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Abstract

The effect of He impurities on the properties and behavior of self-interstitial atom (SIA) clusters in a-Fe has been
simulated by atomistic molecular dynamics (MD) and molecular statics (MS) simulation techniques using semi-empirical
interatomic potentials and compared to ab initio electronic structure calculations. The MD simulations reveal many inter-
actions between He and SIA clusters, including a spontaneous SIA–substitutional He recombination and replacement
mechanism that ejects He into interstitial positions and a strong interaction between He, in either interstitial or substitu-
tional positions, with SIA and SIA clusters and also with other He atoms. The MS calculations reveal relatively small inter-
action trapping radii of about 1 nm between interstitial He and SIA cluster complexes, but strong binding energies from 1.3
to 4.4 eV, depending on cluster size and interaction geometry. The comparisons between the ab initio and semi-empirical
interactions are in generally good agreement and indicate that the He–point defect interactions in bcc Fe are well repre-
sented by considering the displacement (strain) field interactions amongst the defects.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The large amount of helium generated from (n,a)
reactions in first wall and blanket structures is a sig-
nificant challenge associated with the development
of long-lived and high-performance fusion materials
[1]. Helium has a strong tendency to precipitate into
thermally stable helium–vacancy clusters and
helium bubbles within grain interiors, which can
produce irradiation strengthening or assist the
nucleation and growth of cavities, leading to swell-
ing detrimental to the mechanical properties of
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metals and alloys. Moreover, helium migration to
and precipitation into bubbles at the grain bound-
ary is a cause of high temperature embrittlement
[2–6]. Multiscale damage accumulation models cur-
rently under development for fusion materials
require information about the migration behavior
of He in interstitial or substitutional positions in
the a-Fe lattice and the mobility and thermal stabil-
ity of small vacancy–He clusters that serve as void
or He bubble nuclei. As well, mechanistic insight
into possible reactions, including the trapping and
de-trapping of substitutional or interstitial He with
numerous microstructural defects, including indi-
vidual vacancies, self-interstitial atoms (SIA) and
SIA clusters, dislocations, grain boundaries, and
precipitate interfaces is required. The primary
focus of this work is to enhance knowledge of the
.
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interactions between SIA and SIA clusters with
interstitial and substitutional helium in a-iron.

It is known that self-interstitial atoms in metals
interact with substitutional He, resulting in SIA–
vacancy recombination and replacement of the He
to an interstitial position in the metallic lattice
[7,8]. However, the correspondence between the
binding energies and interaction radii obtained from
the pair potential-based interatomic interactions
used in molecular dynamics simulations performed
in the 1970s and 1980s [9,10] compared to the more
recent N-body Finnis–Sinclair potentials is not
known. As well, the interactions between SIA and
SIA clusters with interstitial He has not been previ-
ously studied with atomistic simulations. Thus the
effect of interstitial He on the properties and behav-
ior of self-interstitial atom clusters in a-Fe has been
calculated using atomistic molecular dynamics
(MD) simulations to address the possible interac-
tions and compared to ab initio electronic structure
calculations to determine whether they can be
understood based on classical concepts of elastic
strain resulting from different atomic sizes (He and
SIA) and displacement fields, or whether complex
chemical and electronic structure effects govern the
observed behavior.

2. Methodology

Atomistic simulations have been performed with
semi-empirical Fe–He potentials, using both molec-
ular dynamics (MD) and molecular statics (MS)
using conjugate gradients. The Fe–Fe interaction
is described by the Ackland version of the Finnis–
Sinclair potential [11], which predicts a h11 0i
dumbbell as the stable self-interstitial atom, with
a metastable h1 11i dumbbell. According to this
potential, the isolated SIA migrates by rotation of
the h110i mono-interstitial to the h111i-configura-
tion with an activation energy of about 0.2 eV,
followed by a fast migration in the h111i direction
[12–14]. It is important to note that recent ab initio
calculations [15–17], in addition to a new semi-
empirical potential for Fe [18], predict a larger
energy difference of 0.7 eV between the h110i and
the h1 11i SIA configurations and migration by a
different mechanism involving the translation and
rotation of the h110i dumbbell between neighbor-
ing lattice sites. Yet, the activation energy for SIA
migration is comparable, at about 0.3 eV, to that
obtained with the earlier Ackland [11], Johnson
[19] and Finnis and Sinclair [12,20] potentials and
much lower than the value for vacancy migration.
For larger SIA clusters, both sets of Fe potentials
predict a h111i orientation of individual dumbbells
within the cluster. Therefore, these potentials are
comparable in terms of qualitative SIA and SIA
cluster behavior, and the use of the new Fe potential
will likely only result in small changes in the quan-
titative, but not qualitative results.

The Fe–He and He–He interactions are described
by pair-wise potentials. The Fe–He interaction was
recently fit by Morishita [5] to Hartree–Fock–Slater
(HFS) calculations using the modified Wedepohl
method performed by Wilson in the 1980s [19]. This
potential is essentially purely repulsive. The Beck
[21] potential is used to describe the He–He
interactions.

Ab initio calculations have been performed with
the Vienna Ab initio Simulation Package (VASP)
[22–24]. The calculations implement a plane-wave
basis set, using ultra-soft pseudo-potentials within
the projector augmented wave (PAW) formalism
to describe the electron-ion interaction [25,26]. Elec-
tron exchange and correlation are described by the
Perdew–Zunger functional, adding a non-local
correction in the form of the generalised gradient
approximation (GGA) of Perdew and Wang. All
the calculations were performed with the spin polar-
ised GGA pseudo-potentials from the VASP
library. Brillouin zone (BZ) sampling is performed
using the Monkhorst–Pack scheme. Point defects
as well as pure phases are investigated using the
super-cell approach with periodic boundary condi-
tions. The defect calculations are performed at con-
stant volume, thus relaxing only the atomic position
by conjugate gradient in a super-cell dimensioned
with the equilibrium lattice parameter for Fe. Con-
stant volume calculations lead to a slight overesti-
mation of formation energies and underestimation
of interaction energies, whereas volume relaxation
calculations may lead to opposite effects. Neverthe-
less, the error for interstitial type defects, for which
the relaxation volume is the largest, can be expected
to be a few tenth of eV for 54 atom super-cells and
up to 0.1 eV for 128 atom super-cells cells and usu-
ally the stability order of different configurations is
not changed [17,27]. Calculations with 54 (or 128)
atom super-cells are done with a BZ sampling of
125 (or 27) k points and a cut-off energy of 400 eV.

The semi-empirical MD simulations have been
performed using a computational cell of 50a0 ·
50a0 · 50a0 (containing 250000 atoms) or 100a0 ·
100a0 · 100a0 (containing 2000000 atoms) unit
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cells, where a0 is the Fe lattice parameter and peri-
odic boundary conditions have been applied in all
directions. In the conjugate gradient simulations,
which use the same interatomic potentials, a cell size
of 50a0 · 50a0 · 50a0 (containing 250000 atoms) has
been used, in addition to a study that systematically
varied the cell size from 3a0 · 3a0 · 3a0 to 20a0 ·
20a0 · 20a0. The conjugate gradient simulations
have been used to investigate defect–defect forma-
tion and binding energies with full relaxation of
the atomic positions around the defect(s) and
volume relaxation. Notably, volume relaxation
had only a minimal effect on the binding and forma-
tion energies.

The molecular statics calculations, performed
either with the semi-empirical potentials or using
the ultra-soft pseudo-potentials in the first principles
method, provide the binding energy between two
defect entities, A and B, in a bcc iron matrix contain-
ing N atoms, as follows. The energy, E(N � 1 + A),
of a super-cell containing only defect A is added to
the corresponding energy, E(N � 1 + B), of the
super-cell containing only defect B. From this sum,
the energy, E(N � 2 + A + B), of the same super-cell
containing both A and B defects is subtracted, as is
the reference state (Eref) of the super-cell containing
no defect. Thus:

EbðABÞ ¼ ½EðN � 1þ AÞ þ EðN � 1þ BÞ�
� ½EðN � 2þ Aþ BÞ þ Eref �. ð1Þ

This method can be easily extended to three, four
and so on entities, to calculate the total binding
energy as

EbðA1A2 . . . AnÞ ¼
Xn

i¼1

EðAiÞ � ½EðA1 þ A2 þ � � � þ AnÞ

þ ðn� 1ÞEref �. ð2Þ

For substitutional He, the reference state is the fcc
crystal structure. Details of the calculation methods
of the formation and binding energies are described
in Ref. [28] for molecular statics simulations using
semi-empirical potentials, and in Ref. [29] for ab ini-
tio calculations.

3. Results and discussion

It is well established that helium produced by
(n,a) reactions initially resides in interstitial posi-
tions in metallic alloys, producing a large local
distortion to the neighboring metal atoms, and pos-
sessing a very high mobility [19,7,30]. As interstitial
helium diffuses in a metal with high vacancy super-
saturation, as during irradiation, it will jump into a
vacant lattice site, becoming substitutional with a
large binding energy (strongly trapped). Subsequent
diffusion of the now substitutional He atom can
occur by a vacancy mechanism or by an interstitial
mechanism following thermal dissociation (de-trap-
ping) of He from the vacant lattice site or the
replacement–recombination (kick-out) mechanism
as a self-interstitial atom recombines with the
vacant lattice site [4,7,8,19,30].

The semi-empirical potentials used in this work
reveal that interstitial He diffuses from octahedral
to neighboring octahedral interstitial sites through
the tetrahedral saddle point with an activation
energy of about 0.1 eV, in agreement with earlier
studies [4,5,19,31]. Atomistic simulations of substi-
tutional helium diffusion by a vacancy mechanism,
performed within the framework of the multiple fre-
quency diffusion model of Le Claire [32], reveal an
effective activation energy of 2.35 eV for thermal
helium diffusion and also show that substitutional
helium can exchange with a second nearest neighbor
vacancy with an activation energy of 0.66 eV [33].
Recent ab initio results show a reversal of the octa-
hedral-tetrahedral site stability for interstitial He
[34,35], but do reveal similar high mobility (low
migrational activation energy) as an interstitial
[35] and strong binding of energy of substitutional
He to the vacant lattice site in which it resides
[34,35].

The effect of He impurities on the properties and
behavior of self-interstitial atom clusters in a-Fe has
been investigated in this work by both molecular
dynamics and molecular statics simulations, and
the results are compared to ab initio calculations.
Fig. 1 shows a comparison of the diffusivity of a
20 SIA cluster in pure iron and in the presence of
2500 atomic parts per million (ppm) of randomly
distributed substitutional He atoms. The SIA clus-
ter diffusivity was obtained from MD simulations
in a 100a0 · 100a0 · 100a0 box at 600, 800 and
1000 K. As seen in Fig. 1, the presence of He has
almost no effect on the temperature dependence of
the SIA cluster diffusivity. The activation energy
was below 0.1 eV in both pure Fe and Fe containing
2500 ppm substitutional He, increasing slightly
from 0.06 to 0.08 eV with the addition of He. This
indicates that the fundamental migration mecha-
nism for the 20 SIA cluster remains the same and
that the diffusion process is nearly athermal. How-
ever, the diffusion pre-factor does decrease by one



Fig. 1. Comparison of the diffusivities of a 20 SIA cluster obtained from MD simulations at 600, 800 and 1000 K in pure iron and in the
presence of 2500 ppm of randomly distributed substitutional He atoms.
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order of magnitude from 0.002 to 0.0002 cm2/s with
the addition of substitutional He, and indicates that
He slows the net SIA cluster migration. Visualiza-
tion of the MD simulations indicate that the effect
of substitutional He on the migration of the 20
SIA cluster depends on the relative positions of both
the He atoms and the SIA cluster.

Fig. 2 presents the results of an MD simulation
performed in a 100a0 · 100a0 · 100a0 box at
1000 K in a defected region of otherwise perfect
bcc iron containing 2500 ppm substitutional He.
This simulation reveals a large number of interac-
tions between He and point defect clusters. As
shown in Fig. 2, a 9 SIA–Hei

1–Hes
1 cluster, a single

vacancy, an isolated SIA, an interstitial He atom
and two substitutional He atoms are in close prox-
imity within several nanometers (Fig. 2(a)). The iso-
lated SIA is 2.3 nm away from the nearest of the
two substitutional He atoms. Over several tens of
picoseconds, the SIA migrates three-dimensionally
with multiple changes of orientation, generally
moving towards this helium atom. Upon reaching
a separation distance of about 1.4 nm from the sub-
stitutional helium atom in the [111] direction
(Fig. 2(b)), a fast and spontaneous recombination–
replacement reaction occurs. In this reaction, the
SIA enters the vacant lattice site, recombining with
the vacancy and ejecting the helium atom from a
substitutional to an interstitial position. The result-
ing interstitial He atom rapidly diffuses to and binds
with the nearby substitutional He atom as a He2V1

complex (Fig. 2(c)), which is trapped and immobile
for about 10 ps before dissociating (de-trapping).
The 9 SIA–Hei

1–Hes
1 cluster remains effectively

trapped for the first 40 ps of the simulation
(Fig. 2(a)–(c)), before de-trapping from the two
(interstitial and substitutional) He atoms and
migrating one-dimensionally towards the isolated
vacancy (Fig. 2(c) and (d)), which it annihilates to
become an 8 SIA cluster (Fig. 2(d)). Subsequently,
the interstitial He atom migrates to and traps the
8 SIA cluster (Fig. 2(e)). Thus, the resulting defect
structure observed after 60 ps at 1000 K consists
of a trapped 8 SIA–1 He cluster, a di-He cluster
ðHei

1–Hes
1Þ, a substitutional He atom and a freely

migrating interstitial He atom. This simulation
reveals many interactions that merit further study
to determine the interaction radii and trapping



Fig. 2. Series of MD snapshots showing the interaction between a 9 SIA–Hei
1–Hes

1 cluster, a neighboring vacancy, an isolated SIA, an
interstitial He atom and two substitutional He atoms at 1000 K: (a) t = 1 ps. The SIAs are represented by light blue spheres, the He atoms
by dark blue spheres, and the vacancies by red spheres. This simulation shows a spontaneous recombination–replacement reaction
between the single SIA and a nearby substitutional He that ejects the He from a substitutional to an interstitial position: (b) t = 30.6 ps;
interstitial He–substitutional He complex formation: (c) t = 43 ps; the de-trapping of a 9 SIA cluster from the di-He: (d) t = 44.6 ps; and
migration of the interstitial He atom to the 8 SIA cluster: (e) t = 60 ps.
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energies, including the SIA–substitutional helium
recombination and replacement interaction, the
Hei

1–Hei
1 trapping interaction, and the trapping

and de-trapping processes involving He and SIA
clusters.

Fig. 3 shows a series of snapshots from an MD
simulation of an 11 SIA cluster and a 4 substitu-
tional He–2 vacancy cluster performed in a
100a0 · 100a0 · 100a0 box at 1000 K. The 11 SIA
cluster, initially about 8 nm away from the He clus-
ter in the [111] direction, migrates in a one-dimen-
sional random walk along the [111] direction for
about 20 ps (Fig. 3(a)). However, when the SIA
cluster reaches a separation distance of about
2 nm from the He–vacancy cluster, the SIA cluster
is spontaneously attracted to the vacancy cluster
complex, where it annihilates (recombines with)
the six vacant lattice sites, resulting in the ejection
of the four substitutional He atoms into interstitial
positions (Fig. 3(b)). The SIA cluster and 4 He
interstitial atoms rapidly coalesce to form a 5
SIA–4 interstitial He cluster (Fig. 3(c)). Notably,
the 5 SIA–4 interstitial He cluster does rotate from
its initial [111] direction to the ½1�11� direction
(Fig. 3(d)). But, the resulting SIA–He cluster is
strongly bound and, although the SIA cluster



Fig. 3. Series of snapshots of the interaction between an 11 SIA cluster (light blue spheres) and 4 substitutional He (dark blue spheres)–2
vacancy cluster (red spheres) from an MD simulation at 1000 K: (a) t = 0.2 ps. The SIA cluster is spontaneously attracted to the vacancy
cluster complex: (b) t = 24.7 ps; and annihilates the six vacancies, resulting in the ejection of the He atoms into interstitial positions: (c)
t = 27.2 ps. The resulting 5 SIA–4 interstitial He cluster rotates from its initial [111] direction to the direction ½1�11�, but is strongly bound:
(d) t = 49.4 ps.
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continually attempts to detach from the cluster and
resume one-dimensional migration, it is unable to
overcome the binding interaction and remains
trapped over the resulting 100 ps of MD simulation.

Fig. 4 shows a series of snapshots from the MD
simulation of a 20 SIA cluster and two interstitial
helium atoms in a 50a0 · 50a0 · 50a0 box at
800 K. Initially, the nearest helium atom is about
2 nm from the SIA cluster and freely migrates
three-dimensionally (Fig. 5(a)). After 13 ps, this
helium atom migrates towards the SIA cluster and
upon reaching a separation distance of about
0.7 nm (Fig. 5(b)), it is spontaneously attracted to
the cluster and becomes trapped (Fig. 5(c)). The
second interstitial helium atom moves randomly
for 50 ps until reaching a distance of 0.8 nm from
the 20 SIA–1 He cluster complex (Fig. 5(d)). It then
also migrates rapidly to the cluster, forming the
resulting 20 SIA–2 He cluster complex, which stays
immobile over the next 100 ps of the simulation
(Fig. 5(e)).
To summarize the molecular dynamics simula-
tions presented in Figs. 1–4, a strong interaction
between one-dimensionally gliding SIA clusters
and substitutional He, as well as small He–vacancy
clusters is observed, with spontaneous interaction
radii of about 1.5 ± 0.5 nm, leading to vacancy–
SIA recombination and a replacement (kick-out)
mechanism that ejects substitutional He atoms into
interstitial positions. The MD simulations also
reveal that SIA cluster–interstitial He complexes
can be moderately to strongly trapped, depending
on the relative size of each cluster. However, these
simulations do not provide a quantitative assess-
ment of the recombination–replacement radii or
the trapping–binding energetics. Therefore, we per-
formed molecular statics (MS) calculations using
the conjugate gradient method to investigate the
energetics of interstitial He–SIA cluster complexes
and compared the results of selected configurations
to ab initio calculations. The specific geometry of
the He–SIA cluster interactions investigated has



Fig. 4. Series of snapshots from a MD simulation at 800 K showing the interaction between a 20 SIA cluster (light grey spheres) and two
interstitial He atoms (dark grey spheres), initially about 2 nm from the SIA cluster. After 13 ps, the helium on the lower left migrates
towards the SIA cluster and upon reaching a separation of 0.7 nm (b), it spontaneously migrates to the SIA cluster and becomes strongly
trapped (c). The second interstitial helium atom moves randomly for 50 ps until reaching a distance of about 0.8 nm from the 20 SIA–1 He
cluster complex (d). It then migrates rapidly to the cluster, forming a 20 SIA–2 He complex which stays immobile over times of the order of
100 ps (e).

Fig. 5. Calculated defect energy of a 20 SIA–Hei
1 cluster from conjugate gradient MS calculations as a function of the distance between

the center of mass of the SIA cluster and the He atom. Interstitial He has been displaced along a h110i direction, perpendicular to the
dumbbell orientation. The position of the jog point on the 20 SIA cluster is denoted by an arrow on the lower left inset diagram.
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been selected from representative MD simulation
results, as well as by considering the strain field
interactions between the defects. For example, split
interstitial dumbbells, whether isolated or as part of
a small SIA cluster/dislocation loop, have a large
anisotropic stress field, which is compressive along
the orientation direction and tensile along the
perpendicular direction. The displacement field of
interstitial He is roughly spherical and compres-
sive. Thus, the anticipated strain field interaction
between these defects is expected to produce an
attractive interaction along the direction perpendic-
ular to the dumbbell(s) orientation and a repulsive
interaction along its orientation.

Therefore, to provide a quantitative assessment
of the binding energy between SIA clusters and
interstitial He atom clusters, interstitial He has been
displaced along a h110i direction perpendicular to
the h11 1i-orientation of the dumbbells within an
SIA cluster. Fig. 5 shows the calculated defect
energy of a 20 SIA–Hei

1 cluster as a function of
the distance between the center of mass of the SIA
cluster and of the interstitial He atom. The pair
has a formation energy of 48.1 eV when separated
by more than 2 nm. As the He atom is moved
towards the loop in the conjugate gradient calcula-
tions, a slightly positive binding energy of a few
hundredths of an eV is obtained at a distance of
about 1.5 nm. With further movement of the He
atom towards the SIA cluster/loop periphery, a
sharp decrease in the total defect energy (increase
in binding energy) is observed. The maximum bind-
ing energy between the 20 SIA cluster/loop and the
interstitial helium atom exists when the helium atom
is positioned immediately next to the loop periphery
(distance from center of cluster of approximately
0.5 nm) and is 1.2 eV when the He atom is on a per-
fect ledge, and increases to 1.4 eV when the He atom
is close to a jog point (see the illustration of the con-
figuration, inset in Fig. 5, for definition of the jog
point). Presumably, the increase in binding energy
is due to the higher strain energy associated with
the 20 SIA cluster at the jog point. As expected,
further movement of the He atom into the loop inte-
rior results in highly negative (repulsive) binding
energies.

The trapping radius has been estimated by con-
sidering the interstitial He atom to be spontaneously
attracted to the SIA cluster/loop when the binding
energy exceeds the mean kinetic energy of the He
atom. The internal energy of a monoatomic ideal
gas atom, Ek = 3/2kT, has been used to estimate
the mean kinetic energy. For He, this corresponds
to a value of 0.1 ± 0.02 eV over the temperature
range of 400–700 �C. The trapping (or interaction)
radii obtained from this analysis range from 0.7 to
1.2 nm, depending on the specific orientation of
the interaction between the interstitial helium and
the 20-member SIA cluster loop. These values are
in good agreement with the estimated spontaneous
trapping radii of 0.7 and 0.8 nm for the trapping
of interstitial He by a 20 SIA cluster at 800 K
obtained from the MD results presented in Fig. 4.

The relatively strong binding energies of 1.2–
1.4 eV of the trapped Hei

1–20 SIA complex are large
enough to influence microstructural evolution.
Assuming that the de-trapping rate of a bound
cluster is given by a standard Arrhenius form,
k = m0exp(�(Eb + Em)/kT) where k is the de-trap-
ping rate, Eb is the binding energy, Em is the migra-
tion energy of the (most) mobile species (assumed to
be about 0.1 eV for both interstitial He and SIA
clusters, based on MD simulations [32]), and m0 is
the intrinsic vibrational attempt frequency (assumed
to be �1013 s�1). The observed binding energies cor-
respond to mean lifetimes (=1/k) for the trapped
complex on the order of 100 ps to 1 ls at 700 �C
and 500 �C, respectively.

Fig. 6 shows the results of conjugate gradient
calculations performed for 20 SIA–Hei

2 and
20 SIA–Hei

4 configurations. As expected for the sit-
uation where cluster binding results from the overlap
and canceling of tensile and compressive strain
energy, the binding energies increase with increasing
size of the helium interstitial clusters and depend on
the specific geometry of the interaction (e.g., again
the binding energies are strongest at the loop jog
point). The trapping radii are increased slightly for
the Hei

2 and Hei
4 compared to the single interstitial

helium, but are rather small, on the order of 1.3–
1.5 nm. The binding energies of 1.8 and 3.5 eV corre-
spond to calculated mean trapping lifetimes on the
order of 10 ls and one year at 500 �C for the 2 and
the 4 He–20 SIA cluster complexes, respectively.

Fig. 7 plots the conjugate gradient results
obtained for complexes containing 1, 2, and 4 inter-
stitial helium with 1, 2, 6, 11, and 20 SIA clusters.
Although there is a large amount of scatter in the
data, the general trend is of increasing binding
energy with increasing SIA and He cluster size.
The data scatter is most likely due to the limited
number of geometric configurations investigated
and the specific details of those configurations
(e.g. the relative position of the He atoms compared



Fig. 6. Calculated defect energy for 20 SIA–Hei
2 (a) and 20 SIA–Hei

4 configurations (b) obtained from MS calculations.
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to the cluster loop). We conclude that moderate to
strong binding interactions (Eb � 1–4 eV) and trap-
ping will occur between interstitial He and either a
single SIA or SIA clusters containing between 2
and 20 SIAs. Notably, the trapping radii governing
the interaction are rather small, on the order of
1 nm. The small trapping radii are consistent with,
and actually slightly larger than the values of 0.3–
0.7 nm obtained by Kurtz and Heinisch for
interstitial He interaction with grain boundaries in
Fe [36].

A key question to ask is about the adequacy of
the semi-empirical potentials used in this work.
Thus, we have compared the interaction energies
obtained from our semi-empirical MS simulations
to ab initio electronic structure calculations. Table
1 provides a comparison of (i) the formation energy
of substitutional and interstitial helium, (ii) the



Fig. 7. The binding energies of complexes containing 1, 2, and 4 interstitial helium with 1, 2, 6, 11, and 20 SIA clusters obtained from
conjugate gradient molecular statics calculations.

Table 1
Comparison of the interaction energies obtained from the semi-
empirical MS simulations to ab initio electronic structure
calculations, formation energy of a substitutional and an inter-
stitial He atom, binding energy between two interstitial He atoms,
one interstitial and one substitutional He atom, and one
substitutional and a vacancy

Configuration Ab initio results
(54 atoms)

Semi-empirical results
(250000 atoms)

He occupation site (eV)

Hes
1 Ef = 4.3 Ef = 3.25

Hei
1 Ef = 4.6 Ef = 5.75 Em = 0.1

Hei tetrahedral Hei octahedral
Tetrahedral saddle

Hei
1–Hei

1 binding energy (eV)

cfg1 0.3 0.4
cfg2 0.4 0.8

Hei–Hes binding energy (eV)

Hei
1–Hes

1 h100i 1.8 2.2
h110i 1.9 2.1

Hei
2–Hes

1 3.6 4.3
Hei

3–Hes
1 5.0 5.5

Hei
4–Hes

1 6.6 8.1
Hei

5–Hes
1 8.4 9.7

Hes
1–vacancy binding energy (eV)

1 nn 0.8 0.3
2 nn 0.5 0.2

Corresponding configurations are presented in Figs. 8 and 9.
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binding energy between helium interstitial atoms,
(iii) the binding energy between a substitutional
He atom with 1–5 helium atoms, and (iv) the bind-
ing energy between substitutional helium and an
additional vacancy in the bcc iron lattice. In this
comparison, the ab initio calculations have been
performed using the VASP code in a 54 atom com-
putational cell, consisting of 3a0 · 3a0 · 3a0 bcc unit
cells, plus the indicated number of helium atoms.
The semi-empirical calculations have been per-
formed using conjugate gradient relaxation in a
250000 atom computational cell, consisting of
50a0 · 50a0 · 50a0 bcc unit cells, plus the indicated
number of helium atoms.

The calculated formation energy of substitutional
He is 1 eV larger in the ab initio calculations than is
obtained with the semi-empirical potentials, while
that of the interstitial He atom is about 0.6 eV smal-
ler. As previously mentioned, there is also a differ-
ence in the stable position of the helium interstitial
atom in the bcc Fe lattice, with the ab initio calcu-
lations predicting a tetrahedral rather than an octa-
hedral position. Because of the site reversal for
interstitial He, the semi-empirical molecular statics
calculations presented in the comparison below
have been performed with the same arrangement
of multiple He atoms, albeit with the He shifted into
equivalent position(s) on the octahedral, rather than
the tetrahedral sub-lattice (see Fig. 8).

Both approaches predict the same lowest energy
configuration for the di-interstitial He ðHei

1–Hei
1Þ

cluster, although the semi-empirical potential results
give slightly higher binding energies by 0.1–0.4 eV.
These positive binding energies indicate the possibil-
ity of forming bound di-interstitial He clusters, and



a                                                                                         b 

He
cfg2

He
cfg1

He
cfg1

He
cfg2

Fig. 8. Interstitial helium pair for the h010i (cfg1) and the h0�12i (cfg2) orientations. The He interstitial atoms sit on tetrahedral sites in the
VASP calculation (a), while the positions are shifted to octahedral sites for the semi-empirical MS calculation (b). Ab initio and semi-
empirical calculation results corresponding to these two configurations are presented in Table 1.
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more strongly bound Hei
1–Hes

1 clusters. Indeed, a
Hei

1–Hes
1 cluster was observed in the MD simula-

tions following the detachment of a 9 SIA cluster,
as shown in Fig. 2, and the observed cluster stability
is consistent with the binding energies presented in
Table 1. We have also compared the binding ener-
gies between a substitutional He atom with one to
five neighboring interstitial He atoms. Again, the
interstitial He atoms are inserted on tetrahedral sites
in the VASP and octahedral sites in the MS calcula-
tions. As listed in Table 1, both approaches show an
increasing binding energy with increasing number of
interstitial He atoms within the cluster, from about
2 eV to 9.7 eV. A comparison between the two
approaches reveals that the binding energies are
higher for the semi-empirical potential relative to
the ab initio calculations by 0.2–1.5 eV, with the
configurations with the larger number of He atoms
having the largest discrepancy. The qualitative
trends are in good agreement, although a different
lowest energy configuration is obtained for the
helium substitutional–helium interstitial cluster. In
this case, the ab initio calculations predict a ‘split-
dumbbell’ configuration of two helium atoms
sharing one bcc lattice site, with lowest energy asso-
Fig. 9. Relaxed configurations from ab initio calculations of a foreign H
a nearest neighbor vacancy (white square) at either first nearest neighb
calculation results are presented in Table 1.
ciated with a h110i orientation of the dumbbell,
whereas the semi-empirical calculations indicate
that the h100i orientation is energetically favored.
However, both calculations indicate that the differ-
ence in energy between the two configurations is
small and less than 0.1 eV.

The energy and configurations of a substitutional
He atom with a nearest neighbor vacancy (at either
first or second nearest neighbor, 1 nn and 2 nn, posi-
tions) has also been compared. Both methods predict
that the Hes

1–nearest neighbor vacancy complex is
energetically preferred. As well, both methods pre-
dict that the He atom is not situated on a perfect lat-
tice site, but rather in an interstitial position between
the two lattice sites. The ab initio results predict lar-
ger binding energies for the substitutional helium–
vacancy complex by 0.3–0.5 eV compared to the
semi-empirical potential, whereas smaller binding
energies were predicted for the multiple helium atom
clusters. In addition, the ab initio results predict that
the He atom relaxes symmetrically between the ini-
tial substitutional site and the additional vacant site
for both first and second nearest neighbor positions,
while the semi-empirical results predict a non-
symmetric configuration of the He atom (Fig. 9).
e interstitial atom (FIA), represented by a black sphere, binding to
or, 1 nn (a) or second nearest neighbor, 2 nn (b). Corresponding



He
cfg3

He
cfg2

He
cfg1

SIA 110#110

Fig. 10. Three different configurations (cfg1, cfg2, cfg3) used to
calculate the interstitial He atom (dark gray spheres)–self-
interstitial atom (light gray spheres) binding energies presented
in Table 2.
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Three different configurations of interstitial
helium with a h110i-oriented self-interstitial atom,
as shown in Fig. 10, were used as a final comparison.
The ab initio calculations were performed with both
Fig. 11. SIA–He interstitial binding energy versus the number of uni

Table 2
Comparison of the binding energies (in eV) between a h110i-
oriented Fe SIA and a neighboring interstitial He atom (shown in
Fig. 10) obtained from ab initio and semi-empirical calculations
for two different cell sizes, 54 and 128 atoms

Configuration Ab initio results Semi-empirical results

54 atoms 128 atoms 54 atoms 128 atoms

Hei
1 cfg1 �0.15 �0.09 0.32 0.34

Hei
1 cfg2 �0.04 0.03 �0.15 �0.09

Hei
1 cfg3 0.02 0.07 0.29 0.37
54 atom (3a0 · 3a0 · 3a0) and 128 atom (4a0 ·
4a0 · 4a0) unit cells containing 1 self-interstitial
atom and 1 interstitial He atom, while the semi-
empirical MS calculations were performed by sys-
tematically varying the cell-size from 3a0 · 3a0 ·
3a0 (54 atoms) to 20a0 · 20a0 · 20a0 (16000 atoms)
containing 1 self-interstitial atom and 1 interstitial
He atom. Table 2 presents the results obtained for
computational cell sizes of 54 and 128 atoms. In
these calculations, He has been introduced on octa-
hedral sites in the ab initio calculation, even though
the preferred configuration for (isolated) interstitial
He is the tetrahedral site.

Both approaches predict that configuration 3 is
energetically preferred, although the semi-empirical
potentials predict a change in the relative stability
between configuration 1 and 3 with increasing from
54 to 128 atom cell size. The difference in binding
energies between the ab initio and semi-empirical
calculations is between �0.12 and 0.47 eV, is nearly
independent of the cell size and reasonably consistent
with the results presented in Table 1. However, the
relative stability of the three configurations predicted
by the ab initio and semi-empirical approaches is not
the same. In the ab initio calculations, configuration
1 has a repulsive interaction, while the semi-empirical
potentials predict that configuration 2 is repulsive.
Thus, while the quantitative agreement for the
SIA–Hei

1 binding energy between the methods is
reasonably consistent with the other configurations
t cells for each of the three configurations presented in Fig. 10.
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investigated, the comparison of the predicted relative
stability is no longer as good. The reasons for the dif-
ference in the relative stability of the SIA–helium
interstitial configurations are not fully understood.

One possibility relates to the comparison between
calculations with small computational cells, where
image and strain interactions associated with the
use of periodic boundary conditions could be
different for the three different configurations. As
observed in the results presented in Table 1, the
quantitative agreement between the ab initio and
semi-empirical potentials became worse as the num-
ber of He interstitials, and correspondingly, the
strain energy increased. Fig. 11 presents the results
of a size scaling study on the SIA–He interstitial
binding energy for each of the three configurations
obtained from the semi-empirical potentials. The
results indicate a strong cell-size effect on the result-
ing binding energy that does not diminish until lar-
ger system sizes on the order of 10a0 · 10a0 · 10a0.
The difference in calculated binding energy for the
configurations upon increasing the cell size from
3a0 · 3a0 · 3a0 unit cells to 20a0 · 20a0 · 20a0 was
configuration dependent. The largest change in
binding energy was 0.15 eV for configuration 3,
while the smallest change of 0.09 eV was obtained
for configuration 1. The increase in binding energy,
averaged over all three configurations, with increas-
ing the cell size and thereby decreasing the image
strain energy within the computation, was equal to
0.12 ± 0.03 eV. This value is consistent with the
under-estimate of interaction energies on the order
of a few tenths of eV obtained in other ab initio
studies with constant volume calculations [17,27].
The most striking result of the size scaling study pre-
sented in Fig. 11 is the reversal in the relative stabil-
ity between configurations. This reinforces the
knowledge that care must be taken in accounting
for strain interactions from the use of periodic
boundary conditions with small simulation cells,
and indicates that additional ab initio calculations
are required for a complete and quantitative valida-
tion of the semi-empirical potentials.

However, aside from the treatment of periodic
image interactions and some subtle differences in
the stable configuration of interstitial He and the
Hei

1–Hes
1 split-dumbbell, the ab initio and semi-

empirical potential calculations results presented in
Tables 1 and 2 are in reasonably good agreement.
The overall consistency of the results provides con-
fidence that the semi-empirical potentials do accu-
rately represent helium–point defect interactions in
Fe. The binding energies obtained from the semi-
empirical potentials for helium–helium and
helium–self-interstitial cluster complexes are larger
than the ab initio values by 0.2–1.5 eV and may
indicate that the helium–iron repulsive interaction
in the pair potential is too stiff (repulsive) at short
interatomic separations, or rather they may be
indicative of periodic image effects. Notably, there
is no indication from the results that complex elec-
tronic structure effects are dictating the observed
behavior. Thus He–defect interactions in Fe are reli-
ably predicted by the semi-empirical potentials used
in this work, and perhaps more importantly, the
interactions are well described by considering the
elastic strain interactions, which provides a contin-
uum mechanics basis for interpreting the complex
dynamics observed between He and SIA cluster
defects, and extrapolating these results.

4. Conclusions

The results of atomistic calculations to investi-
gate the effect of He impurities on the properties
and behavior of self-interstitial atom clusters in Fe
have been presented, in addition to a comparison
between ab initio and semi-empirical potential cal-
culations. The MD simulations using semi-empirical
potentials reveal a high mobility of interstitial He
in bcc Fe, a spontaneous SIA–substitutional He
recombination and replacement mechanism that
ejects He into interstitial positions, and a strong
interaction between He, in either interstitial or sub-
stitutional positions, with SIA and SIA clusters.

The MS calculations reveal relatively small inter-
action trapping radii of about 1 nm between inter-
stitial He and SIA cluster complexes, but with
strong binding energies from about 1.3 to 4.4 eV.
The strong binding interactions can effectively trap
the otherwise highly mobile SIA clusters for suffi-
ciently long periods of time to influence the overall
microstructural evolution under fusion neutron irra-
diation conditions. Overall, the results obtained
from the semi-empirical potentials are in good qual-
itative agreement with ab initio results and indicate
that bound helium–helium and helium–SIA cluster
complexes can form and that the helium–SIA inter-
actions are governed by elastic interactions between
the He and SIA. Future work will focus on further
validation of the semi-empirical potentials and
investigating the migration mechanisms and mobil-
ity of substitutional helium–vacancy cluster com-
plexes using kinetic Monte Carlo simulations.
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