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Abstract

Kinetic Monte-Carlo simulations were performed to investigate the migration of He-bubbles in bce Fe, using the binding energies of
point defects to a He-bubble and the migration energies of an Fe atom on bubble surface, both of which are obtained by molecular
dynamics and molecular static calculations. This approach linking multiple simulation methods can remove the degrees of freedom
for lattice vibrations effectively and enables us to perform long time scale simulations successfully. When the equilibrium concentration
of point defects in a matrix is assumed, a He-bubble can migrate by the surface diffusion mechanism and show the Brownian motion. The
diffusion coefficient of larger He-bubbles than about 0.8 nm in diameter is proportional to d~*, where d is bubble diameter. It is in good

agreement with conventional continuum theory predictions.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Radiation damage processes [1] are in essence multiscale
phenomena, which occur over a wide spectrum of time and
length scales. It is very difficult to evaluate the processes by
experimental techniques in particular at relatively small
time and length scales. Hence, many challenges have been
made to understand these processes by computer simula-
tion techniques. However, even if computational tech-
niques are available, the simulation time and length
scales are limited. For example, a molecular dynamics
(MD) technique is a powerful tool to investigate displace-
ment cascades in materials, but its simulation time is lim-
ited to 100 ps at the most. Therefore, linking various
simulation techniques is required to overcome the scale
limit that individual techniques inevitably have.

He-bubbles are three-dimensional vacancy clusters con-
taining He atoms, and are known to migrate in materials
[2-6]; however, bubble diffusivity is so low that the time
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scale of the diffusion is, in many cases, beyond the limit
of the MD method. This paper describes a valuable
attempt to evaluate the diffusivity of He-bubbles in bce
Fe by a kinetic Monte-Carlo (KMC) simulation technique
that employs defect energies obtained using MD and
molecular static (MS) calculations.

2. KMC model

It is known that He-bubble movements in solids occur
by the following two mechanisms. One is the so-called vol-
ume diffusion mechanism, where a He-bubble moves each
time it absorbs or emits point defects such as vacancies
and self-interstitial atoms (SIAs). The influx of point
defects to a spherical He-bubble is given by vi, =
4nRD;Cy/Q in the unit of s~!, where Dy and C;, are the dif-
fusion coefficient and concentration of the type k point
defect in the matrix, respectively, where k denotes vacan-
cies, self-interstitial atoms (SIAs) and interstitial He
atoms. Q is atomic volume and R is bubble radius. Note
that, bubble volume is given by V' = NyQ = 41 R?/3, where
Nvy is the number of vacancies contained in the bubble.
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This equation may show a connection between He-bubbles
characterized by radius R from the continuum model view-
point and those characterized by Ny from the atomistic
model viewpoint. The migration energy of point defects
in an unstrained matrix is 0.74, 0.058 and 0.078 eV for a
vacancy, an SIA and an interstitial He atom, respectively
[7]. The concentration of point defects in the matrix during
irradiation is usually determined by solving simultaneous
rate theory equations, which describe various defect inter-
actions such as production, recombination, absorption by
sinks and emission from sinks. In the present study, how-
ever, it was just given by the equilibrium condition, i.e.
Cy = exp(—E} /kgT), where E} is the formation energy of
the type k point defect, kg is the Boltzmann constant and
T is temperature. The formation energy of point defects
employed here is 1.70, 4.88 and 5.25 ¢V for a vacancy, an
SIA and interstitial He, respectively [7]. The outflux of
point defects from a He-bubble was written by V¢ , =
(4nRD;/Q) exp(—E;™ /kgT). Here, E;™ is the binding
energy of point defects to the He-bubble, which was
already obtained by MD and MS techniques [7-10] and
by a continuum model approach [11], as a function of
the He-to-vacancy (He/V) ratio of bubbles.

The other is the so-called surface diffusion mechanism,
where He-bubble movements in solids are accompanied
with the diffusion of matrix metal atoms on bubble surface.
The earlier continuum model describing this mechanism
[2,12] indicates that an analytical expression of the diffu-
sion coefficient of He-bubbles is inversely proportional to
their radius to the fourth power. In the present study, an
activation energy for Fe atom jumps on bubble surface
was assumed to be described by Q = AE + E,, as depicted
in Fig. 1 and atom jump frequency was given by vy, =
voexp(—O/kgT), where v, was assumed to be 10"%s. AE
denotes a difference in total potential energies between an
Fe atom at stable sites before and after a possible jump
and was given by:
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Fig. 1. Schematic representation of activation energies for Fe atom jumps
on surface.
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The potential energy E,, was assumed to be a function
of the Fe coordination number of Fe atoms and the He/V
ratio of bubbles, where the Fe coordination number of Fe
atoms was defined by the number of Fe atoms within the
first nearest neighbor distance from a particular Fe atom.
For example, the Fe coordination number of an Fe atom
neighboring a vacancy in the bcc crystal is 7. The relation-
ship between potential energies and the Fe coordination
number was roughly obtained using MS calculations with
various Fe flat surfaces where interatomic potential sets
employed were the same as our previous work [7-10]. Cal-
culations were done with and without He atoms. In the for-
mer case, He atoms were introduced into a vacant space
above the flat surface so that the He/V ratio of the space
equals to 1; and in the latter case there was a perfect vac-
uum above the surface. The results are shown in Fig. 2.
The potential energy does not depend much on He/V ratios
in the investigated range, which is empirically described as
a linear function of the Fe coordination number and He/V
ratios, as follows:

Epot = —2.3568 — 0.2449M + (0.3389 — 0.02999M1)
x (He/V), (2)

where M denotes the Fe coordination number and E,; is
given in the unit of eV. This equation will be used when
He/V ratios are less than or equal to 1. Fig. 3 shows the
formation energy of an empty void calculated by the Fe
coordination number of Fe atoms on void surface with
Eq. (2). As a reference, a relaxed formation energy ob-
tained by MD and MS calculations is also plotted in the

figure, which is well fitted to EX., = 2.79Ny> — 0.755NY/".
The figure indicates that the formation energy evaluated
using Eq. (2) is very consistent with the MD and MS
results, although there seems to have some differences at rel-
atively large size. This small difference is probably caused by
a difference between the two evaluation methods. Namely,

the present method only considers the contribution of the
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Fig. 2. Atom potential energies as a function of Fe coordination numbers
and He/V ratios.
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