 given by rate theory (RT), defined by a transition time of
1 s. The time is calculated by

t ¼ k�1
0 � expðEa=kBTÞ: (1)

The attempt frequency k0 is chosen to be 1012 s�1, and Ea is the
activation barrier obtained by NEB. kB and T are Boltzmann constant
and temperature respectively.

Based on the analysis above, two results are obtained on how
vacancies interact with single-interstitial-loaded GB in alpha-Fe.
There is a competitive mechanism between conventional vacancy
diffusion and SIA emission, reflected in the variance of energy
barriers. On site 3, SIA emission is proved to be more efficient for
point-defect recombination because of its smaller energy barrier.
On site 1, according to the RT calculation results in Table 2, the
activate temperature of the emission mechanism at the rate of one
time per second is around 521 K. Therefore at long time scale, SIA
emission is still active and efficient at finite temperatures when a
vacancy is on site 1, since hopping mechanismwith a barrier nearly
equals to the bulk value is unable to drive the vacancy towards the
Fig. 4. Energy barriers of (a) vacancy hop and (b) SIA emission at
GB. The SIA emission mechanism demonstrates its importance in
the radiation damage annealing near the GB. Secondly, the
dependence of the interaction between vacancy and single-
interstitial-loaded GB on their separation distance is revealed,
which is different from the previously reported statistical results
[21]. ForS3<110>{111} STGB in our simulation, when the vacancy is
close enough (on site 3), the SIA-loaded GB affect the kinetic
behavior of vacancies by repelling the hopping mechanism, re-
flected in the barrier increase. While in conventional knowledge,
vacancy diffusion barriers should decrease as the vacancy ap-
proaches the interstitial-loaded GB [20]. This discrepancy is sup-
posed to be explained in the following way. Generally speaking, the
mean barriers of vacancy diffusion towards the interstitial-loaded
GB are reduced as a function of the distance, but there are still
some sites giving higher barriers than the bulk value [20]. As
Ref. [9] stated, for the interstitial-loaded GB, the vacancy diffusion
barriers are quite variable because of the complex strain fields,
which might also be the reason for our observation. So it is not a
surprise to observe an increase of diffusion barrier in our work
when the vacancy approaches the GB, because only three specific
sites are considered. Future work will provide more data to find the
inherence of this repellence phenomenon, covering all the possible
vacancy sites and concerning different materials.
3.3. Defect absorption length scale and its variation in nanolayered
structure

To investigate the absorption length scale, we analyze the en-
ergetic behavior of a vacancy interacting with S3<110>{111} GB.
the selected three sites in the nanolayered structure model.



Table 2
Activation temperature of SIA emission.

SIA emission One-GB Nanolayered structure

Site 1 Site 2 Site 3 Site 1 Site 2 Site 3

Barrier (eV) 1.24 0.77 0.34 1.42 0.92 0.47
Activation temperature (K) 521 323 142 596 386 187
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The binding energies of a vacancy in the vicinity of the pristine GB,
one-SIA-loaded GB, and nanolayered structure (none of/only one-
GB is interstitial-loaded) are calculated and plotted in Fig. 5(a).
The binding energy Eab is defined as

Eab ¼ Ebulkf � �
EaGB � EGB þ Ecoh

�
; (2)

where Ecoh is the cohesive energy per atom (�4.01 eV in this work,
while �4.12 eV in Ref. [20], and �4.316 eV in Ref. [13]), EaGB and EGB
are the total energies of the simulation cell with and without the
vacancy, Ebulkf is the bulk defect formation energy.

In Fig. 5(a), for a pristine GB, the negative binding energy values
on some sites indicate that it is not energetically favorable for a
vacancy to locate at those sites. This phenomenon has also been
observed in Ref. [21], indicating that S3(111) STGB is not among
those general GBs which reduce the formation energy of a vacancy
nearby.When a SIA is trapped at the GB, all the binding energies are
positive due to the potential recombination mechanisms (vacancy
hop or SIA emission). Moreover, the nanolayered structure with
one-GB SIA-loaded makes binding energies drop again by approx-
imately 0.03 eV, reflecting the density increase of pristine GBs.
Apparently, if we remove the SIA trapped in the nanolayered
structure, the binding energy would decrease to 0.75 eV, but still
positive. This means that pristine S3<110>{111} GB is not a vacancy
sink. But when it is interstitial-loaded, a vacancy located nearby
reduces the system energy by quite small amounts less than 0.3 eV,
still making the location of vacancies energetically favorable.

Previous MS calculations in Fe [30] suggested that the vacancy
binding energy is correlated with the GB parameter. Therefore, the
complex local energy/stress distribution at the structural units,
along with the high free volume at the interface, can be used to
analyze the negative binding energies correlated with a pristine
S3<110>{111} GB. As Fig. 5(b) shows, despite the S3(111) STGB
having a high GB energy of more than 1300 mJ/m2 the energy
distribution at the GB is non-uniform. The atom on site B has the
largest energy of �3.85 eV, while the atom on site C has less, which
is nearly equal to the bulk value. As a result, GB's influence on
binding energies along this particular [111] line can be almost
negligible, as seen in the blue circle line in Fig. 5(a). Moreover,
Fig. 5. (a) Binding energy of vacancies. (b) and (c), energy and local stress distribution a
according to Ref. [14], S3<110>{111} GB in bcc Fe has free volume as
high as 0.31 Å (0.80 Å in our MS calculation), higher than the other
three commonly-seen high-angle STGBs investigated by Ref. [21]
(S3{112}, S11{332}, andS9{221}). High free volume at GB leads to
larger tensile stress [15], which is readily seen in Fig. 5(c). Both
atoms on site C and A are under tensile stress environment, with a
value nearly 140% of the compressive stress of atom on site B. In
nanolayered structure, since site A and C are both on the same [111]
line, the local tensile stress is enhanced. This stress environment
implies that the local material density is low along the [111] line,
where vacancy does not prefer to stay.

In Fig. 6(a), barriers of SIA emissions and vacancy hops are
plotted for a clear comparison. It is shown that in nanolayered
structure the barriers are higher by an average of 13% for vacancy
hopping and 14% for SIA emission. It means that nanolayered
structure does not enhance these two defect absorption mecha-
nisms. For SIA emission mechanism, which is closely related to the
local stress field [10], the larger barriers due to nanolayered
structure can be explained by the local tension stress near S3(111)
STGB along that particular [111] line. But, it is noteworthy that, our
observation does not indicate that the high density of S3(111)
STGBs leads to low radiation damage tolerance. However, its high
free volume offered by structural units might make such nano-
layered structure a more functional sink for SIAs. Therefore more
trapped SIAs after a displacement cascade in nanolayered structure
are able to annihilate more vacancies by the emission mechanisms.

The competitive mechanism between conventional vacancy
diffusion and SIA emission defines a spatial character of defect-GB
interaction, the GB influence range. It could be concluded by
comparing to the dash orange line, that the rise of hop barriers is
caused only by the interstitial atom trapped in GB. This rising trend
reveals a GB influence range of about 24 Å according to conven-
tional definition (12 Å on each side of the GB). By considering a
system temperature of 300� C (573.15 K), the GB influence range
could be extended further to 30 Å by SIA emission mechanism at
long time scale (15 Å on each side of the GB). The annihilation re-
gion in Fig. 6(a) is not precisely defined, nevertheless the “spon-
taneous annihilation region” with the same definition in Ref. [20]
still seems to apply in our simulations.
t the structural unit of pristine GBs. In (c), stresses in the scale bar are normalized.



Fig. 6. (a) Barriers of SIA emission and vacancy hop as a function of distance from GB. (b) Displacements of SIA emission.
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More importantly, the linear increase of the SIA emission bar-
riers as a function of distance from GB is observed in Fig. 6(a). The
calculated slope is 0.1289 eV/angstrom. Therefore SIA barrier could
be expressed by

ESIAemission ¼ 0:1289*dþ K; (3)

where d is the distance from GB, K is a constant which should be
stress-environment dependent and related to the geometric and
energetic character of the interstitial-loaded GB. Here for our one-
GB model, K is �0.76 eV. Following this equation, we can calculate
the energy barrier of BC defects in Ref. [10]. In that work, a different
STGB in Fe which is also interstitial-loaded was studied. The GB
induces BC (“bulk chain-like”) defect into point-defect recombi-
nation process. Among the BC defects, some are “transportation
type” while others are “annihilation type”. Here we only focus on
the “annihilation type” since it is a similar situation to what we
observed in ABC sampling. Roughly the length of “annihilation
type” BC defect is 12 Å. Therefore its barrier based on our equation
should be 0.79 eV. This is quite consistent with their result of 0.7 eV.

We also find that the “annihilation type” BC defect in Ref. [10] is
actually the same mechanism as the “interstitial emission” re-
ported in Ref. [9], and also seen in our simulation. The first proof is
the consistency on energy barrier demonstrated above. The second
proof is based on geometry analysis. By comparing the descriptions
of the BC defect [10] with the SIA emission [9], we notice the
common point: when annihilation starts, atom movements occur
simultaneously along the chain. The displacement needed for
“chain-like” defect is distributed to all atoms at the same time, not
like the crowdion which displaces the neighboring atoms one after
another, nor like the vacancy hop which introduces individual
movements equal to the neighbor distance. This phenomenon of
simultaneous atom movements is also observed in our simulation,
illustrated in Fig. 5(b). In this figure, the atom locations on the
“chain” when SIA is emitted are shown. The atoms are separately
colored by their individual displacements. It could be seen that the
SIA (atomD) deviates from its original interstitial site at the GB, and
atom Amoves to position A0 by 1.124 Å. The displacement of atom A
is approximately equals to half of the neighbor distance along
<111> direction in bcc lattice, so A0 is the split interstitial site. If we
look at a longer “chain”, more atoms would have their locations on
interstitial sites, thus satisfying the “linked interstitialevacancy
pairs” description of “annihilation type” BC defect. Therefore, the
“chain” sampled by ABC method is identified to be composed of
interstitialevacancy pairs, just as BC defects. In Fe, “linked inter-
stitialevacancy pairs” is easy to form due to more potential inter-
stitial sites along various directions in bcc lattice. While in Cu,
because there is no stable interstitial site along <110> directions in
fcc lattice, atoms do not form “linked interstitialevacancy pairs” in
SIA emission, instead, they “move about one nearest neighbor
distance” [9]. Therefore, the discrepancy in geometric descriptions
of these two GB-induced recombinations [9,10] is caused by the
different lattice structures (fcc in Cu, bcc in Fe). Actually, they are
the same mechanism in that the excess energy at the GB due to
trapped SIAs is released by pushing atoms away from the GB to
annihilate the vacancies nearby.
3.4. Comparing with other common GBs in alpha-Fe

In this section, we check the SIA emission barriers of other three
commonly-reported high-angle STGBs, S9{221}, S11{332} and S3
{112}, in order to demonstrate the high capability of S3<110>{111}
GB to promote point-defect annihilation. As Fig. 7 shows, S9{221}
GB and S11{332} GB are composed of structural units labeled as C
and A’ [21]. Similarly, there is an interstitial site in the structural
unit C. Vacancies nearby could be annihilated by the interstitial
atom emitted from this site. But at S3{112} GB, the structural unit B
does not have so much free volume. Therefore a single-interstitial
atom is not stable in the vicinity of the interface. Instead, two
SIAs form a cluster bonded to the GB, which is not in the most
common configuration of two parallel <110> dumbbells. In this
work, we choose a four-SIA cluster since it has a regular configu-
ration along the interface as the four yellow balls in Fig. 7(c) shows,
and it is quite stable against dissociation.

The SIA emission barriers of different GBs as a function of the
distance are plotted in Fig. 8. For {332} GB, beyond 10 Å there is no
emissionmechanisms found by ABCmethod. The one exists at 8.9 Å
requires energy of 1.65 eV. While for {221} GB, SIA emissions have
acceptable barriers which are slightly larger than {111} GB, along
with a higher increase trend. The large energy barrier difference
between {332} GB and {221} GB reveals the sensitivity of SIA
emission mechanism to the interface configurations. Even though
these two GBs are composed of structural units C and A0 , the
additional A0 between unit C at {221} GB makes the potential
interstitial sites more widely separated than they are at {332} GB.
Hence the emission paths along close-packed directions are also
less rugged. Therefore, an interstitial atom is more easily to be
pushed out of the unit C at {221} GB. Notably, the interaction



Fig. 7. The atomic configurations as initial states in the one-GB model of three other STGBs: (a) S9{332} GB, (b) S11{221} GB, and (c)S3{332} GB. The yellow ball represents SIA, and
the large red ball represents the vacancy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Energy barriers of SIA emission for {332} GB, {221} GB, and single-interstitial
atom dissociation energy for {112} GB. They are all compared with the {111} GB re-
sults in the black line.
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between 4-SIA cluster and a vacancy in the vicinity of the {112} GB
shows much lower energy barriers, even lower than the {111} GB.
But strictly speaking, these barriers do not represent emission
mechanisms. They are more likely the energies reduced by the GB
for an interstitial atom dissociated from the cluster. The {112} GB is
incapable of trapping any single-interstitial atom. Instead, SIAs
group into a cluster by themselves, which allows off-lattice-site
atoms to interact with nearby vacancies. Still, {112} GB does not
always recover to its pristine form in our calculations since the SIA
cluster might break down and the SIAs left at the interface lose
their stability. Specifically how {112} GB is involved in this
dissociation process is important, but not the interest of this article.
Investigations in the future will look deeper into it. As a conclusion,
among the commonly-reported high-angle STGBs, {111} GB is
the ideal one for SIA emission mechanism for its capacity of
trapping and emitting single-interstitial atom with lower energy
barriers.

Overall, as an efficient recombination mechanism, SIA emission
is more effective for self-healing of radiation damage than vacancy
diffusion in the vicinity of GB. In nanolayered Fe, the effectiveness
of GB to act as source for emission is suppressed by the complex
local energy/stress distribution at structural units, and also by the
high free volume in S3<110>{111} GB. Nevertheless, SIA emission is
still the dominating annihilation mechanism over vacancy hopping
with acceptable activation temperature at long time scale, and
S3<110>{111} GB is the most favorable one among the four
commonly-reported STGBs in alpha-Fe that enables such emission
mechanisms with acceptable energy barriers.
4. Conclusions

This research investigated the potential energy landscape of SIA
emission process induced by S3<110>{111} GB in alpha-Iron, and
revealed its competition to conventional vacancy hopping mecha-
nism. The investigation also showed how these two annihilation
mechanisms are influenced by the higher GB density in nano-
layered structure. Autonomous basin climbing (ABC) method was
used to search potential energy surface, and to sample the atomic
configurations involved in SIA emission process. Nudged elastic
band (NEB) method was employed to find accurate activation en-
ergy barriers. Rate theory was applied to evaluate the activation
temperature to demonstrate the extension of GB influence range at
long time scale. The present results provide detailed information
about the interaction between a vacancy and single-interstitial-
loaded STGB in alpha-Fe. The following conclusions can be drawn
from this work.

1. The SIA emission process induced by S3<110>{111} GB is
composed of three steps (C2eC4). The evolution of energy and
atomic trajectories are sampled by using the ABC method. The
activation barriers are found to be in the range from 0.3 eV to
1.2 eV, which are closely related to the length of the BC defect
formed in the second step of the emission process. An equation
with particular constant K is established for describing the linear
increase of SIA emission barrier, as a function of vacancy dis-
tance from GB.

2. It is suggested that the annihilation type of “bulk chain-like”
(BC) defect discovered in bcc Fe [10] and the “interstitial emis-
sion” reported in fcc Cu [9] are the same recombination mech-
anism for GB-defect interactions. This conclusion is based on the
energy and geometry analysis of the SIA emission found in this
work. The difference of lattice structure leads to different geo-
metric performance of GB-induced recombination mechanisms.
Moreover, consistency in the energy barrier values implies that
the intermediate configuration 2 (C2 in Fig. 2(a)) in our SIA
emission process is the BC defect defined in previous work [10].

3. The competition between the conventional vacancy diffusion
mechanism and SIA emission is examined by a comparison of
energy barriers. The SIA trapped in a structural unit of GB
significantly raises the vacancy hopping barrier, while greatly
reduces the SIA emission barriers. Therefore the conventional
GB influence range is extended by the SIA emission, which
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becomes the dominant mechanism in the vicinity of the GB
since it is active under certain temperatures.

4. When the GB density is high (as in nanolayered structure), both
vacancy hopping and SIA emission are suppressed by the com-
plex local energy/stress distribution at structural units of the
S3<110>{111} STGB (induced by high free volume in the GB).
The suppression is reflected by the changes of binding energy
and activation barrier. This phenomenon reveals that, for certain
type of STGB, more stable interstitial sites at interface and
enhanced self-healing property cannot be obtained together.
But comparing with three other commonly-reported STGBs in
alpha-Fe, it is still reasonable to construct nanolayered material
using {111} GB, for it is indeed potentially a better sink for SIAs
and benefits SIA emission as well.
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