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a b s t r a c t

A two dimensional hybrid code (HIIPC-MC) joining rate-theory and Monte Carlo (MC) methods is
developed in this work. We evaluate the cascade-coalescence mechanism contribution to the bubble
growth by MC. First, effects of the starting radius and solute deuterium concentration on the bubble
growth are studied; then the impacts of the wall temperature and implantation ion flux on the bub-
ble growth are assessed. The simulation indicates that the migration-coalescence of the bubbles and
the high pressure inside the bubbles are the main driving forces for the bubble growth, and that neglect
of the migration and coalescence would lead to an underestimation of the bubble growth or blistering.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The hydrogen isotopes (HI) retention in tungsten (W) is a key
issue for future fusion devices. Recent experiments observed the
fuel inventory is increased remarkably due to the existence of
bubbles and blistering, in which there is a substantial fraction of
HI retained as molecules [1]. It is important to take the contribu-
tion of HI molecules in bubbles into account to understand the
HI retention. However, the growth of bubbles is an important
experimental complication that yet prevents a full understanding
of HI retention processes.

In our previous work, a rate-theory model was developed to
investigate bubble growth in plasma-irradiated W [2], in which
the wall temperature, trap site concentration, and incident deute-
rium (D) flux and fluence dependencies of bubble growth were
studied and well explained. However, the model was limited in
that the migration and coalescence of the bubbles were not
included, which may lead to an underestimation of the bubble
growth. To overcome the shortcomings of the previous model, a
two dimensional hybrid code (HIIPC-MC) based on rate-theory
and Monte Carlo (MC) methods [3] is developed in this work.
The cascade-coalescence mechanism contribution to the bubble

growth is evaluated by MC. The solute and trapped HI retention
is simulated by the rate theory method using HIIPC2D [4], in which
a source term is introduced to include the sink/source generated by
HI molecules inside the bubbles. For each bubble, HI molecules are
produced through recombination processes on the inner surface of
the bubble where the solute HI reactants are supplied by HIIPC2D,
and HI molecules can also dissociate themselves into solute atoms
due to the very high pressure inside the bubble [5].

With this hybrid code, the HI bubble growth as well as blister-
ing in W can be simulated. The simulation results indicate that the
migration-coalescence of the bubbles and the high pressure within
are the main mechanisms driving the bubble growth. The high
pressure mechanism plays a dominant role when the wall temper-
ature is low and the bubble radius is big; whereas the role of the
migration-coalescence mechanism on the bubble growth increases
with the wall temperature for very small bubbles. The molecules
inventory is increased by the growing bubbles before they burst.

2. Simulation model

HIIPC2D [4] is applied to simulate the solute and trapped D
retained in materials. The simulation domain is shown in Fig. 1:
D+ flux is implanted at the plasma-facing surface (PFS), and the
material is W with an initial uniform density distribution of very
small bubbles produced by vacancy clusters and voids at grain
boundaries. After entering the material, D ions are first slowed
down to thermalize and neutralize, then the D atoms may be
trapped by trap sites, may diffuse back to the surface, or diffuse
into bubbles, where they combine into molecules [2]. The follow-
ing set of reaction–diffusion equations are used:

http://dx.doi.org/10.1016/j.jnucmat.2014.11.063
0022-3115/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: School of Physics and Optoelectronic Engineering,
Dalian University of Technology, No. 2 Linggong Road, Ganjingzi District, Dalian
116024, China.

E-mail addresses: sang@dlut.edu.cn (C. Sang), wangdez@dlut.edu.cn (D. Wang).
1 Current address: ITER Organization, Route de Vinon-sur-Verdon, F-13067 St-Paul-

lez-Durance, France.
2 Presenting author.

Journal of Nuclear Materials 463 (2015) 367–371

Contents lists available at ScienceDirect

Journal of Nuclear Materials

journal homepage: www.elsevier .com/ locate / jnucmat

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2014.11.063&domain=pdf
http://dx.doi.org/10.1016/j.jnucmat.2014.11.063
mailto:sang@dlut.edu.cn
mailto:wangdez@dlut.edu.cn
http://dx.doi.org/10.1016/j.jnucmat.2014.11.063
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


@Csðx; y; tÞ
@t

¼ @

@x
D
@Csðx; y; tÞ

@x

� �
þ @

@y
D
@Csðx; y; tÞ

@y

� �
þ S ð1Þ

S ¼ ð1� R0ÞC0/ðx; yÞ �
@Ctðx; y; tÞ

@t
�
X

i

giðx; yÞ ð2Þ

@Ctðx; y; tÞ
@t

¼ 2Da0

3
Cs C0

t � Ct

� �
�w0Ct;i exp � EHdTrap

kbT

� �
ð3Þ

where Cs and Ct are the solute and trapped D concentration, respec-
tively; D is the diffusion coefficient, U0 is the implantation D+ flux, R0

is the backscattering coefficient, / is the implantation profile; gi(x,
y) is the source/sink terms associated with molecular D in the ith
bubble, a0 is the lattice constant, C0

t is the intrinsic trap site density,
w0 is the bounce frequency of HI in traps [6], EHdTrap is the binding
energy of D within a trap and T is the material temperature. The PFS
boundary condition assumes recombination of D atoms into D2 mol-
ecules that desorb at the surface [4].

To take the cascade-coalescence process of the bubbles into
consideration, a MC method based on Refs. [3,7] is improved upon
and applied in this work. An initial population of 10,000 bubbles
(changeable) is set up in the material with a uniform distribution
as shown in Fig. 1. The bubbles are assumed to be ideally spherical.
To add variation, the starting radii are treated to have a Gaussian
distribution [3]. The averaged starting radius is set as rb0 = 1 nm
unless otherwise stated, and the width of the distribution is 2rb0.
The source/sink term gi(x, y) in Eq. (2) can be expressed as [2]
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where Cs is obtained by HIIPC2D simulation, rb,i is the radius of the
ith bubble, kr is the recombination rate (unit, m4 s�1), k1 is the
adsorption rate (unit, m�2 s�1 Pa�1) and f is the fugacity of the D
gas inside the bubble. The molecule content Nb,i in the ith bubble
can be calculated via Eq. (4). The pressure of a bubble is calculated
from its molecule content, bubble radius, and the D2 equation of
state [2]. At very high pressures, fugacity is used instead of pressure,
and it is expressed as [8]

lnðf=pÞ ¼
Z p

0
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where p is the bubble pressure, v(p, T) is the molar volume of the D2

gas [9], and R = 8.31447 J mol�1 K�1 is the universal gas constant.
The pressure inside the bubble is assumed to satisfy the

Greenwood mechanical equilibrium condition [10]
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where b � 3 � 10�10 m is the dislocation loop Burgers vector,
c = 2.65 N/m is the surface tension of the bubble interface, while
G is the shear modulus of W, where G0 = 163.4 GPa is the shear
modulus at zero temperature, Tm = 3700 K is the melting tempera-
ture of W, and a = 0.18 is a material constant [11]. When the bubble
internal pressure exceeds PLP, the bubble grows so that the Green-
wood mechanical equilibrium condition is always satisfied during
the growth process.

The random motion of the bubbles can be simulated according
to surface diffusion kinetics, using the bubble diffusion relation
[12]:
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where Ds = Ds0 exp(�Es/kT) is the surface diffusivity, and its value is
taken as Ds0 = 9.0 � 10�10 m2 s�1 for a D bubble in W, Es = 0.295 eV
[13], and a0 = 316 pm is the lattice constant of W. The bubble
motions are then described by standard random-walk theory, in
which the jump step for a bubble moving in a time interval Dt fol-
lows the Einstein relation [7]: l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6DbDt
p

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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b . It is
easy to obtain that for a bubble with radius rb the jump step in a
given time step (Dt) is proportional to 1=r2

b . For each time step, after
all the bubbles are moved, then they are tested against their neigh-
bours. When they touch each other, migration occurs, in which the
two bubbles are assumed to coalesce instantaneously into a new
spherical bubble with radius rb ¼ r3

b1 þ r3
b2

� �1=3. If the bubbles move
out of the material surface, the molecules within are lost and the
bubbles are removed from the system. It is worth noting in the
present work that the motion of bubbles has been neglected in
the third dimension, which may make the description of the motion
of the spherical bubble not as precisely as 3D modeling, such as the
bubble radii and positions, especially at the beginning period. How-
ever, this approximation would not affect the drawn conclusions.
During the growth of the bubbles, to make the simulation more
realistic, their swelling effect on the surrounding W matrix is
included by uniformly increasing the system size at regular inter-
vals by an appropriate amount. At the same time all the bubble
positions are changed by keeping their relative positions within
the system constant [12]. In this work, the formation of extrinsic
traps during swelling is neglected for simplification.

The flow chart of the present HIIPC-MC code is shown in Fig. 2.
The MC code is applied to simulate the bubble growth, random-
walk, cascade-coalescence and swelling of the system. The
molecules inside the bubbles come directly from solute D, which
is supplied by the rate-theory based on the HIIPC2D calculation.
From this hybrid coupling, the bubble growth, including migration
and coalescence, can be simulated during the D+ flux irradiation.

3. Simulation results

In this work, the simulation domain is 10 lm � 10 lm, repre-
senting only the near PFS region.

3.1. Monte Carlo simulation

First, we use the MC module by itself to study the bubble
growth to make it much easier to understand the essence of this
process. Unless otherwise specified, the solute D concentration Cs

is fixed to 1024 m�3, wall temperature T = 500 K, starting radius
rb0 = 1 nm. The bubble radius distribution, in its initial state and
20 s later, and the evolutions of the averaged bubble radius and
the number of retained molecules are shown in Fig. 3. It can be
seen that the most probable bubble radius grows from 1 nm to
about 27.7 nm during this process. Initially, there is a fraction of
bubbles with very small radius (<0.5 nm). According to Ref. [2],

Fig. 1. Schematic of the simulation domain: the ion flux is injected at the PFS of W
wall, in which small bubbles are distributed uniformly at the beginning.
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