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Classical molecular dynamics and density functional theory calculations are performed to study the
impact of two distinct Fe grain boundaries (GBs) on the clustering properties of helium (He) and the pos-
sible He effect on GB decohesion. Several He concentrations are considered. Common properties of He
clustering are found for the both GBs, which are visibly different from the bcc bulk. In particular, He clus-
ters in the GBs are always elongated in the directions parallel to the interface and contracted in the direc-
tion normal to the GB plane, while they are isotropic in the bcc bulk. When the He number in the clusters
is sufficiently large, the strong local pressure promotes the occurrence of loop punching, which is easier
to trigger in the GBs than in the bulk, resulting in a lower He-to-vacancy ratio in the GB clusters. The
emitted self-interstitial atoms (SIAs) can more easily dissociate from the clusters in the GBs than in
the bulk, leading to relatively lower local pressures around the clusters in the GBs, and facilitating the
clusters growth. He is found to decrease GB cohesion, and the embrittling effect of He increases with
its concentration. But interestingly, this effect decreases with He clustering. The present findings are fully
compatible with existing experimental evidence, for instance, for a stronger GB embrittlement due to He
at rather low temperatures than at higher temperatures.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Mechanical properties of polycrystalline materials largely
depend on the solute and impurity concentration and behavior in
the grain boundaries (GBs) [1–5]. Ferritic steels are promising can-
didate structural materials for future fusion reactors, with a-iron
being the basis system. In the fusion environment, large amounts
of helium (He) can be produced by nuclear transmutation due to
the high energy (14 MeV) neutron irradiation. Being a noble gas
element with negligible solubility in iron, He tends to be deeply
trapped by vacancies and extended defects with excess free vol-
ume like GBs [6–8]. Besides these very strong interactions, they
also attract each other, which is known as self-trapping [9,7].
Either inside the Fe grains or at the GBs, He always tends to
agglomerate into bubbles [10–13]. He bubbles have been proposed
to cause swelling [14,15] and deterioration of mechanical property
of metals [16]. The segregation and agglomeration of the He atoms
at the GBs may be critical for causing intergranular embrittlement
[17,18], which emerges as an important issue with increasing He
concentration [19,20]. A He cluster is the preliminary stage of a
He bubble. However, relevant properties of He clusters and sub-
nanometric bubbles are very difficult to obtain experimentally.
Accurate atomistic simulations therefore offer an alternative and
complementary way to address the elementary mechanisms of
He clustering at the GBs, which may be significantly different from
those inside the grains.

The He bubble nucleation at prior austenite GBs (PAGB) [18],
lath and sub-GBs [12,18,13], close to dislocations [12], and at other
kinds of interfaces [11] has been observed experimentally in vari-
ous steels by means of transmission electron microscopy (TEM)
and small angle neutron scattering (SANS). The bubbles in the
GBs are often found to be larger than those in the bulk [13,21].
In the vicinity of GBs, He bubbles have been observed experimen-
tally to be confined within � 50 nm of the interface and elongated
parallel to the interface, while bubbles in the bulk have been found
to be generally spherical [11,13,18]. A similar conclusion concern-
ing bubbles at some twist Fe GBs, which are less spherical than in
the bulk, was also obtained by previous Monte Carlo simulations
[22].

For a very long time, it has been believed that He has drastic
effects on the mechanical behavior of metals only when the
irradiation temperature is above 0.4–0.5Tm, where Tm is the metal’s
melting temperature. For example, in bi-crystalline tungsten
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samples, the presence of He at the GBs may decrease the energy
barrier for the dislocation and GB motion; this was considered to
be responsible for the high-temperature radiation induced embrit-
tlement of materials [23]. Recently however, experiments on
various 9%Cr tempered martensitic steels showed a brittle and
intergranular fracture mode after either tensile [18,19] or bending
tests [17] for He irradiation temperature of 6250 �C, indicating the
occurrence of the He embrittlement at relatively low temperatures.
However, the underlying physical origin of either low or high
temperature GB embrittlement caused by He is not yet fully
understood.

At low temperatures, He atoms and vacancies are characterized
by reduced mobility and are consequently not able to form large
bubbles. Thus, experimentally visible bubbles appear only at high
temperatures. For instance, the temperatures where He bubbles
emerge at GBs and in the bulk in martensitic steel, with implanted
He concentration of 580 appm (atomic part per million), were
determined to be 723 K and 778 K, respectively [12].

From the viewpoint of atomistic simulation, the temperature
effects may be partially captured by different distributions of He
atoms and the size of the He clusters: High concentration of isolated
He atoms and very small He clusters, in the grains and at the GBs,
mimic low-temperature situations, whereas a lower concentration
of larger He clusters may represent a high-temperature case. So far,
most density functional theory (DFT) studies considered only one or
two solute atoms in the simulation cell with GBs, without including
the solute clustering effect [24–31]. There are also some studies
devoted to the investigation of segregated impurities with various
concentrations at GBs [32–38], but finding the ground state config-
urations of multiple impurity atoms at GBs is generally a difficult
task, especially for these DFT calculations dealing with structural
relaxations only. This is because the transition barriers between
the various local minima are usually high, and the static relaxation
performed by the DFT simulation may not overcome such barriers,
especially in the presence of GBs where the energy landscape is
generally very complex. Therefore, some larger-scale simulation
techniques, like molecular dynamics (MD) or Monte Carlo (MC), is
necessary in order to efficiently explore the lowest-energy configu-
rations of the systems with multiple solutes and complex energy
surfaces. However, these techniques can currently only be
employed when coupled with empirical potentials (EP) or effective
interaction models when dealing with transition-metal systems of
some hundreds or more atoms. The validity of the obtained results
require therefore a careful validation against experimental and first
principles data.

In our previous study [31], we have investigated in detail the
energetic landscape and diffusion of a single He at the R5ð310Þ
and the R9ð114Þ Fe GBs, by means of DFT and MD simulations
using empirical potentials. We have fully validated the EPs we used
for the He properties in Fe GBs. Due to the strong tendency of He to
segregate to the GBs, He diffusion was confined in the GB region,
with preferentially one-dimensional diffusion paths. In the present
work, we employ a combined MD and MC approach (with the same
EPs as in Ref. [31]) to explore the lowest-energy configurations of
the He clusters at the Fe GBs. Initially when the He atoms are
implanted, or created by transmutation, they are interstitial and
randomly distributed everywhere in the sample. Some of them
can migrate rapidly towards and be trapped by the GBs due to a
strong segregation tendency. Here we aim to investigate how the
He clustering properties may be modified in the vicinity of Fe
GBs, and the possible effects of He on GB decohesion. Additionally,
DFT calculations on the properties of small clusters are performed
in order to validate the EP results. We consider two types of sym-
metric tilt Fe GBs: the R5ð310Þ and the R9ð114Þ GBs, in order to
perform a systematic comparative study between them, and with
the bcc bulk. The obtained results are analyzed in the light of
existing experimental evidences.

In Section 2 we describe our approach of combining MD annea-
lings and MC iterations, the DFT methodology, and the simulated
supercells. We focus on the energetics and configurations of Hem

clusters (0 6 m 6 25) at the GBs and in the bulk in Section 3.1 by per-
forming EP calculations, and in Section 3.2 we study smaller Hem

clusters (0 6 m 6 4) at GBs with DFT in order to validate the EP
results. In Section 4, we make detailed and systematic comparisons
of the He cluster properties in the three systems and give comments
on the He density and the shape of the He clusters, the emitted self-
interstitial atoms (SIAs), and the He-induced GB decohesion. These
properties are compared with the experimental results obtained
from TEM, SANS, etc. Finally, the conclusions are given in Section 5.
2. Methods of calculation

Our approach consists in complementary methods combining
classical MD and MC simulations and first-principles DFT calcula-
tions. For all the EP calculations, we employ the Ackland and
Mendelev Embedded Atom Method (EAM) potential [39] to
describe Fe–Fe interactions, the Hartree–Fock-dispersion pair
potential (Aziz-potential) for He–He interactions [40], and a
recently published potential for Fe–He interactions [41]. This Fe–
He potential, which was obtained by fitting the DFT results of the
properties of an isolated He atom and small interstitial He and
He-vacancy clusters in Fe, was shown to satisfactorily describe
the He behavior at various GBs [31]. All the calculations related
to diffusion barriers are performed using the nudged elastic band
(NEB) method [42,43].

Tests of static and MD calculations with several He concentra-
tions and temperatures indicate that it is energetically favorable
for all the He atoms in the system to form a single cluster and,
when possible within the MD timescale, He will preferentially seg-
regate to GBs. Accounting for these results, we set the initial con-
figurations by randomly distributing He atoms within a relatively
small region near the GBs. For an efficient search of lowest-energy
He-cluster configurations in the GBs, we perform simulated annea-
lings at 600 K, alternated with a few Metropolis MC steps. The MC
steps are applied to avoid the systems being trapped in a local
energy minimum. This approach has already been successfully
applied in Ref. [44] for finding lowest-energy configurations of
hydrogen-vacancy clusters in iron. This iterative method combines
MD with MC and relies on EPs; we use the LAMMPS code [45] for
all the MD annealings. For the ith MC iteration, the starting config-
uration is obtained from the accepted configuration of the ði� 1Þth
MC iteration. All the He atoms in this configuration are randomly
displaced by up to 0.08 nm. Then, the system is relaxed by conju-
gate gradient (CG) techniques, followed by a 5 ps annealing at
600 K and gradual quenching to 0 K, adopting the canonical ensem-
ble (NVT). Note that we choose the NVT ensemble in the EP simu-
lations because a sufficiently large supercell is used (described
below), thus the He cluster induced dimensional variation can be
neglected. Finally, after another CG relaxation, we compare the rel-
ative energies between the current state (A) and the previous
accepted state (B). If the energy difference DEðA! BÞ is negative,
then the current state A becomes the accepted state for MC itera-
tion (iþ 1). If DEðA! BÞ is positive, there is still some probability
for A to replace B, which is calculated as exp½�DEðA! BÞ=kbT�,
[46] where the MC temperature T is chosen to be 600 K. The overall
lowest energy state found is tracked and accepted as the final con-
figuration after 100 MC iterations. We have verified that additional
MC steps do not lead to any lower energy minimum (within an
error bar of 0.05 eV) for the considered systems.
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First-principles calculations are also performed in the frame-
work of DFT, in order to verify the results of the EP results. All
the DFT calculations are performed employing the SIESTA code
[47]. The generalized gradient approximation (GGA) is used for
the exchange–correlation functional in the Perdew–Burke–Ernzer-
hof (PBE) form. Core electrons are replaced by nonlocal norm-con-
serving pseudopotentials. The valence electrons are described by
linear combinations of numerical pseudo-atomic orbitals (LCAO).
We define ten and five localized functions for Fe and He, with larg-
est cutoff radii of 0.295 nm and 0.322 nm, respectively. For more
details of the pseudopotentials and basis sets, please see our previ-
ous studies [7,30,31]. The Methfessel–Paxton smearing function is
used to broaden the electronic density of states with a 0.3 eV
width. The valence charge density is represented using a
0.007 nm width real-space grid. When performing structural opti-
mizations, the residual forces and the stress components are smal-
ler than 0.4 eV/nm and 0.20 GPa respectively.

Three-dimensional periodic boundary conditions are applied in
all the calculations, and each supercell contains two equivalently
but oppositely oriented GBs. The R5ð310Þ=½001� H ¼ 36:87� GB
is created by rotating two bcc grains around the [001] axis by
H ¼ 36:87�. The R9ð114Þ=½110� GB is constructed in a similar
way with H ¼ 38:94�. The supercells used in the present study
have been optimized based on the same procedures as described
in our previous study [31] and have the dimensions given in
Table 1. For the EP simulations, the distance between the two
GBs in each supercell is larger than 6.074 nm. For the DFT calcula-
tions, the supercells have the same dimensions as in our previous
work [31], as listed in Table 1.
3. Results

3.1. Hem clusters at GBs by the EP method

In the considered Hem clusters in the present work, the number
of He atoms ranges from m = 1–25, so that the overall He concen-
tration spans around 23–579 appm in the R5ð310Þ GB supercell,
from 25 appm to 620 appm in the R9ð114Þ GB supercell, and from
23 appm to 569 appm in the bcc bulk. These concentrations are set
to be below the He concentrations where GB intergranular fracture
was observed in the available experimental data [21,20,48]. In
these experiments, the amount of He implanted into the specimen
was 62000 appm which led to transgranular-ductile fractures at
773 K [21]. Considering only the GB region, our He concentrations
range from 361 appm to 8938 appm in the R5ð310Þ GB and from
372 appm to 9249 appm in the R9ð114Þ GB. Here, the frontier of
the GB region is defined as the maximum distance to the GB plane
where the formation energy of a substitutional He is different from
the corresponding value in the bulk [31]. For example, in the
R5ð310Þ GB supercell, this value is converged to the bulk value
at the fourth (310) atomic layer away from the GB plane (L4 layer),
thus the GB region is composed of the 4 neighboring layers of the
GB plane. Similarly, the 5 neighboring (114) layers of the GB plane
are considered to be the R9ð114Þ GB region.

In this section, we report the structures and energetics of the
Hem clusters at the R5ð310Þ and R9ð114Þ GBs and in the bcc bulk
with the EP approach.
Table 1
Supercell x; y, and z dimensions (in nm) and number of atoms N. The GB planes are perpe

R5ð310Þ=½001� R9ð1 14

N x y z N

EP 43,120 6.282 6.321 12.686 40,320
DFT 240 0.857 0.906 3.757 288
In the GB region, the formation energy of the Hem cluster is
defined as

Ef
GBðHemÞ ¼ EGBðHemÞ � EðGBÞ �mEðHeÞ; ð1Þ

where EGBðHemÞ and EðGBÞ are the total energies of the GB supercell
with and without Hem cluster, and EðHeÞ is the energy of an isolated
He atom in vacuum, respectively.

The formation energy of the Hem cluster in the bcc bulk is

Ef
bulkðHemÞ ¼ EbulkðHemÞ � EðbulkÞ �mEðHeÞ; ð2Þ

where EbulkðHemÞ and EðbulkÞ are the total energies of the bulk
supercell with and without Hem cluster.

The binding energy of the mth He atom to the Hem�1 clusters is
defined as

Eb
mðHeÞ ¼ Ef ðHem�1Þ � Ef ðHemÞ þ Ef ðHeÞ; ð3Þ

where Ef ðHem�1Þ and Ef ðHemÞ are the formation energies of the
Hem�1 and Hem clusters, respectively. These values are calculated
for each system: the R5ð310Þ GB, R9ð114Þ GB, and the bcc bulk.
Ef ðHeÞ is the formation energy of a He atom at the lowest-energy
site in the corresponding system. Note that Ef ðHemÞ � Ef ðHem�1Þ
can also be estimated from the slope of the cluster formation energy
curve, Sb

mðHeÞ, so that the incremental binding energy (Eq. (3)) may
also be written as:

Eb
mðHeÞ ¼ �Sb

mðHeÞ þ Ef ðHeÞ: ð4Þ
3.1.1. Hem clusters at the R5ð310Þ GB by EP
We first focus on the Hem clusters in the R5ð310Þ GB. A sche-

matic representation of the atomic configuration of the R5ð310Þ
GB is shown in Fig. 1(a), where [001] is defined as the x direction,
[310] is the y direction, and ½1 �30� is the z direction.

As shown in Fig. 2, the formation energies of the Hem clusters
range from 3.22 eV to 41.83 eV and overall linearly increase with
increasing number of He atoms m, consistent with the previous
work [33]. A slope is therefore estimated by linear fitting to be
1.58 eV per He atom. The most stable site of a single He atom is
position ‘‘A,’’ with the formation energy of 3.22 eV, according to
our previous study [31], and as shown in Fig. 1(c). The incremental
binding energy of an He atom is thus estimated to be around
1.64 eV according to Eq. (4). Except the very small clusters, this
value agrees well with the exact binding energies when the He-
to-vacancy ratio remains constant, as shown in Fig. 3.

Up to the 3-He cluster, the He atoms stay at interstitial sites.
The lowest energy configuration of He2 is two He atoms arranged
along the x direction with an interatomic distance of 0.202 nm,
as shown in Fig. 4(a). The configuration of He3 cluster is three He
atoms linearly arranged along the x direction with two equal inter-
atomic distances of 0.213 nm [Fig. 4(b)].

When the fourth He atom is added to the cluster, the so-called
loop punching [49] occurs, where one He atom substitutes for one
Fe atom at the GB plane (L0) layer, two other He atoms for substi-
tute two neighboring Fe atoms at the sub-interface layer (L1), and
one He atom occupies the nearest interstitial ‘‘A’’ site. The four He
atoms thus form a cluster with a mirror symmetry with regard to
the GB plane, as shown in Fig. 4(c). Such a configuration, with three
ndicular to the z direction.

Þ=½110� bcc bulk

x y z N x (=y=z)

6.461 5.996 12.148 43904 7.995
0.864 0.812 4.951 – –



Fig. 1. Overview of atomic configurations of the (a) R5ð3 1; 0Þ GB and the (b) R9ð11 4Þ GB. We show one (001) layer for the (c) occupancy site of an SIA at the R5ð3 10Þ GB and
one (110) layer for the (d) occupancy site of an SIA at the R9ð114Þ GB. The spheres in (c) and (d) correspond to those enlarged black spheres in (a) and (b), respectively. Note
the ‘‘A’’, ‘‘M’’ and ‘‘N’’ sites are also the low-energy sites for He atoms at the GBs.
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Fig. 2. Formation energy of the He clusters (in eV) at the R5ð310Þ and R9ð1 14Þ GBs
and in the bcc bulk.
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vacancies created and three SIAs emitted, is more stable than the
one without vacancies by 1.21 eV.

With an increasing number of He atoms, more vacancies and
SIAs are created, as shown in Fig. 3. It is interesting to note that,
for all the cases, each SIA occupies one interstitial ‘‘A’’ site
[Fig. 1(c)], which is also the most stable site for an interstitial He
[31]. The number of SIAs at the R5ð310Þ GB is thus equal to the
number of Fe atoms at different ‘‘A’’ sites. At this site, the formation
energy of an SIA (0.90 eV) is much lower than that of an interstitial
He (3.22 eV). The lowest vacancy formation energy is 1.21 eV at the
L1 layer [31], therefore the formation energy of the Frenkel pair is
calculated to be 2.11 eV. The SIAs generally align along the x direc-
tion, due to a particularly flat potential energy surface attested to
by the lowest-barrier (0.45 eV) path found for SIA diffusion along
this direction (Fig. 5(a)). During the migration of the SIA, two
jumps occur simultaneously: the SIA takes the place of the nearest
lattice Fe atom at the neighboring layer, and the lattice Fe atom
moves to the next ‘‘A’’ site along the x direction, as shown in
Fig. 5(a).
For all the studied configurations, the R5ð310Þ GB is able to
keep its structure against any GB plane breaking or transformation
into other types of GBs, and there are no Fe atoms present inside
the Hem clusters; i.e. the compositions of the clusters are only He
atoms and vacancies. Interestingly, the ratio of the He atom num-
ber to vacancy number is always around 1.8, as shown in Fig. 3.

The atomic configurations of He10V6;He18V9, and He24V14 clus-
ters are given as examples in Fig. 4(d)–(f). We have recorded the
projected lengths of the Hem clusters on the x; y, and z directions.
The projected length, for example in the x direction, is determined
by the difference between the maximum and the minimum x coor-
dinates. For all the non-linear configurations of the clusters
(m P 4), the shortest dimension is 0.167 nm and the longest
dimension is 0.745 nm, along any of the three directions. With



Fig. 4. Atomic configurations of the He clusters at the R5ð3 10Þ GB obtained with the EP method. The black and gray spheres represent the Fe atoms at different (001) layers
(x direction), and the small red spheres are the He atoms. The dashed blocks are the GB planes. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Migration barriers of an SIA between the local minima at the (a) R5ð310Þ GB
and the (b) R9ð11 4Þ GB (in eV). The black and gray spheres represent the Fe atoms
at different layers along the x direction. The blue spheres indicate the SIAs and the
red arrows suggest the motions of the Fe atoms: at the R5ð31 0Þ GB, two Fe atoms
reposition simultaneously with the atom in the neighboring layer, and at the
R9ð114Þ GB, two neighboring Fe atoms at the GB plane simultaneously move along
the x direction. (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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increasing cluster size, the x and y dimensions extend drastically
while the z dimension extends much more moderately. The ratios
of the dimensions in the x and y directions over the dimensions in
the z direction are shown in Fig. 3. Both x=z and y=z are larger than
1. This fact implies that the shapes of the Hem clusters are not iso-
tropic, that is, they are elongated in the directions parallel to the
GB plane (x and y), while contracted in the orthogonal direction
(z). Furthermore, the x=z ratio is generally larger than y=z.
3.1.2. Hem clusters at the R9ð114Þ GB by EP
We next investigate the Hem clusters at the R9ð114Þ GB. A sche-

matic view of the atomic configuration of the R9ð114Þ GB is shown
in Fig. 1(b), where [110] is defined as the x direction, ½�22 �1� is the y
direction, and ½�114� is the z direction.

Again, as shown in Fig. 2, the formation energies of the Hem

clusters overall linearly increase with number of He atoms m, rang-
ing from 3.27 eV to 36.54 eV. A slope is estimated by a linear fitting
to be 1.34 eV per He atom. The most stable site for an interstitial
He atom is position ‘‘N’’ with the formation energy of 3.27 eV, as



Fig. 7. Atomic configurations of the He clusters at the R9ð11 4Þ GB obtained with the EP method. The black and gray spheres represent the Fe atoms at different (111) layers
(x direction), and the small red spheres are the He atoms. The dashed blocks and lines are the GB planes. The discontinuous dashed lines show evidence for the shift of the GB
plane. (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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shown in Fig. 1(d). Therefore according to Eq. (4), the incremental
binding energy of He atom is roughly 1.93 eV. This value, as
marked by the red2 dashed line in Fig. 6, provides a reasonable esti-
mation for most of the clusters. The formation energy of the He atom
at the ‘‘N’’ site is only 0.01 eV lower than that at the ‘‘M’’ site. This is
consistent with our previous DFT result [31]. Comparing to a previ-
ous EP study [31], the slight discrepancy on the relative stability of
the ‘‘M’’ and ‘‘N’’ sites is due to the increase of supercell sizes in
the current study. Although it was shown that the He atom at ‘‘M’’
is more stable than at ‘‘N’’ by 0.04 eV in the previous study [31],
these energy differences (0.01 eV and 0.04 eV) are all smaller than
the estimated calculation error bar (0.05 eV). Both the ‘‘M’’ or ‘‘N’’
sites can be considered to be practically degenerate.

When the second He atom is added to the cluster, the two He
atoms align along the [001] direction with an interatomic distance
of 0.190 nm, with one atom at the ‘‘M’’ and the other at the ‘‘N’’
site, as shown in Fig. 7(a). The He3 cluster shows a configuration
parallel to the (001) plane, with two atoms located at two neigh-
boring ‘‘M’’ sites and one atom in the center at ‘‘N’’ site [Fig. 7(b)].

When the fourth He atom is added, the cluster creates one
vacancy at the L2 layer by emitting a SIA and shows a tetrahedron
configuration with an average He–He interatomic distance of
0.188 nm. When the cluster includes 6 He atoms, the distortion
of the surrounding lattice leads to a breaking of the GB plane as
shown in Fig. 7(c). The resulting two parts shift relative to each
other along the z axis within the supercell. Assisted by the GB
2 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
structural modification, the creation of only one vacancy at the
R9ð114Þ GB is enough to stabilize up to 9 He atoms. With increas-
ing numbers of He atoms in the cluster, the shift distance of the GB
plane also increases. When there are more than 10 He atoms in the
cluster, the shift of the GB is maximized, that is, up to 0.261 nm.
From there, further vacancies are generated to stabilize the larger
He clusters, as shown in Fig. 6.

As for the emitted SIAs, there are two low-energy occupation
sites in the R9ð114Þ GB, as shown in Fig. 1(d). The number of SIAs
is determined by counting the Fe atoms at the ‘‘M’’ and the ‘‘N’’
sites. The formation energies are calculated to be 0.60 eV at ‘‘N’’
and 0.84 eV at ‘‘M’’, much lower than the corresponding He forma-
tion energies, respectively, 3.27 and 3.28 eV. The lowest vacancy
formation energy is 0.67 eV at the GB plane [31], therefore the for-
mation energy of the Frenkel pair is calculated to be 1.27 eV. The
lowest diffusion barrier of an SIA at the R9ð114Þ GB is calculated
to be 0.42 eV along the x direction, as shown in Fig. 5(b). During
the migration of the SIA, there are also two concerted jumps: the
SIA at the ‘‘N’’ site and its neighboring lattice Fe atom at the GB
plane jump simultaneously along the x direction, so that the SIA
takes the place of this lattice Fe atom and the lattice Fe atom takes
the other neighboring ‘‘N’’ site and becomes another SIA.

The atomic configurations of He8V;He15V7, and He24V14 are
shown in Fig. 7(d)–(f) as examples. Similar to the R5ð310Þ GB,
there are no Fe atoms present inside the He clusters. The ratio of
the He atom number to vacancy number also tends to around 1.8
when the number of He atoms is larger enough, after the GB plane
breaking. For all clusters with non-linear configurations (m P 3),
the dimensions in the three directions range from 0.051 nm to
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0.684 nm with increasing He concentration. By the same method
as was used for the R5ð310Þ GB in the previous section, the clus-
ters are also found to be elongated in the directions parallel to
the GB plane (x and y) and contracted in the orthogonal direction
(z), while the dimensions along the x and y directions are compa-
rable for this GB, as shown in Fig. 6.
3.1.3. Hem clusters in the bulk as a reference state
In this section, we study the configurations and energetics of

the Hem clusters in the bcc bulk, used as a reference state. Please
note that the He-vacancy bindings are much stronger than the
He–He binding in the bulk, therefore, the initially vacancy-free
Hem clusters may not be the dominant cluster species. They are
addressed here with the purpose of comparing to the same clusters
at the GBs, in order to clarify the influence of the GBs on the He
clustering properties.

As shown in Fig. 2, the formation energies of the Hem clusters
are from 4.39 eV to 64.50 eV, much larger than those in the GBs,
confirming a strong trend of segregation of such clusters at the
GBs. The slope of the formation energy curve is 2.40 eV per He
atom, so that the incremental binding energy of He atom is esti-
mated to be around 2.00 eV. It agrees well with the exact values
for all the clusters presenting a constant He-to-vacancy ratio
(Fig. 8). This value is higher in comparison with 1.64 eV for the
R5ð310Þ GB and 1.93 eV for the R9ð114Þ GB.

The lowest energy site of an interstitial He atom is a tetrahedral
site. When the second He atom is introduced, one He atom occu-
pies a tetrahedral site and the other He atom takes the second
nearest octahedral site; the interatomic distance is 0.189 nm, as
shown in Fig. 9(a). The He–He interatomic distance is slightly
shorter than 0.202 nm at the R5ð310Þ GB and 0.190 nm at the
R9ð114Þ GB. The He3 cluster shows an isosceles triangle, with
one atom at an octahedral and the other two He atoms at the sec-
ond nearest tetrahedral sites [Fig. 9(b)]. The He4 cluster shows a
configuration of a regular tetrahedron, with four He atoms occupy
four neighboring tetrahedral sites [Fig. 9(c)].

The He5 cluster can trigger a loop punching event, consistent
with DFT work [49] in which the emission of an SIA was predicted
to occur when there are more than 4 He atoms in the cluster. Obvi-
ously, more He is needed than at the GB (4 He atoms) to trigger the
loop punching. One created vacancy is able to stabilize up to 8 He
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atoms. When 9 He atoms are included in the cluster, more vacan-
cies are generated (Fig. 8), and the surrounding Fe atoms begin to
move away from the centers of their original sites.

As for the emitted SIAs, they prefer to form [110] dumbbells
with nearby Fe atoms, consistent with the most stable SIA config-
uration determined by the DFT method [50]. The number of SIAs is
determined by counting the formed [110] Fe dumbbells. The for-
mation energy of an SIA is 3.53 eV and the formation energy of a
vacancy is 1.72 eV, which are fully consistent with values found
in a previous work using the same EP [39], 3.59 eV and 1.71 eV,
respectively. Both of the values are higher than the formation ener-
gies of an SIA (0.90 eV at the R5ð310Þ GB and 0.60 eV at the
R9ð114Þ GB) and a vacancy (1.21 eV at the R5ð310Þ GB and
0.67 eV at the R9ð114Þ GB) at the GBs. The formation energy of a
Frenkel pair is thus evaluated as 5.25 eV, much higher than at
the GBs.

The atomic configurations of He6V;He15V5, and He25V11 clusters
are shown in Fig. 9(d)–(f) as examples. For He6V cluster, the He
atoms occupy the six face centers of one unit cell [Fig. 9(d)]. For
the clusters with more He atoms, the distortion of the surrounding
lattice becomes more severe (Fig. 9). Similarly to the clusters in the
GBs, no Fe atoms are found inside the He clusters in any of the
studied systems, and the ratio of the number of He atoms to the
vacancy number is �2.7, much higher than the value of 1.8 seen
at both GBs.

We have also recorded the projected lengths of the Hem clusters
along x; y, and z directions. For all the non-linear configurations of
the clusters (m P 3), the shortest dimension is 0.053 nm and the
longest dimension is 0.511 nm along any of the three directions.
The ratios of the dimensions in x and y directions over the dimen-
sions in z direction are shown in Fig. 8. As expected, both x=z and
y=z are around 1, indicating that the shapes of the Hem clusters
are indeed isotropic.

3.2. Small Hem clusters at GBs by DFT: validation of the EP approach

In this section, we report on the structures and energetics of
small Hem clusters (m 6 4) obtained by performing DFT calcula-
tions, in order to validate the EP results. Here m 6 4 is chosen
because the He4 cluster has the critical size for creating vacancies
and emitting SIAs at the GBs. The initial configurations of the Hem

clusters are set by considering both the geometrical symmetry and
the lowest-energy states found by the EP method.

3.2.1. Small clusters at the R5ð310Þ GB
The DFT structures and energies of the small clusters, as well as

the loop punching condition, generally support the EP results.
The lowest energy site of a single He is also the ‘‘A’’ site, with a

formation energy of 2.91 eV [31], which is 0.31 eV lower than that
as obtained by the EP method. The He2 cluster consists of two He
atoms aligned along the y direction with an interatomic distance
of 0.166 nm, with a formation energy of 5.58 eV. This configuration
is slightly more stable (by 0.04 eV) than the one determined by the
EP method, which has two He atoms arranged along the x direction
with a distance of 0.174 nm. But, the energy difference between
the two configurations is actually within the error bar, suggesting
a satisfactory agreement between the EP and DFT results. For the
He3 cluster, three He atoms are linearly arranged along the x direc-
tion with two equal interatomic distance of 0.173 nm and a forma-
tion energy of 8.15 eV. These quantities are higher when
determined by the EP method, at 0.202 nm [Fig. 4(b)] and
9.32 eV, respectively. The presently found configuration has a
lower formation energy by 0.18 eV than the configuration with
three He atoms forming a (310) plane in a previous DFT study [33].

For He4 cluster, we have considered two configurations: one
without and another one with vacancies (but without the emitted



Fig. 9. Atomic configurations of the He clusters in the bcc bulk obtained with the EP. The big black spheres represent the Fe atoms and the small red spheres are the He atoms.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Atomic configurations of the He4 clusters after and before loop punching at the R5ð31 0Þ and R9ð114Þ GBs obtained by the DFT method. (a) and (c) are the
configurations with 3 and 1 SIAs emitted for the R5ð31 0Þ and R9ð114Þ GBs, respectively. (b) and (d) are the corresponding configurations without SIAs emitted.
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SIAs) to compare their energetic stability, in order to check the con-
dition of the loop punching. The configuration without vacancies, as
shown in Fig. 10(b), has a formation energy of 10.97 eV. The config-
uration with three vacancies, as determined by the EP method, has a
formation energy of 8.41 eV, as shown in Fig. 10(a). Note that accord-
ing to the configuration obtained by the EP method, the distance of
the SIA from the He cluster is larger than 1 nm along the x direction,
even larger than the supercell size for the DFT calculation. We there-
fore assume that the binding between the SIA and the He cluster is
negligible. The formation energy of an SIA at the ‘‘A’’ site is 0.76 eV.
The upper limit of the formation energy of the state after loop punch-
ing may be estimated by the sum of the formation energies of the
He4V3 cluster and three isolated SIAs (10.69 eV); this is 0.28 eV
lower than the formation energy of the configuration without loop
punching. Therefore, the DFT results indeed confirm that the occu-
rence of loop punching determined by the EP simulations
(He3 þ He ¼> He4V3 þ 3SIA) allows for reaching a lower-energy
state.
3.2.2. Small clusters at the R9ð114Þ GB
The structures and energies of the small clusters, as well as the

loop punching condition obtained by the DFT calculations, confirm
again the EP results.
The lowest energy site of a single He is ‘‘N’’ site, with the forma-
tion energy of 2.91 eV [31], which is 0.36 eV lower than that as
obtained by the EP method. The He2 cluster is two He atoms, occu-
pying one ‘‘M’’ site and one ‘‘N’’ sites with an interatomic distance
of 0.167 nm, with a formation energy of 5.41 eV. For the He2 clus-
ter determined by the EP method, the quantities are higher, with
the interatomic distance at 0.190 nm and the formation energy at
6.25 eV. We also consider another two configurations, with two
He atoms aligned in the x direction locating (1) at one ‘‘N’’ site
and (2) at one ‘‘M’’ site. The found lowest-energy configuration is
more stable than the two alternative configurations by 0.09 eV
and 0.36 eV, respectively. For the He3 cluster, two atoms locating
at two neighboring ‘‘M’’ sites and one atom at ‘‘N’’ site, the forma-
tion energy is calculated to be 7.81 eV, which is 1.35 eV lower than
that obtained by the EP method.

For the He4 cluster, we have also considered two configura-
tions–with and without vacancies, in order to check for the occu-
rence of loop punching. The configuration without a vacancy
[Fig. 10(d)] has a formation energy of 10.15 eV. The configuration
with one vacancy (but without the emitted SIAs), as determined
by the EP method, has a much lower formation energy of
9.07 eV, as shown in Fig. 10(c). Similar to Section 3.2.1, assuming
the interaction between the He clusters and the SIA is negligible
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because of the use of the small DFT supercell, the upper limit of the
formation energy of the state after loop punching can be estimated
by the sum of the formation energies of the He4V cluster and an
isolated SIA at an ‘‘N’’ site (9.65 eV); this is 0.50 eV lower than
the formation energy of the configuration without loop punching.
The comparison between the energetics of the two configurations
again supports the loop punching mechanism determined by the
EP simulations: He3 þ He ¼> He4V1 þ 1SIA.
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Fig. 11. Dissociation energy (in eV) of the farthest SIA of the He clusters in the
R5ð310Þ and R9ð114Þ GBs and in the bcc bulk.
4. Discussions

4.1. Density of the He clusters and properties of emitted SIAs

Based on the obtained EP results, we summarize the common
features of the three studied systems as follows: the He atoms pre-
fer to aggregate into clusters rather than to distribute homoge-
neously; no Fe atoms are found inside the He clusters; when the
number of He atom is large enough, the strong local pressure of
the He clusters induces loop punching with the creation of vacan-
cies inside the cluster and the emission of SIAs. These features are
all consistent with the attractive He–He and He-vacancy interac-
tions in the different Fe local environments, reflected by the posi-
tive values of the incremental binding energies (Eb

mðHeÞ) shown in
Figs. 3, 6, and 8.

There are also some features which are common to the two GBs
but different from the bulk. In particular, these are the anisotropic
shape of the He clusters in the GBs (discussed in the next section),
and the lower He density in the He clusters. The ratio of the He
atom number to vacancy number tends to be around 1.8 at the
both GBs, while in the bulk, this ratio is around a much higher
value of 2.7.

The different He-to-vacancy ratios suggest that it is easier to
emit SIAs (to create Frenkel pairs) at the GBs than in the bulk.
Indeed, the formation energy of a Frenkel pair is 5.25 eV in the
bcc bulk, much higher than 2.11 eV at the R5ð310Þ GB and
1.27 eV at the R9ð114Þ GB. These results are consistent with the
findings of a previous EP work [22]. We have also estimated the
local pressure for the largest He cluster (m = 25), calculated as
the average pressure of the He atoms. Consistently at their respec-
tive He/V ratios, the pressures within the He clusters at the GBs are
much lower than the cluster pressure in the bcc bulk, being
22.13 GPa at the R5ð310Þ GB, 20.33 GPa at the R9ð114Þ GB, and
27.20 GPa in the bcc bulk.

Another difference between the GBs and the bulk concerns the
relative binding energy of the He–He and He–V interactions. In the
bulk, the binding energy between two interstitial He atoms is
0.31 eV, while the interstitial He-vacancy binding energy is much
larger (2.36 eV). On the other hand, these values are comparatively
closer in the GBs at 0.17 eV and 1.04 eV respectively at the
R5ð310Þ GB, and 0.29 eV and 0.96 eV respectively at the
R9ð114Þ GBs.

It is also relevant to consider the behavior of the SIAs after being
emitted. Different behavior of the SIAs may lead to different results
for GB structural changes and the mechanism of He cluster growth.
For example, attractive interaction between the SIAs and the He
cluster and high SIA diffusion barriers may lead to a high local
pressure near the He cluster, potentially preventing further cluster
growth. In order to evaluate the behavior of the SIAs after being
emitted, we calculate the binding energy of the farthest SIA (the
kth SIA) to the resulting cluster by

Eb
kðSIAÞ ¼ Ef ðSIAk�1Þ þ Ef ðSIAÞ � Ef ðSIAkÞ; ð5Þ

where Ef ðSIAÞ is the formation energy of a single SIA, and Ef ðSIAk�1Þ
and Ef ðSIAkÞ are the formation energies of the clusters with (k� 1)
and k emitted SIAs, respectively. We note that the configuration
with (k� 1) SIAs is artificially generated by removing the farthest
SIA in the system.

From the atomic configurations in the bulk, the emitted SIAs are
indeed generally closely distributed around the He cluster. At the
GBs, the SIAs are not so strongly bound to the He clusters. Some
SIAs may break away and migrate far away from the clusters
within the GB region. These SIAs generally arrange themselves
along the x direction, and the local structure of the GBs is not
strongly changed.

The static dissociation barrier of an SIA from the cluster can be
calculated as the sum of the binding energy of the SIA to the He
cluster and the diffusion barrier of an SIA at each system, i.e.
0.45 eV at the R5ð310Þ GB, 0.42 eV at the R9ð114Þ GB, and
0.30 eV in bcc bulk. As shown in Fig. 11, the SIAs at the GBs can dis-
sociate relatively more easily than in the bcc bulk. In order to fur-
ther confirm this conclusion, we also calculated the average
dissociation energy of the SIAs. The largest He clusters (m ¼ 25)
in the three systems are considered and the corresponding config-
urations with all the SIAs removed are taken as references. In this
way, the average dissociation energies of the SIAs from the He clus-
ters were calculated to be 0.77 eV, 1.02 eV, and 3.83 eV for the
R5ð310Þ GB, the R9ð114Þ GB, and the bcc bulk, respectively. The
trend from the average SIA dissociation energy is fully consistent
with that from the dissociation energy of the farthest SIA, both
implying a higher possibility of the growth of the He clusters at
the GBs than in the bcc bulk.

4.2. Shape of the He clusters

The He clusters at the both GBs are elongated in the directions
parallel to the GB (x and y) and contracted in the orthogonal direc-
tion (z), while the clusters in the bcc bulk are rather isotropic; this
is consistent with the findings on clusters in twist GBs according to
a recent MC study [22]. By TEM, He bubbles near some GBs have
also been observed to be confined within �50 nm of the interface
and are elongated parallel the interface, while the bubbles in the
bulk are found to be generally spherical [11].

The shape of the He clusters is mainly determined by the mor-
phology of the surrounding potential energy surface: for one, the
cluster prefers to be elongated along the direction with a rather flat
energy landscape as seen by He, reflected by the low-energy barri-
ers for He diffusion in this direction; additionally, the cluster tends
to be elongated along the directions with successive sites which
exhibit easy SIA formation and are preferential sites for vacancies.
Indeed, at the GBs, the low-barrier diffusion paths of the He atom
are all limited to within the GB region, and the dissociation barrier
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from the GB is much higher than the highest migration barrier [31].
The lower vacancy formation energy at the GBs, compared to that
in the bcc bulk, further promotes the formation of the He cluster
confined to the GB region [31]. All these factors lead to an elon-
gated shape of the He cluster at the GBs.

Besides the common trend, the shapes of the He clusters in the
two different GBs also show slight distinctions: the Hem cluster is
longer in the x than the y direction at the R5ð310Þ GB, while its
dimensions are comparable in both directions at the R9ð114Þ
GB. The difference between the shapes of the He clusters in the
two GBs can be understood as follows: At the R5ð310Þ GB, the dif-
fusion barrier of the He atom is 0.30 eV along the x direction. The
diffusion barrier is much higher along the y direction (0.82 eV);
therefore, the He energy surface appears to be flattened along
the x direction. Additionally, the lowest vacancy formation energy
is 1.21 eV at the sublayer of the GB plane, and the formation ener-
gies of the vacancy in the other layers are 0.30–0.58 eV higher [31].
The He atoms prefer to locate at the sublayer vacancy sites along
the x direction with a short He–He interatomic distance
(�0.202 nm). This configuration is more stable than that of He
atoms aligned along the y direction, where the He–He distance is
too large (�0.902 nm). Therefore, based on both the formation
and diffusion of He atom and the formation of the vacancy at the
R5ð310Þ GB, we see why the He cluster is longer in the x than in
the y direction. At the R9ð114Þ GB, an He atom can only diffuse
one-dimensionally along the x direction, with a low energy barrier
of 0.05 eV for close neighbor jump or a relative higher barrier of
0.53 eV for long jumps [31]. But, the formation energies of the
vacancies in the three neighboring layers of the GB plane, which
are also extended along the y direction as shown in Fig. 1(d), are
all relative low, being 0.67 eV, 1.18 eV, and 0.96 eV, respectively.
The space provided by the vacancies thus spans two-dimensionally
in both x and y directions. Additionally, when the He atom number is
larger than 6, part of the GB plane shifts along the z direction, which
potentially further enlarges the dimension of the He clusters in the y
direction. The resulting dimensions of He cluster in this GB are com-
parable in the x and y directions. It is however relevant to mention
that, as found by the experiments of Ag diffusion in Cu GB [51], the
anisotropy of the solute diffusion, that is, a faster diffusion parallel
to the GB plane than perpendicular to it, may be due to a high den-
sity of parallel ‘‘open channels’’ along the tilt axis. The dominance of
the one-dimensional diffusion and its impact on the nucleation of
the He clusters at the general GBs might be different from the pres-
ently considered specific GBs. However, the cluster elongation par-
allel to the GB planes is expected to be generally valid.

4.3. He-induced GB decohesion

As mentioned in Section 1, the impact of He on the GB decohe-
sion and embrittlement and its dependence on He concentration
and temperature is an important issue that is not yet fully
understood. Here, we attempt to give some evidence based on
our atomistic simulations. For this purpose, we estimate the GB
cohesive energy per each interfacial Fe atom. The number of the
interfacial Fe atoms is determined by the Fe atoms at the GB plane
(the L0 layer). From Fig. 1(a) and (b), there are 616 interfacial Fe
atoms in the R5ð310Þ GB (2 per unit cell), and 896 atoms in the
R9ð114Þ GB (4 per unit cell). We note that the number of the
interfacial Fe atom is kept as in the clean GBs for all the
calculations, independent of the structural change due to the
inclusion of the He atoms. The cohesive energy of a clean GB
EcðGBÞ is calculated as

EcðGBÞ ¼ 2Ef ðFSÞ � Ef ðGBÞ: ð6Þ

where Ef ðGBÞ and Ef ðFSÞ are the formation energies of the GBs and of
the corresponding free surfaces respectively:
Ef ðGBÞ ¼ EðGBÞ � EðbulkÞ
2

; ð7Þ

Ef ðFSÞ ¼ EðFSÞ � EðbulkÞ
2

; ð8Þ

where EðGBÞ and EðFSÞ are respectively the total energies of the
supercells with the two equivalent GBs and the two FSs, and
EðbulkÞ is the total energy of a bcc bulk with exactly the same Fe
atoms as the GB or FS supercell. The cohesive energy of a GB with
the He cluster EcðGB�HemÞ is calculated as

EcðGB�HemÞ ¼ 2Ef ðFS�HemÞ � Ef ðGB�HemÞ: ð9Þ

Because the He atoms desorb spontaneously into vacuum from the
free surfaces, the term Ef ðFS�HemÞ in Eq. (9) becomes the sum of
the formation energy of the free surface Ef ðFSÞ and m times the
energy of a He atom in the vacuum.

The second term Ef ðGB�HemÞ is defined as

Ef ðGB�HemÞ ¼ EGBðHemÞ � EðbulkÞ �mEðHeÞ

� EðGBÞ � EðbulkÞ
2

; ð10Þ

where EðbulkÞ is the total energy of a bcc bulk with exactly the same
Fe atoms of the GB supercell, and EðHeÞ is the energy of an isolated
He atom in the vacuum. Please note that the He atoms are located in
one of the two GBs in the same supercell, and the Ef ðGB�HemÞ
determined in Eq. (10) is different from the Ef

GBðHemÞ determined
by Eq. (1) by the inclusion of the formation energy of the GB.

At the clean R5ð310Þ GB, the cohesive energy is 2.11 eV per
interfacial Fe atom. With increasing He concentration, that is, with
increasing lowest-energy cluster size, the value gradually
decreases to 1.98 eV. At the clean R9ð114Þ GB, the cohesive energy
is 1.38 eV per interfacial Fe atom. With increasing He concentra-
tion, the value gradually decrease to 1.30 eV. From these data,
we do not see any drastic effect of He atoms on the GB cohesion
up to the largest concentrations considered, at least when they
form clusters where their effect may remain rather local. Taking
the largest clusters at the GBs as examples, the dimensions in the
x and y directions of the cluster at the R5ð310Þ GB are 0.732 nm
and 0.463 nm, which are respectively 11.7% and 7.3% of the GB
plane size in our supercell. The largest cluster in the R9ð114Þ GB
has dimensions of 0.608 nm along the x direction and 0.684 nm
along the y direction, which are 9.4% and 11.4% of the GB plane size
in our supercell, respectively.

The impurity’s effects on the GB embrittlement can be predicted
according to the Rice–Wang thermodynamic criterion [52], in
terms of the change of the overall GB cohesion Dc due to the impu-
rity segregation:

Dc ¼ EcðGBÞ � EcðGB�HemÞ ð11Þ

where a positive value of Dc indicates that the impurity is a GB
embrittler, and a negative value means it is a cohesion enhancer.

Fig. 12 clearly confirms that He is a GB embrittler. The overall
embrittling effect of the He clusters increases monotonically with
the cluster size (He concentration). This is indeed consistent with
the previous finite element simulations and tensile test experi-
ments, which reported that He is a GB embrittler by lowering the
GB cohesion when the He atoms segregate at the GBs [17–19].
The He segregation led to a decrease in the critical stress for inter-
granular fracture [17], and the He embrittlement effect was sug-
gested to increase with increasing He concentration [20] for
different GBs [53]. But very interestingly, we predict that the aver-
age value of Dc decreases with the increasing He content, which
suggests a reduction of the effect of each He atom when it takes
part of a larger cluster.

He distribution in the GBs is expected to be strongly dictated by
the temperature of the system, as it depends on the He mobility. In
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order to better understand the low and high temperature embrit-
tlement due to He, it is relevant to evaluate the influence of the
He distributions. In the present study, we compare two extreme
situations, that is, when all the He atoms form one cluster with
the reported optimized structure or when they are homogeneously
distributed at various GB sites. For the latter, we use identical
supercells of the R5ð310Þ and R9ð114Þ GBs as for the former
and place either 14 or 25 He atoms uniformly located at 14 or 25
equivalent ‘‘A’’ (for the R5ð310Þ GB) or ‘‘N’’ sites (for the
R9ð114Þ GB). For the 14-He case, when the He atoms are uniformly
distributed, the cohesive energies per interfacial Fe atom are
1.97 eV and 1.28 eV for the R5ð310Þ GB and the R9ð114Þ GB,
respectively. The values are 2.02 eV and 1.32 eV, respectively,
when the He atoms form one large cluster. For the 25-He case,
the cohesive energy per interfacial Fe atom is 1.85 eV for the
R5ð310Þ GB and 1.19 eV for the R9ð114Þ GB. The values are
1.98 eV and 1.30 eV, respectively, with He clustering. Based on
the comparison, there is always a large reduction of GB cohesion
when the He atoms are distributed individually than when they
form a cluster. Our finding, although based on two extreme distri-
butions, seems to support the experimental evidence of a stronger
He-induced embrittlement effect at GBs at low temperatures
(6250 �C) than at high temperatures [19,21,48].

It is also interesting to mention that a critical He concentration,
at which the GB splits into free surfaces, was predicted in tungsten
by using a very simple model [54]. In this model, the critical condi-
tion is the equivalence of formation energies of the uniformly
distributed He atoms at the GB and the free surfaces, which is, in
other words, the change of the sign of the cohesive energy. The low-
est cohesive energy found in the present work is 1.19 eV per inter-
facial Fe atom, corresponding to the case of 25 He atoms uniformly
distributed at the R9ð114Þ GB. For roughly estimating the critical
He concentration corresponding to the change of the sign of the
cohesive energy, we use the data with 1, 14, and 25 He atoms uni-
formly distributed at each GB and perform a linear fitting of the GB
cohesive energy versus the He concentration in the GB region. The
critical He concentrations, i.e. when the intergranular fracture may
occur, are estimated by an extrapolation to zero cohesive energy, as
shown in Fig. 13. The critical He concentration is estimated to be
4.7 He/nm2 at the R5ð310Þ GB and 5.1 He/nm2 at the R9ð114Þ
GB. These values imply a very high nominal concentration of He
in the material. If assuming that all the He atoms are located in
the GB region, the corresponding nominal concentrations are
respectively 4467 and 4679 appm for the case of the R5ð310Þ GB
and the R9ð114Þ GB. These concentrations, although based on a
very rough estimation, are qualitatively consistent with the find-
ings of low temperature experimental observations that rather high
He concentrations (�5000 appm) are required to lead to an inter-
granular fracture mode in Fe alloys [18,19].
5. Conclusions

This study aims to better understand the impact of GBs on the
clustering properties of He, as well as the possible effect of He on
GB decohesion.

Classical MD annealings combined with MC steps are per-
formed for an efficient searching of the lowest energy configura-
tions of He clusters at two distinct GBs in a-Fe: the R5ð310Þ and
the R9ð114Þ, and compared to the bulk case, for various He con-
centrations. Complementary DFT calculations are also performed
on some of the relevant configurations in order to validate the EP
results.

Common features of He clustering behavior in the three sys-
tems are found as follows: the He atoms strongly prefer to aggre-
gate into clusters rather than distribute homogeneously; no Fe
atoms are found inside the He clusters; when the number of He
atoms inside the cluster is large enough (4 or 5), the strong local
pressure promotes creation of vacancies inside the clusters and
emission of SIAs. This loop punching mechanism is found to be a
crucial elementary mechanism for the cluster growth, particularly
in the GBs when a large amount of higly mobile interstitial He
atoms migrate from the grains to the GBs.

Specific properties of He clustering are also noted for both GBs
which are visibly different from the bcc bulk. Consistent with
experimental evidence, the formation energy of the He clusters
in the bulk is much higher than that at the GBs, confirming the
strong trend of segregation of such clusters at the GBs. Also, the
He clusters at the GBs are elongated in the directions parallel to
the GB and contracted in the direction normal to the GB plane,
while they are isotropic in the bcc bulk. In addition, the loop
punching in the GBs is expected to occur more easily than in the
bulk, due to a significantly lower Frenkel pair formation energy.
The He density in the clusters at the GBs is therefore systematically
lower than in the bcc bulk due to a lower He-to-vacancy ratio.
Regarding the emitted SIAs, they can more easily dissociate from
the clusters in the GBs than in the bulk, leading to relatively lower
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local pressures around the clusters in the GBs. This behavior may
contribute to promote a larger cluster and bubble formation in GBs.

He segregation is found to decrease GB cohesion. According to
the Rice-Wang thermodynamic criterion, He is a GB embrittler.
As expected, the embrittling effect of He increases with its concen-
tration. More interestingly, this effect decreases with He clustering,
due to a more localized perturbation from the He cluster on the GB.
We estimate that, even for the extreme case of uniform distribu-
tion of He in the GBs, a very high He concentration in the GB region
of about 5 He/nm2 may be required for a complete decohesion of
the considered GBs. Although a direct comparison is not possible,
our finding is nevertheless compatible with existing experimental
evidence for stronger GB embrittlement at rather low tempera-
tures (6250 �C) than at higher temperatures when large He bub-
bles are formed.
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