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Abstract

We have performed a molecular dynamics (MD) technique to calculate the formation energies of small He,V,,, clusters
in Al using the embedded atom method (EAM), the Baskes—Melius potential and the Lennard-Jones potential for describ-
ing the interactions of Al-Al, Al-He and He—He, respectively. The binding energies of an interstitial He atom, an isolated
vacancy and a self-interstitial Al atom to a He,V,, cluster are also obtained from the calculated formation energies of the
clusters. All the binding energies mainly depend on the He—vacancy ratio (n/m) of clusters rather than the clusters size. The
binding energies of a He atom and an Al atom to a He,V,, cluster decrease with the ratio, but the binding energy of a
vacancy to a He, V,, cluster increases with the ratio. The results indeed show that He atoms can increase the binding energy
of a vacancy to a He,V,, cluster, and decrease the binding energies of a He atom and an Al atom to the cluster, namely, He
atom acts as a catalyst for the formation of He,V,, clusters.

© 2005 Elsevier B.V. All rights reserved.

PACS: 97.10.Gz; 97.30.Qt; 97.80.Gm

1. Introduction

The behavior of He in metals is a topic of consid-
erable current interest from both fundamental and
technological points of view. Since He is inert and
extremely insoluble in metals, it introduced into
metals by implantation, or through nuclear reac-
tions, or by tritium decay (sometimes calls tritium
trick), or by alpha-decay in radioactive materials
[1] has a strong tendency to precipitate and form
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bubbles with a high density of gas atoms. The pres-
ence of He in the matrix considerably modifies the
properties of metals, which has been studied by
many researchers [2]. It has been shown that cluster-
ing of He plays an important or even decisive role in
the process that leads to intolerable modification of
metals. Despite the many years of research regarding
He effects with direct and indirect techniques in
metals there are still many unknowns, specially
regarding the initial stages of nucleation of such
defects as bubbles and voids. As is well known, He
bubble and void formation indeed is a quite complex
phenomenon and involves several elementary mech-
anisms. So far, a physically precise description of
bubble nucleation and the transformation of clusters
into bubbles have not been studied systematically. In
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terms of Trinkaus’s [3] classification of He bubbles
by size, the lowest size class is usually indicated by
He,V,, clusters, which may play an important role
in the nucleation of He bubbles. Although there
are many atomistic studies on small He clusters in
metals [4-7], the atomistic behaviors of He,V,, clus-
ters in metals have not been studied in detail by
atomistic methods with few exceptions, among them
the classical works of Adams and Wolfer [8], who
studied formation energies of helium-void com-
plexes in Ni. More recently, Morishita et al. [9-11]
have investigated the growth and shrinkage behav-
iors of He,V,, clusters in Fe by applying multiscale
modeling approach which combines MD and kinetic
Monte Carlo (KMC) techniques. They found that
He atoms in a He, V,,, cluster can stabilize the cluster
by suppressing vacancy emissions, and by promoting
self-interstitial atom (SIA) emissions and the
thermal emissions of a vacancy, an interstitial He
atom and a SIA from He,V,, clusters greatly depend
on the He density of the clusters, rather than the
clusters size.

In order to obtain further knowledge about the
initial stages of He,V,, cluster or He bubble nucle-
ation in metals, the MD simulations are performed
to investigate the behaviors of He,V,, clusters. The
purpose of this paper is to extend these calculations
for the formation energies of He,V,, clusters and
investigate the role played by vacancies, SIAs and
He atoms during bubble and void formation in
metals. The behavior of He,V,, cluster in Al is a
special example. The paper is organized as follows.
In Section 2, the methods and models used are
briefly described which allow a pertinent description
of the He-vacancy interaction in Al. The calcula-
tions are discussed in Section 3. Conclusive
comments are provided in Section 4.

2. Computational methods

The relatively straightforward way to address the
atom-level behaviors of He in metals is to use the
MD technique. Such a calculation describes the
evolution of the system with time, based on a direct
numerical solution of the equations of motions for
individual atoms. Of critical importance for a
successful performance of MD is a precise and
computer efficient description of interatomic inter-
actions. For the atomic interaction, three potentials
are employed in the present calculations. To
describe the interaction between Al atoms, a poten-
tial based on the EAM is used [12,13]. EAM is a

popular and effective approach for modelling the
properties of metallic solids while studying extended
defects or other situations in which the size of the
required crystalline unit cell is too large for ab initio
electronic structure calculations, or when very many
time steps would be required in a dynamic simula-
tion. The interaction potential for He-He is the
Lennard-Jones potential which has been widely
used to study the He effects in metals. He—Al poten-
tial is obtained by fitting the free-electron He—Al
pair potential [14]. The formation energy of a
He,V,, cluster that contains n He atoms and m
vacancies are defined as follows:

E¢(He,V,) = Eit(He,V,,) — nege — (N — m)eay,

(1)
where E{He,V,,) is the formation energy of He,V,,
cluster with » He atoms in a void of m vacancies,
E«(He,V,,) is the calculated total energy of a com-
putational cell containing a He, V,, cluster, ¢, is the
cohesive energy of a perfect fcc Al crystal, and ey, is
the cohesive energy of a perfect fcc He crystal. Here,
the calculated cohesive energies of perfect crystals
are —3.39 eV/atom and —0.0071 eV/atom for Al
and He, respectively. N denotes the number of per-
fect fcc lattice sites in the computational cell and
therefore (N—m) is the number of Al atoms in the
cell. Especially, if » =0, namely, there is no He
atom in the cluster, the formation energy of the void
containing m vacancies (V,,) is defined as follows:

Ef(Vm) = Eiot (Vm) - (N - m)SAl- (2>

The solubility of He in Al is described by the bind-
ing energies of a vacancy Ep(V), a He atom Eg(He)
and a SIA FER(SIA) to a He,V,, cluster, which are
calculated from the following equations:
Eg(V) = Er(He,V,—1) + E¢(V) — Ex(He, V,.),  (3)
Eg(He) = E¢(He,_,V,,) + Er(He) — Er(He,V,,), (4)
EB(SIA) = Ef(Hean+1) + Ef(SIA) — Ef(Hean).
(5)

E(V) is the single vacancy formation energy. E(He)
is the formation energy of He in an interstitial site
and ESIA) is the SIA formation energy. Similarly,
if n =0, namely, there is no He atom in the cluster,
the binding energy of a vacancy to the void contain-
ing m vacancies is defined as follows:

Ep(V) = Et(Vi-1) + Ex(V) — E¢(Va). (6)

The defects formation energy is determined by com-
paring the energy of a crystal containing defects
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with a crystal of the same number of atoms on their
perfect lattice sites. Three-dimensional periodic cell
of 10aqy x 10ay x 10a, is used, where ay is the lattice
constant. The structure of the empty void is deter-
mined by beginning with a single vacancy, and
repeatedly removing the atom having the highest
potential energy from the cell, thereby creating
another vacancy for calculating the isolated vacancy
formation energy, so the formation energy of di-
vacancy is calculated. By repeating the step in the
same manner, the vacancies are increased one by
one and the formation energy of an empty void is
obtained as a function of the number of vacancy
in the void. Afterwards, a He atom is firstly intro-
duced into an m-size void V,,, for calculating the for-
mation energy of He,V,, cluster, then the He atoms
are introduced into the cluster one by one for calcu-
lating the formation energies of the clusters contain-
ing increasing He atoms. In order to fully relax the
atoms, annealing molecular dynamics is employed.
The computational system is relaxed at 300 K, with
the temperature controlled via explicit rescaling of
the velocities and the pressure controlled using Par-
rinello and Rahman method [15], followed by
slowly cooling and quenching the system to 0 K
[16]. The positions of the atoms are relaxed to their
minimum energy configurations. The time step used
is 1071° s and the total simulation time is 107! s, i.e.
10000 steps. The forces exerted on each atom are
calculated, and then the formation energies of
He,V,, clusters are calculated.

3. Results and discussion
3.1. Self-trapping of helium

When defects are not introduced, as is the case
with low-energy helium implantation or with
helium-3 introduction through tritium trick, the
He atoms can cluster and form bubble by self-trap-
ping model [17-19]. In the present calculation, we
begin with the configuration for one He atom at
the interstitial site of the perfect fcc Al lattice, and
then try placing additional He atoms in various
positions until the configuration having lowest for-
mation energy is found. Afterwards, MD simulation
is performed. Generally speaking, we consider the
Al atom that the displacement distance from its
normal site exceeds the radius (ra; = 1.43 A) of Al
atom as a displaced atom, i.e. a SIA. During the
course of MD simulation, we find that the collective
action of even small clusters of He atoms is suffi-

cient to spontaneously create additional vacancies
and associated SIAs. That is, the He atom can push
Al atoms off their normal lattice sites. These lattice
atoms, however, energetically prefer to remain in
the near vicinity of the cluster resulting in a near-
Frenkel-pair defect. Most importantly, STA stabil-
ization provides a mechanism for bubble growth
without requiring the STA to detrap.

It is obviously that the calculation time is very
expensive when all kinds of possible configurations
are taken into account, especially for the case of
many He atoms. So only several computational cells
are selected for the MD calculation, and the He
atoms are closely located at the tetrahedral intersti-
tial sites if the number of He atoms exceeds 16. Pres-
ent calculated results indicate that five He atoms
cluster together in a perfect Al lattice is sufficient
to spontaneously push an Al atom off from its
normal site, thereby creating a Frenkel pair and a
deeply bound He cluster. The introduction of fur-
ther He atoms produces more Frenkel pairs: Eight
He atoms create the second and the third such
defects, and with 16 He atoms as many as 5 Frenkel
pairs can be produced, and with 48 He atoms more
than 20 Frenkel pairs can be produced. Notable is
the fact that the SIAs themselves cluster together
forming interstitial loop. These results are in reason-
ably good agreement with previous studies [17-19],
which indicates that the present calculated method
and interatomic potentials are accurate.

3.2. Formation energies of empty voids

It is well known that He atom prefers to occupy
the sites with low electron density mainly due to its
filled-shell configuration. Clearly, the vacancy type
defect such as empty void should be a likely place
for He atom to fill. Using the simulation approach
as described in the previous discussion, we have
calculated the void formation energies without He
atom. Fig. 1 shows the plots of void formation ener-
gies and the binding energy of the nth vacancy to the
void versus the number of vacancies in void in Al
As shown in the figure, the total formation energies
of voids increase with the number of vacancies in
them. There are some maximums in the plot of
vacancy binding energy versus the number of vacan-
cies, from which we can include that those voids
having higher vacancy binding energy are energeti-
cally favorable than single vacancy or other voids,
and those voids may be more likely places for the
He to fill. However, even for the larger size of voids,
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Fig. 1. Void formation energy and vacancy binding energy as a
function of the number of vacancies.

the vacancy binding energy does not exceed 0.6 eV.
The vacancy binding energy is dramatically changed
when He atoms are introduced into the voids, as
mention in the following discussion, the maximal
vacancy binding energy is about 3.5 ¢eV.

3.3. Formation energies of He,V,, clusters

The formation energies of He, V,, clusters are the
foundation of calculating the defect binding energy.
Fig. 2 shows the formation energies of He,V,, clus-
ters are in dependence on number of He atoms. It
can be seen that for He in Al, the formation energies
of He, V,, clusters slowly increase with the introduc-
ing of He until the He to vacancy ratio is greater
than 1, which indicates the lowest energy configura-
tion occurs when there is one vacancy per He atom.
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Fig. 2. He,V,, formation energy as a function of the number of
the He atoms.

3.4. Binding energies of a He atom, an Al atom
and a vacancy to He,V,, clusters

According to the Egs. (3)—(5) the binding ener-
gies of a He atom, an Al atom and a vacancy to a
He,V,, cluster have been calculated. These binding
energies are graphed in Figs. 3-5, respectively. The
He density is defined as the He to vacancy ratio of
the He,V,, cluster, which is the number of He atoms
divided by the number of vacancies in the cluster.
Namely, the He density of a He,,V,,, cluster provided
by n/m. As shown in the three figures, the binding
energies show a strong dependence on the He
density.

0.8

He binding energy (eV)

04 |-

0.0

He density of He V, cluster, n/m

Fig. 3. The binding energy of a He atom to He,V,, cluster as a
function of the He density of clusters.

3.0

25 |

20

Vacancy binding energy (eV)

0.0

0 1 2 3 4 5 6 7
He density of He V , n/m

Fig. 4. The binding energy of a vacancy to He,V,, cluster as a
function of the He density of clusters.
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Fig. 5. The binding energy of an Al atom to He,V,, cluster as a
function of the He density of clusters.

The He binding energy represents the energy
required to bind the nth He atom in a He,V,, clus-
ter. Notes that for the small ratio of He/V the bind-
ing energy approximately equals to the formation
energy of interstitial He (the energy is 1.25¢eV). It
shows that He is most strongly bound to the large
nearly empty voids, because He exists in a nearly
free state. The high binding energies also explain
the formation of He bubbles. The binding energy
of an interstitial He atom to He, V,, clusters gradu-
ally decreases with increasing He density, followed
by an increase at He density greater than 5 He/V.
As illuminated by Morishita et al. [9-11], the change
in the dependence of the energies on the He density
at greater than 5 He/V may be because of the ather-
mal SIAs production and associated effective
decrease in the He density. In other words, the col-
lective motion of He atoms in the cluster produces
bubble pressure large enough to push the Al atoms
off from their normal lattice sites and spontaneously
creates addition vacancies and SIAs, therefore
increasing the bubble volume and thus lowering
the He density. The results indicate that the maxi-
mum He/V ratio is about 5. This athermal behavior
may effectively increase the number of vacancies in
the cluster, consequently, reduce the actual He den-
sity of the cluster.

The binding energy of a vacancy to He,V,, clus-
ters gradually increases with increasing He density,
followed by a slowly decrease at high He density
greater than 5 He/V, which is consistent with the
He binding energy curve in Fig. 4, where the depen-
dence of the binding energy on He density changes
when the ratio is greater than 5. The calculated

binding energy of a vacancy to the high-density
He,V,, clusters surprisingly reaches 3.5 eV, suggest-
ing that a vacancy in the He,V,, cluster energetically
difficult to be detrapped from the clusters even at
high temperature, especially in the cases of n/m
greater than 3.

Fig. 5 also shows the binding energy of a SIA to
He,V,, clusters as a function of He density. Similar
to the density dependence of the He binding energy,
the binding energy of a SIA to He,V,, clusters also
decreases with the increasing He density, followed
by an increase at He density greater than 5 He/V,
which reconfirms that the athermal SIAs and vacan-
cies are created at He density about 5 He/V.

4. Conclusion

In this paper, the formation energies and the
binding energies of He,V,, clusters in Al have been
calculated by using MD technique. The main results
of these calculations are that the vacancy binding
energy increases with the He density, but the He
and SIA binding energies decrease with the He den-
sity. All the binding energies mainly depend on the
He-vacancy ratio of the clusters rather than the
clusters size. Although the results are obtained from
atomic scale, they already give glues in understand-
ing the initial stages of He bubble nucleation and
formation. From the results we can conclude that
the He atoms can easily trapped at the vacancies
which can act as nucleation centers for bubble
formation. That is to say, He atoms can stabilize
He,V,, clusters.
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