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Abstract

The total free energy of a system containing helium bubbles and point defects (vacancies, helium and self-interstitial
atoms) was evaluated and activation barrier for forming a helium bubble was derived, where the effect of helium on helium
bubble formation is clearly shown. The rates of inflow to a helium bubble and outflow from a helium bubble were eval-
uated for vacancies, helium and self-interstitial atoms at the equilibrium and irradiation conditions to understand the
mechanism of nucleation and growth of helium bubbles. It indicates that both the thermal emissions of helium and
self-interstitial atoms may competitively occur at the irradiation condition from relatively small helium bubbles with high
helium pressure.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the fusion reactor environment, concurrently
with atomic displacements, helium and hydrogen
isotopes are introduced into fusion materials by
direct implantation or by nuclear transmutation
reactions during neutron irradiation, which can pro-
duce significant changes in material microstructure
and properties, and moreover may cause even deci-
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sive damage to fusion plasma stability. Especially,
high helium concentrations and the formation of
helium bubbles in metals are known to enhance void
swelling, produce surface roughening and blistering,
and cause high temperature intergranular embrittle-
ment. Therefore, precise understanding of helium
behavior in metals still remains one of the most
important subjects in the field of research and devel-
opment of nuclear fusion reactor materials.

The theory of helium bubble formation has been
developed by many researchers. Russell et al. [1–4]
derived equations describing the absorption and
emission rates of vacancies and helium atoms to
and from a helium bubble, respectively, and they
suggested the nucleation path of the helium bubble.
.
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Mansur et al. [5–7] and Stoller et al. [8,9] derived an
equation to evaluate void growth rate using the
rates of vacancy absorption, vacancy emission and
self-interstitial atom (SIA) absorption, and they
applied it to simultaneous rate theory equations
for evaluation of helium-assisted void growth and
accumulation. All these theoretical treatments are
well established, available for relatively lower con-
centrations of helium in metals, and can be applied
enough to modeling the behaviors of fusion struc-
tural materials under irradiation, where helium is
produced by (n,a) nuclear reactions. However,
these treatments are still insufficient to be applied
to the problem of plasma–surface interaction (PSI)
where helium concentration in plasma facing mate-
rials is expected to be much higher than that in the
structural materials.

In plasma facing materials where helium atoms
are directly implanted, the helium pressure of bub-
bles can be so high that the emissions of an SIA
and its cluster from a helium bubble are greatly
expected. In fact, experimental transmission elec-
tron microscopy (TEM) observation during helium
implantation showed the production of SIA clusters
(loops) that may be punched out from high pressure
helium bubbles [10,11]. In addition, it is also
expected that high pressure helium bubbles fre-
quently emit helium atoms that play an important
role on the thermal stability of helium bubbles.
Although all the absorption and emission rates of
vacancies, helium and SIAs are important factors
for the nucleation and growth of helium bubbles,
the rates of the SIA and helium emissions are not
fully included in the models above. In the present
study, all the point defect absorption and emission
rates are incorporated into the model and the mech-
anism of nucleation and growth of helium bubbles
in bcc Fe is investigated.

2. Theory

2.1. Total free energy of a system

The total free energy of a system containing var-
ious types of helium bubbles, isolated vacancies, iso-
lated helium substitutional and isolated SIAs is
given per a lattice site as follows:
g ¼
X

j

Cj
bubblel

j
bubble þ Cmatrix

subHel
matrix
subHe

þ Cmatrix
V lmatrix

V þ Cmatrix
SIA lmatrix

SIA ; ð1Þ
where j indicates the type of helium bubbles, which
is represented by the numbers of helium atoms
ðNb

HeÞ and vacancies ðN b
VÞ in a helium bubble.

Cj
bubble and lj

bubble are the concentration and chemi-
cal potential of type j helium bubbles, respectively,
and Cmatrix

k and lmatrix
k are the concentration and

chemical potential of point defects in the matrix,
respectively, where k indicates helium substitutional
(subHe), vacancies (V) or SIAs (SIA). In the present
study, defect concentrations are represented by the
fraction of the number of defects to the number of
lattice sites in the system considered. In addition,
the entropy of a system described below is what is
known as the configurational entropy.

2.2. Chemical potentials

The chemical potential of point defects in the
matrix is represented by

lmatrix
k ¼ Ef

k þ kBT ln Cmatrix
k ; ð2Þ

where Ef
k is the formation energy of type k point de-

fects in the matrix, and kBT has its usual meaning.
The chemical potential of type j helium bubbles

can be written by the following two different forms.
One is the same form as Eq. (2), which is given by

lj
bubble ¼ Gj

bubble þ kBT ln Cj
bubble; ð3Þ

where Gj
bubble is the formation free energy of type j

helium bubbles. The other form is obtained using
the chemical potentials of point defects in helium
bubbles, lb;j

k , where k denotes vacancies, helium or
SIAs. When a helium bubble is constituted by mj

b

vacancies, nj
b helium and lj

b SIAs, the chemical po-
tential of the helium bubble is written by the follow-
ing form:

lj
bubble ¼ nj

bl
b;j
He þ mj

bl
b;j
V þ lj

bl
b;j
SIA; ð4Þ

where nj
b is identical to N b

He defined above. SIAs in
helium bubbles are considered to be spontaneously
recombined with vacancies at helium bubble sur-
face, and therefore the physical meaning of ‘an
SIA in helium bubbles’ indicates a lattice atom at
helium bubble surface. Thus, mj

b and lj
b are reason-

ably considered to have the relation: Nb;j
V ¼ mj

b � lj
b,

where mj
b must be greater than lj

b because of helium
bubble size to be positive. It is emphasized here that
introducing the chemical potential of SIAs in a he-
lium bubble ðlb;j

SIAÞ into Eq. (4) seems to be unusual
and somewhat artificial, but it is significant for
understanding the binding states between SIAs
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and helium bubbles as shown below. Using the
formation free energy of helium bubbles Gj

bubble,
the chemical potentials of point defects in a helium
bubble are written by

lb;j
He ¼

oGj
bubble

onj
b

¼ oGj
bubble

oN b
He

;

lb;j
V ¼

oGj
bubble

omj
b

¼ oGj
bubble

oN b
V

;

lb;j
SIA ¼

oGj
bubble

olj
b

¼ � oGj
bubble

oNb
V

:

8>>>>>>>>><
>>>>>>>>>:

ð5Þ

It is obvious from these equations that the chem-
ical potential of vacancies in helium bubbles and
that of SIAs in helium bubbles have the relation:

lb;j
V ¼ �lb;j

SIA. ð6Þ
It indicates that a work done by introducing a
vacancy into helium bubbles is equivalent to a work
done by extracting an SIA (i.e., a lattice atom at
helium bubble surface) from the helium bubbles.

2.3. Equilibrium condition

When a system is in equilibrium, the total free
energy change must be 0 for any infinitesimal
changes in the concentrations of point defects and
helium bubbles in the system. Thus, from Eq. (1),
we obtained the equilibrium condition of the
system, as follows:

lb;j
He � lmatrix

subHe þ lmatrix
V ¼ 0;

lb;j
V � lmatrix

V ¼ 0;

lb;j
SIA � lmatrix

SIA ¼ 0;

lj
bubble � nj

b lmatrix
subHe � lmatrix

V

� �
�mj

bl
matrix
V � lj

bl
matrix
SIA ¼ 0:

8>>>>>>><
>>>>>>>:

ð7Þ

Equations described here indicate equilibrium con-
dition between a helium bubble and a matrix point
defect. Using Eqs. (5) and (7), the chemical poten-
tials of matrix point defects are given by

lmatrix
subHe ¼

oGj
bubble

oNb
He

þ oGj
bubble

oN b
V

;

lmatrix
V ¼ oGj

bubble

oNb
V

;

lmatrix
SIA ¼ � oGj

bubble

oNb
V

;

lj
bubble ¼ Nb

He

oGj
bubble

oN b
He

þ Nb
V

oGj
bubble

oNb
V

:

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð8Þ
It is shown here that, similar to Eq. (6), the chemical
potentials of vacancies and SIAs in the matrix have
a relation:

lmatrix
V þ lmatrix

SIA ¼ 0. ð9Þ
It clearly indicates recombination reaction (V +
SIA = 0) between vacancies and SIAs in the matrix
in equilibrium with each other. In addition, when
helium interstitial in the matrix is introduced into
the system, the chemical potential of matrix helium
interstitial is written by

lmatrix
intHe ¼

oGj
bubble

oNb
He

. ð10Þ

From Eqs. (8) and (10), the following relation is
obtained:

lmatrix
subHe ¼ lmatrix

intHe þ lmatrix
V . ð11Þ

It clearly shows that helium substitutional in the
matrix is in equilibrium with helium interstitial
and vacancies in the matrix. It is noted that Eqs.
(8) and (10) represent equilibrium conditions be-
tween a helium bubble and a matrix point defect,
while Eqs. (9) and (11) show equilibrium condition
among matrix point defects.

2.4. Binding free energy

In this section, the binding free energies of vacan-
cies, helium and SIAs to a helium bubble are
derived. The binding free energy of point defects
to a helium bubble Gbind

k is defined as the energy
which provides the concentration of matrix point
defects in equilibrium with a helium bubble, where
k denotes vacancies, helium, or SIAs:

Cmatrix
k ¼ exp �Gbind

k

kBT

� �
. ð12Þ

Using Eqs. (2), (8), (10) and (12), the binding free
energies of point defects to a helium bubble are
obtained as follows:

Gbind
subHe ¼ Ef

subHe �
oGj

bubble

oN b
He

þ oGj
bubble

oN b
V

 !
;

Gbind
V ¼ Ef

V �
oGj

bubble

oNb
V

;

Gbind
SIA ¼ Ef

SIA þ
oGj

bubble

oN b
V

;

Gbind
intHe ¼ Ef

intHe �
oGj

bubble

oN b
He

:

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

ð13Þ
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Note that from Eq. (13) one obtains the equation:
Gbind

V þ Gbind
SIA ¼ Ef

V þ Ef
SIA. Since the right-hand side

of this equation is considered to be a constant, the
binding free energy of vacancies and that of SIAs
have a trade-off relation with each other. Namely,
when the vacancy binding free energy increases, the
SIA binding free energy decreases, and vice versa.

When similar operations were applied to Eqs. (3)
and (7), the following relation was obtained regard-
ing the equilibrium concentration of helium
bubbles:

Cj
bubble¼ exp �Gbind;j

bubble

kBT

 !
; ð14aÞ

Gbind;j
bubble¼Gj

bubble�N b;j
Hel

matrix
subHe� Nb;j

V �N b;j
He

� �
lmatrix

V .

ð14bÞ

By using Eq. (11), Eq. (14b) changes to

Gbind;j
bubble ¼ Gj

bubble � N b;j
Hel

matrix
intHe � Nb;j

V lmatrix
V . ð14cÞ

Gbind
bubble is hereafter called the total binding free

energy of helium bubbles. This energy is usually
appeared in the classical nucleation and growth
theory of precipitates, which provides the state of
clustering and the probabilities of critical nucleus
production and embryo annihilation under the equi-
librium condition.

2.5. Formation free energy of helium bubbles

The formation free energy of helium bubbles
Gj

bubble ¼ GbubbleðN b
He;N

b
VÞ is defined as changes in

system free energy when a helium bubble is intro-
duced into a perfect crystal. Following the work
done by Trinkaus [12], the formation free energy
of helium bubbles is written as follows:

Gbubble ¼ GBulk
He þGSurface

He þGSurface
Metal þGInterface

He–Metal þGrelax;

ð15Þ

where GBulk
He is the bulk helium free energy, GSurface

He is
the surface helium free energy, GSurface

Metal is the metal
surface free energy, GInterface

He–Metal is the interface free
energy between metal matrix and helium, and Grelax

is the relaxation free energy. The respective terms of
the formation free energy can be described in the
following, when it is assumed that a helium bubble
has a spherical shape with a radius of R in bcc Fe
matrix.

The bulk helium energy GBulk
He due to Nb

He helium
atoms was calculated using the helium equation of
states (EOS) and the following relation obtained
from the Gibbs–Duhem relation at constant
temperature.

GBulk
He ðpÞ ¼ GBulk

He ðp0Þ þ
Z p

p0

V ðpÞdp;

where V is the volume containing Nb
He helium, p is

helium pressure, and p0 is reference pressure. If
the reference pressure is small enough to consider
helium state as ideal gas, GBulk

He ðp0Þ can be evaluated
using the statistical thermodynamics.

In order to describe the state of fluid helium
appropriately in wide pressure ranges, three differ-
ent forms of EOSs published in literatures were con-
nected using two different interpolation functions,
as follows:

mFluid
m ðpÞ ¼

mideal
m ðpÞ � � � p 6 p1;

minterpolate1
m ðpÞ � � � p1 6 p 6 p2;

mCS
m ðpÞ � � � p2 6 p 6 p3;

minterpolate2
m ðpÞ � � � p3 6 p 6 p4;

mMLB
m ðpÞ � � � p4 6 p;

8>>>><
>>>>:

where p1 = 0.5 · 105 Pa, p2 = 106 Pa, p3 = 108 Pa
and p4 = 2 · 108 Pa. The superscripts ideal, CS
and MLB indicate the EOS of ideal helium gas,
the EOS developed by Brearley and MacInnes
[13], and the EOS developed by Mills et al. [14],
respectively. The superscripts interpolate1 and inter-
polate2 indicate the interpolation function of type 1
which connects the ideal and CS EOSs and the
interpolation function of type 2 which connects
the CS and MLB EOSs, respectively. The virial
EOS was employed as the interpolation functions,
where the compressibility factor of helium was de-
scribed in the form of a polynomial function of
pressure,

z ¼ pmm

kBT
¼ b0 þ b1p þ b2p2 þ b3p3.

The virial coefficients bk for the interpolation func-
tion of type 1 were determined so as to fit the
compressibility factor and its pressure derivative to
those of ideal gas at pressure p1 and to those of
CS EOS at pressure p2. The virial coefficients for
the interpolation function of type 2 were also ob-
tained in the same way as those of the type 1, using
the compressibility factors and their pressure deriv-
atives at p3 and p4. Note that, the virial coefficients
bk thus obtained depend on temperature.

For description of the state of solid helium, on
the other hand, the Vinet EOS [15] developed by
Zha et al. [16] was employed in the present study.
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The coefficients for giving the Debye temperature
and the Gruneisen parameter required for use of
the EOS were modified in the present study using
helium density data of Driessen and van der Poll
[17] as well as those of Zha et al. [16], for the EOS
to be available in wider helium density ranges.

In the choice of fluid EOS or solid EOS, the melt-
ing curve of helium in the form of the Kechin equa-
tion [18] was employed. In the present study, in
order to obtain melting curve to be available in
wider temperature ranges (300–1000 K), the param-
eters required in the equation were also modified to
fit the Pm � Tm data of Driessen and van der Poll
[17], Datchi et al. [19] and Young et al. [20]. Note
that Young’s data were derived by theoretical
LMTO calculations.

The surface helium energy GSurface
He is considered

to be a correction term to the bulk helium energy
GBulk

He due to the deficit of He–He bonds at helium
bubble surface. The following form was used here:

GSurface
He ¼ �f N b

He

� ��1=3
GBulk

He ; ð16Þ

where f is a constant which represents the fraction
of the number of deficit of He–He bonds at the
surface to the number of He–He bonds per a helium
atom without any deficit. Fujita [21] actually
counted the numbers of the deficit of the bonds
for a spherical fcc cluster and evaluated that f

approaches 1.37 with increasing cluster size, while
Trinkaus [12] estimated using the volume and
surface area of spheres that f is about 0.6. The
difference between their values may be negligible,
compared to the total estimation of Eq. (15). In
the present study, f = 1.37 was employed.

The metal surface free energy GSurface
Metal employed

here has the form of

GSurface
Metal ¼ cS 1� q

R

� �
; ð17Þ

where c is the surface free energy of metal flat sur-
face, S is the surface area of a spherical helium bub-
ble, and q is a constant value. The second term of
Eq. (17) represents curvature correction to the first
term, and it converges to 0 for large R. In the pres-
ent study, the parameters, c and q, were obtained by
fitting the formation energy of unrelaxed voids in
bcc Fe, which were calculated using the Ackland
Fe–Fe interatomic potentials [22]. A least square
fitting to the calculated formation energy provided
c = 1.195 · 1019 eV/m2 and q = 5.194 · 10�11 m.
Let us define G0
bubble by the following equation:

G0
bubble ¼ GBulk

He þ GSurface
He þ GSurface

Metal .

It is considered that principal contributions to the
formation free energy of helium bubbles can be
expressed by G0

bubble. However, additional two
contributions to correct G0

bubble must be considered
as mentioned below: one is the correction of volume
available for helium in a helium bubble due to high
repulsive interaction between matrix metal atoms
and helium, and the other is the correction of he-
lium bubble volume due to the structural relaxation
of a helium bubble.

So far, the volume available for helium in a
helium bubble has been considered to be the same
as helium bubble volume defined by N b

VX, where
X is atomic volume. As pointed out in our previous
work [23–26], however, metal–helium repulsive
interaction is much greater than helium–helium
repulsive one. Therefore, such a great difference of
the repulsive interactions will reduce volume avail-
able for helium in a helium bubble, which leads to
an increase of the bulk helium free energy. Trinkaus
[12] assumed that a change in the radius of a sphere
due to repulsive metal–helium interaction is a
constant �dHe and evaluated the free energy change
as F Interface

He–Metal ¼ pdHeS, where dHe � 0.1 nm for helium
in Ni. Following the Trinkaus model, we obtained
here the energy change as

GInterface
He–Metal ¼

oGBulk
He

oV

� �
dHeS ¼ BTdHeS; ð18Þ

where BT is helium bulk modulus. A difference
between the Trinkaus expression and ours, i.e., p

and BT, is caused by a difference in the definition
of free energy. Namely, Trinkaus used the Helm-
holtz free energy, while we adopted the Gibbs free
energy. It is noted that, when helium is regarded
as ideal gas, these expressions become exactly the
same because helium bulk modulus for ideal gas is
identical to helium pressure. The constant value
dHe was here fixed to be 0.04 nm for helium in bcc
Fe, by fitting Gbubble to the formation energy of
the helium bubbles of 20 vacancies that were calcu-
lated by MD techniques [23–26].

In addition, it has been so far assumed that
helium bubble volume is fixed at N b

VX. However,
helium bubble volume is considered to be increased
due to helium pressure, leading to a decrease in
the bulk helium energy, an increase in the surface
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energies, and an introduction of the elastic energy of
metal matrix. When the volume of a helium bubble
is changed by dV, the formation free energy of
helium bubbles can be written by

Gbubble ¼ G0
bubble þ

oG0
bubble

oV

� �
dV þ 2lð1þ mÞ

9ð1� mÞ
dV 2

V
;

ð19Þ

where m is Poisson ratio and l is the shear modulus
of metal matrix. The last term is the elastic energy
[27]. The relaxation volume dV was determined by
minimizing Gbubble in this equation, and then the
relaxation free energy was obtained as follows.

Grelax ¼ �
9V ð1� mÞ
8lð1þ mÞ

oGo
bubble

oV

� �2

.

Using Eqs. (16)–(19), Eq. (15) finally becomes

Gbubble ¼ 1� f

Nb
He

� �1=3

 !
GBulk

He þ cS 1� q
R

� �

þ BTdHeS �
9V ð1� mÞ
8lð1þ mÞ

� 2c
R
� qc

R2
� 1� f

N b
He

� �1=3

 !
BT

( )2

.

2.6. Steady-state nucleation and growth of helium

bubbles

Let us consider the steady-state nucleation of
helium bubbles [28]. When the effect of stress-
induced defect diffusion due to lattice relaxation
around a helium bubble is neglected, namely, when
the defect capture efficiency of helium bubbles is
assumed to be fixed at 1, the total currents (flux)
of point defects to a spherical helium bubble is writ-
ten by

J net
k ¼ J IN

k � J OUT
k ¼ 4pR

X
DkðCkð1Þ � CkðRÞÞ; ð20Þ

where Dk is the diffusion coefficient of point defects
k, and R is helium bubble radius. J IN

k and J OUT
k are

the rates of inflow to a helium bubble and outflow
from a helium bubble, respectively. Ck(R) and
Ck(1) are the concentrations of matrix point defect
k at R and at infinity from a helium bubble center,
respectively. The outflow (thermal emission) rate is
generally evaluated by assuming that point defects
near a helium bubble are locally equilibrated with
the helium bubble. Therefore, Ck(R) is given by
point defect binding energies defined by Eqs. (12)
and (13). On the other hand, Ck(1) is determined
by the condition of whole the system considered.
In the case of the equilibrium, Eqs. (9) and (11)
are used to obtain Ck(1), while in the case of irra-
diation condition where matrix point defects are not
equilibrated with each other, Ck(1) is usually
provided by solving the simultaneous rate theory
equations describing all defect interactions occurred
in materials, such as the production, annihilation,
recombination and clustering of point defects.

3. Analysis

In order to investigate the mechanism of the
nucleation and growth of helium bubbles in bcc
Fe, the binding free energy of point defects to a
helium bubble, the total binding free energy of
helium bubbles, and the rates of inflow to a helium
bubble and outflow from a helium bubble were
evaluated.

The binding free energies of vacancies, helium
and SIAs were obtained by Eq. (13) as a function
of the numbers of helium atoms and vacancies in
a helium bubble, ðN b

He;N
b
VÞ.

The total binding free energy of helium bubbles
given by Eq. (14) was obtained by following three
steps: Firstly, total defect concentrations were given
as input parameters: XV for vacancies, XHe for
helium and XSIA for SIAs, where total defect con-
centration means the fraction per a lattice site of
the number of point defects introduced into the sys-
tem, irrespective of whether they are in the form of
isolated defects or clustered defects. Then, the equi-
librium concentrations of matrix point defects and
helium bubbles were obtained at a given tempera-
ture by simultaneously solving Eqs. (8)–(11) using
the parameters (XV, XHe, XSIA). Finally, the total
binding free energy of helium bubbles was obtained
as a function of ðNb

He;N
b
VÞ.

The inflow and outflow rates of point defects dur-
ing the steady-state nucleation and growth of helium
bubbles were evaluated using Eq. (20). The concen-
tration of type k point defects at R denoted by
Ck(R) was provided by Eq. (12) as a function of
ðNb

He;N
b
VÞ, while Ck(1) was given depending on

the following two conditions. One is the equilibrium
condition, where a helium bubble and matrix point
defects are in equilibrium with each other. This
condition is considered to be an approximation to
post-irradiation annealing condition. In this case,
all Eqs. (8)–(11) were simultaneously solved to
obtain Ck(1). The other condition is the irradiation
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condition where matrix point defects are not in equi-
librium with each other. In the present study, Ck(1)
was regarded as fixed input parameters that are also
depicted by (XV, XHe, XSIA) in the following.
4. Results and discussion

4.1. Point defect binding free energy

The binding free energies of vacancies, helium
interstitials and SIAs to a helium bubble in bcc Fe
Fig. 1. (a) The point defect binding free energy of helium bubbles
in bcc Fe for a vacancy, helium and SIAs obtained in the present
study, and (b) the point defect binding energies obtained by our
previous MD work [23–26].
were calculated using Eq. (13) as shown in
Fig. 1(a), where the point defect binding free energy
is plotted as a function of helium-to-vacancy ratio
(He/V). The ratio is defined as the number of helium
atoms in a helium bubble divided by the number of
vacancies in a helium bubble, which is an indication
of helium pressure of the helium bubble. The num-
bers of helium atoms and vacancies in a helium bub-
ble that were used for the calculations range from 0
to 1100 and from 1 to 4080, respectively. The results
for the helium bubbles of He/V ratios greater than 3
are omitted from the figure. Note that, minimum
He/V ratios available for the evaluations become
higher when helium bubble size becomes smaller.
For example, a minimum He/V ratio for the helium
bubble of 10 vacancies cannot take less than 0.1,
while a He/V ratio for the helium bubble of 100
vacancies can take 0.01. As shown in the figure,
for relatively smaller He/V ratios, vacancy binding
energy is an increasing function of He/V ratios,
while the helium and SIA binding energies are
decreasing functions of the ratios. For He/V ratios
greater than about 1.8, the reverse tendency is
observed, where vacancy binding energy is a
decreasing, and the helium and SIA binding ener-
gies are increasing functions. Moreover, for He/V
ratios greater than about 2, these binding energies
begin to vibrate with increasing the ratios. The
vibrating behaviors may reflect the limitation of
the linear elasticity theory that was applied for eval-
uation of the elastic and relaxation energies. It is
therefore considered that the application range of
the present analysis is limited for He/V ratios less
than 2.

Fig. 1(b) shows the point defect binding energies
that we have evaluated for smaller size helium bub-
bles in bcc Fe using the MD technique with empir-
ical interatomic potentials, where the trade-off
relation of binding energies between vacancies and
SIAs is also shown. The details were already
described in [23–26]. In these results, the reverse
tendency was appeared at the ratio of about 6,
although it is much greater than the present value
1.8. This difference of critical ratios between the
two evaluation methods is due to a difference in
evaluation of lattice relaxations around a helium
bubble. The plastic deformation of the matrix
around a helium bubble was permitted by the MD
technique, while it was not incorporated into the
present analysis. Moreover, the MD results [23–26]
showed the inhomogeneous displacement of matrix
Fe atoms due to high helium pressure, while the
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present analysis only permitted the uniform dis-
placements of matrix Fe atoms that are distributed
over the bubble–matrix interface within the applica-
tion limit of the linear elasticity theory. Thus, the
present analysis is inadequate for modeling the
matrix Fe displacements around a helium bubble;
nevertheless, it can be said that the dependence of
the point defect binding energy on He/V ratios
obtained in the present study for ratios less than
about 2 is very similar to the MD results, and there-
fore, qualitative pictures described below is consid-
ered to be correct.

4.2. Total binding free energy of empty voids:

temperature dependence

The total binding free energy of helium bubbles
was defined by Eqs. (14b) and (14c), which is an
indication of how many and how large precipitates
will be produced under the equilibrium condition
through Eq. (14a). In the present and following
sections, the temperature and concentration depen-
dence of the total binding free energy is shown to
understand the characteristic of this energy.

Fig. 2 shows the total binding free energy of
empty voids (without helium) as a function of tem-
perature. Here, total vacancy concentration in the
system XV is fixed at 5 · 10�7. The figure indicates
that, with increasing the number of vacancies in
an empty void (i.e., void size), the total binding free
Fig. 2. Size dependence of the total binding free energy of empty
voids in bcc Fe as a function of temperature. An activation
barrier for forming a void nucleus increases with temperature.
energy firstly increase, followed by a decrease. The
maximum energy shows an activation barrier for
forming a void nucleus, and it increases with
increasing temperature.

In order to profoundly elucidate the temperature
dependence of void nucleation, Eq. (14b) is divided
into two terms such as Gbind;j

bubble ¼ DH � TDS in the
similar way to Refs. [29,30]. The former parameter
DH is called an enthalpy term for void formation
and the latter parameter �TDS is called an entropy
term. Those parameters are expressed as follows:

DH ¼Gj
bubble�Nb;j

HeE
f
subHe� N b;j

V �N b;j
He

� �
Ef

V;

�T DS¼�N b;j
HekBT lnCmatrix

subHe� N b;j
V �Nb;j

He

� �
kBT lnCmatrix

V .

As shown in the figure, the enthalpy term DH is a
monotonic decreasing function of void size, while
the entropy term �TDS increases with increasing
void size. The sum of the two terms produces the
void size dependence of the total binding free energy
mentioned above. The maximum of the total bind-
ing free energy corresponds to a critical size for void
nucleation. As shown by the broken lines in the
figure, the enthalpy term does not depend on tem-
perature, while the entropy term significantly de-
pends on temperature. Thus the temperature
dependence of the activation barrier for forming a
void nucleus is completely determined by the tem-
perature dependence of the entropy term.

Such a temperature dependence of the activation
barrier indicates that void nucleation becomes more
difficult at higher temperature, and moreover, this is
a reason why there exists a maximum temperature
limit in which voids can form. The maximum tem-
perature limit is what is called the stage V.
Fig. 3(a) shows the temperature dependence of void
nucleation rates defined by

J ¼ J IN
k C�void ¼ J OUT

k C�void.

Here, C�void is the concentration of critical void nu-
clei, which is calculated using Eq. (14a). Inflow
and outflow rates denoted by J IN

k and J OUT
k , respec-

tively, were calculated using Eq. (20). The vacancy
migration energy was changed here as an input
parameter ranging from 0.55 to 1.4 eV. Fig. 3(b)
shows the temperature dependence of critical void
nucleus concentrations and that of vacancy jump
frequencies as a function of the vacancy migration
energy. As shown in the figure, lower temperature
limit for void formation is determined by the tem-
perature dependence of vacancy jump frequencies,



Fig. 3. Temperature dependence of (a) void nucleation rates, (b) critical void nucleus concentration and vacancy jump frequencies, as a
function of vacancy migration energy. Voids can nucleate in limited temperature rages.
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while higher temperature limit for void formation is
determined by the temperature dependence of criti-
cal void nucleus formation as mentioned above.

4.3. Total binding free energy of empty voids:
vacancy concentration dependence

Fig. 4 shows the total binding free energy of
empty voids (without helium) at 500 K as a function
of vacancy concentration. The enthalpy term does
not depend on the vacancy concentration. However,
the entropy term decreases with increasing the
Fig. 4. Dependence of the total binding free energy of empty
voids in bcc Fe on matrix vacancy concentration at 500 K. An
activation barrier for forming a void nucleus increases with
decreasing the vacancy concentration.
vacancy concentration. Therefore, the activation
energy for forming a void nucleus decreases with
increasing the vacancy concentration. It indicates
that higher vacancy concentration will produce the
higher probability of void formation.

4.4. Total binding free energy of helium bubbles:

helium effect

Fig. 5 shows the total binding free energy of
helium bubbles at 800 K as a function of the
Fig. 5. Total binding free energy of helium bubbles in bcc Fe at
800 K as a function of the number of helium atoms in a helium
bubble. Total defect concentrations in the system are XV = 10�8,
XHe = 10�10, XSIA = 6 · 10�11. Significant reduction in an acti-
vation barrier for forming a helium bubble nucleus is caused by
the introduction of helium.
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number of helium atoms in a helium bubble Nb
He.

Total defect concentrations in the system are XV =
10�8, XHe = 10�10, XSIA = 6 · 10�11. The contour
plot representation of the total binding free energy
is shown in Fig. 6, where the data for He/V ratios
greater than 2 are omitted because of the applica-
tion limit of the linear elasticity theory, as men-
tioned in Section 4.1. Temperature is so high and
the total vacancy concentration is not so high (just
about 500 times as many as the equilibrium vacancy
concentration at this temperature), and therefore,
the activation energy of empty voids is so large that
voids cannot be expected to form. The activation
energy is more than 10 eV, and the critical size of
void nucleation is as high as 70 vacancies.

It can be mentioned from Eqs. (14b) and (2) that
the introduction of helium into an empty void may
increase the entropy term of the total binding free
energy of helium bubbles. Simultaneously, however,
it may significantly decrease the enthalpy term. The
significant decrease in the enthalpy term sufficiently
cancels the increase in the entropy term, and overall
it results in a decrease in the total binding free
energy. In fact, as shown in the figures, the activa-
tion barrier rapidly decreases with increasing the
number of helium atoms in a helium bubble. The
significant decrease in the enthalpy term is caused
Fig. 6. A contour plot representation of the total binding free
energy as a function of the numbers of helium atoms and
vacancies in a helium bubble in bcc Fe at 800 K. Total defect
concentrations in the system are XV = 10�8, XHe = 10�10,
XSIA = 6 · 10�11.
by the fact that, as pointed out in the previous
MD work [23–26], the repulsive interaction between
Fe and He is much greater than the relatively weak
He–He interaction of a closed noble gas, and thus
the energetically favorable helium clustering in Fe
occurs through a decrease in the number of high
energy, repulsive Fe–He interactions. As shown in
the figures, the significant decrease in the total bind-
ing free energy by the introduction of helium finally
leads to the disappearance of the activation barrier
when the number of helium atoms in a helium bub-
ble is greater than 17. This dramatic reduction in the
activation barrier is an important role of helium on
the formation of vacancy agglomerations.

Additional significant changes in the total bind-
ing free energy due to an introduction of helium into
a helium bubble are clearly seen at the relatively
smaller size, where the total binding free energy
increases significantly with increasing the number
of helium atoms in a helium bubble. This is because
of a significant increase in the formation free energy
of helium bubbles Gj

bubble due to high helium pres-
sure. This significant increase in the total binding
free energy at smaller size region results in the
appearance of local minimum in the figure. With
further increase in the number of helium atoms in
a helium bubble, the local maximum and minimum
values approach each other and finally the total
binding free energy of helium bubbles shows a
monotonic decreasing function of helium bubble
size.

4.5. Helium bubble growth and shrinkage during

post-irradiation annealing

The growth and shrinkage behavior of helium
bubbles during post-irradiation annealing was
investigated at the same condition as the previous
section (XV = 10�8, XHe = 10�10, XSIA = 6 · 10�11,
800 K). The rates of inflow to a helium bubble
and outflow from a helium bubble for vacancies,
helium and SIAs were separately calculated as a
function of the numbers of helium atoms and vacan-
cies in a helium bubble, ðN b;j

He;N
b;j
V Þ, using Eq. (20).

Since matrix point defects and helium bubbles are
considered to be in equilibrium with each other at
this condition, their concentrations were obtained
by simultaneously solving Eq. (7) and they were
introduced into Ck(1) in Eq. (20). This condition
is hereafter called the equilibrium condition. Helium
bubbles may grow by vacancy inflow and SIA
outflow, while they may shrink by vacancy outflow
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and SIA inflow, and therefore the growth rate Jgrow

and shrinkage rate Jshrink of helium bubbles were
evaluated using the following equations:

J grow ¼ J IN
V þ J OUT

SIA ;

J shrink ¼ J OUT
V þ J IN

SIA.

Fig. 7 shows the contour map representation of
the values of log10(Jgrow/Jshrink) as a function of
ðN b;j

He;N
b;j
V Þ. The height 0 indicates that the rate of

bubble growth is the same as that of bubble shrink-
age, which is exhibited by a broken line in the map.
Below the broken line helium bubbles will shrink
and above the line helium bubbles will grow.

The broken line (the 0 height line) intersects the
Nb

He ¼ 0 line (it shows an empty void) at Nb
V � 70.

It indicates that larger empty voids will grow and
smaller empty voids will shrink than N b

V � 70. This
critical number is exactly the same as the critical
number of vacancies in Fig. 5 that gives the maxi-
mum of the total binding free energy of empty
voids. It indicates that the maximum value in
Fig. 5 actually represents an activation barrier and
the value N b

V � 70 really shows a critical size for
void nucleation at this condition. On the other
hand, when Nb

He is greater than 2 and less than 18,
the horizontal line of N b

He ¼ const. intersects the
Fig. 7. A contour plot representing the growth (Jgrow) and
shrinkage (Jshrink) rates of helium bubbles in bcc Fe. The height
of the contour is evaluated by log10(Jgrow/Jshrink), and 0 height
indicates that the growth rate equals to the shrinkage rate.
Helium bubbles will grow and shrink in the positive and negative
regions, respectively.
broken line (the 0 height line) at two different Nb
V

values in Fig. 7. The larger value corresponds to
the local maximum of the total binding free energy
of helium bubbles in Fig. 5, and the smaller value
corresponds to the local minimum in the figure.
Thus, the growth and shrinkage behaviors under
the equilibrium condition strongly reflect the total
binding free energy curve shown in Fig. 5.

When the growth and shrinkage behaviors of
helium bubbles were closely investigated, it was
found that, below the broken line (the 0 height line),
the rate of vacancy inflow is less than that of
vacancy outflow, and the rate of SIA inflow is more
than that of SIA outflow. In addition, above the
broken line, the rate of vacancy inflow is more than
that of vacancy outflow, and the rate of SIA inflow
is less than that of SIA outflow. Furthermore, the
region where the rate of vacancy inflow equals to
the rate of vacancy outflow is identical to the region
where the rates of SIA inflow and outflow equals to
each other, and such the region is exactly identical
to the broken line where the growth rate equals to
the shrinkage rate. These symmetric behaviors of
flow rates between vacancies and SIAs under the
equilibrium condition are reflected by the fact that
the chemical potentials of vacancies and SIAs in
the matrix have such relationship as lmatrix

V ¼
�lmatrix

SIA under the equilibrium condition.
A further close investigation was made to find

more dominant process for the growth and shrink-
age; vacancy flow or SIA flow. In addition, the rates
of helium inflow and outflow was also investigated
as a function of ðN b

He;N
b
VÞ, and it was found that

helium outflow rate is greater than helium inflow
rate when He/V ratios are greater than 0.65, while,
otherwise, helium inflow rate is greater than helium
outflow rate. From all the flow rates thus investi-
gated, we finally obtained Fig. 8, which exhibits
the mechanism of helium bubble nucleation and
growth and is hereafter called a mechanism map.
From the mechanism map, four regions are sepa-
rately defined as follows: (A) the region where
helium bubbles may shrink mainly by thermal
vacancy emission (outflow) and helium may be
absorbed, (B) the region where helium bubbles
may grow mainly by vacancy absorption (inflow)
and helium may be absorbed, (C) the region where
helium bubbles may grow mainly by vacancy
absorption and helium may be emitted, and (D)
the region where helium bubbles may grow mainly
by thermal SIA emission and helium may be
emitted.



Fig. 8. A mechanism map for helium bubble nucleation and
growth at the equilibrium condition at 800 K. Total defect
concentrations are XV = 10�8, XHe = 10�10, XSIA = 6 · 10�11.
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This mechanism map will provide a profound
insight into helium bubble nucleation and growth
at the equilibrium condition. The helium bubbles
in the region (A) decrease Nb

V and increase Nb
He,

and therefore, they will go in an upper left direction
in Fig. 8. In the same way, the helium bubbles in the
regions (B), (C) and (D) will go in an upper right
direction, in a lower right direction, and again in a
lower right direction, respectively. These qualitative
but meaningful discussion on helium bubble growth
and shrinkage involving helium desorption and
absorption, will lead to useful suggestion that helium
bubbles can grow firstly along a path where the
J net

V ¼ Jnet
SIA ¼ 0 and J net

He ¼ 0 lines overlap with each
other in Fig. 8. And then, after passing through
the point ðNb

He � 8;Nb
V � 10Þ where the two lines

begin to separate, helium bubbles may grow in con-
siderably wider regions in the map. The actual nucle-
ation path of helium bubbles after passing this point
may depend on a balance among point defect flow
rates. This nucleation path is in well consistent with
the earlier work done by Russell et al. [1–4].

Our model reveals the region (D) where helium
bubble growth occurs mainly by thermal SIA
emission. This region was not found by Russell
et al. [1–4], where they did not incorporate the ther-
mal emission rate of SIAs into their model. How-
ever, the probability of forming helium bubbles in
the region (D) is considered to be very small except
relatively small helium bubbles at this equilibrium
condition, because helium bubbles in the adjacent
region (C) will go in a lower right direction and
therefore paths to the region (D) could be quite lim-
ited. Thus, whether thermal SIA emission is included
into the model (our model) or not (Russell’s model),
the nucleation paths of helium bubbles at the equi-
librium condition are identical as described above.

4.6. Helium bubble growth and shrinkage during

irradiation

The rates of inflow to a helium bubble and out-
flow from a helium bubble were separately calcu-
lated for vacancies, helium interstitials and SIAs at
the irradiation condition at 800 K. The values of
XV = 10�8, XHe = 10�10 and XSIA = 6 · 10�11 were
used as Ck(1) in Eq. (20). The mechanism map
was obtained and is shown in Fig. 9(a) and (b).

The mechanism map at the irradiation condition
is quite different from that at the equilibrium condi-
tion. A main difference between the two conditions
is caused by a difference in the inflow rates of helium
and SIAs. These point defects have high formation
energy (�5 eV) and therefore they usually can not
exist in the matrix at the equilibrium condition.
However, at the irradiation condition, these defects
can exist in the matrix because of their continuous
production due to irradiation, which leads to a
difference in the inflow rates between the two
conditions.

The horizontal line that represents Nb
He ¼ const.

in the mechanism map (Fig. 9) intersects the
Jgrow = Jshrink line at (1) two different points unless
Nb

He is so large and at (2) a single point when
Nb

He � 630. In addition, there is (3) no intersection
between the lines when N b

He > 630. In the case of
(1), helium bubbles which have the number of
vacancies between the two intersections will shrink;
and otherwise helium bubbles will grow. In the case
of (3), on the other hand, all helium bubbles will
grow. This dependence of growth and shrinkage
behaviors on Nb

He is consistent with the void
(bubble) growth rate curve of Mansur et al. [5–7].

From the mechanism map in Fig. 9, five regions
are clearly defined as follows; (A) the region where
helium bubbles may shrink mainly by thermal
vacancy emission and helium may be absorbed, (B)
the region where helium bubbles may shrink mainly
by SIA absorption and helium may be absorbed, (C)
the region where helium bubbles may grow by
vacancy absorption and helium may be absorbed,



Fig. 9. A mechanism map for helium bubble nucleation and growth at the irradiation condition at 800 K. Matrix point defect
concentrations are XV = 10�8, XHe = 10�10, XSIA = 6 · 10�11.

64 K. Morishita, R. Sugano / Journal of Nuclear Materials 353 (2006) 52–65
(D) the region where helium bubbles may grow
mainly by vacancy absorption and helium is emitted,
and (E) the region where helium bubbles may grow
mainly by SIA emission and helium may be emitted.
Note that the regions (D) and (E) overlap each other,
where competitive reactions between the thermal
emissions of helium and SIAs may occur.

Regarding the growth and shrinkage behaviors
of helium bubbles, the mechanism map at the irradi-
ation condition shows that the helium bubbles in
both the regions (A) and (B) will go in an upper left
direction, those in the region (C) will go in an upper
right direction, and those in both the regions (D)
and (E) will go in a lower right direction. Therefore,
the nucleation paths of helium bubbles are shown
by whole the region (C). Note that, different from
the equilibrium condition mentioned above, the
thermal emission of SIAs can be expected to occur,
because the probability of forming helium bubbles
in the region (E) cannot be ignored.

The actual nucleation paths of helium bubbles in
the region (C) may depend on a balance between
helium flow rate and helium bubble growth rate.
Although the details of the actual trajectory of
helium bubbles in the map must be obtained by
solving the simultaneous rate theory equations as
has done by Mansur et al. [5–7] and Stoller et al.
[8,9], it is considered that helium absorption is a rate
controlling reaction for helium bubble growth,
when helium inflow rate is not enough and therefore
helium bubbles go along near the Jgrow = Jshrink
line. Such a rate controlling reaction may determine
the incubation time of helium bubble growth.

In the present analysis the regions of helium
emission and SIA emission appear near the region
where He/V ratios are approximately around 2,
which is near the application limitation of the linear
elasticity theory. If the point defect binding free
energy has the similar ratio dependence to the MD
results as discussed in Section 4.1, it is considered
that the regions of helium emission and SIA emis-
sion are appeared at the ratio of about 6. Analysis
using the MD results is currently underway.

The present model describes all point defect emis-
sions, but for simplicity it does not include defect
cluster emissions. In order to more precisely solve
the PSI problem, the rate of SIA cluster emission
(loop punching) that can be evaluated using the
binding energy of SIA clusters to a helium bubble
[25], is required to be incorporated into the model.
Furthermore, since the mechanism map shown here
depends on temperature and total defect concentra-
tions (XV, XHe and XSIA), more systematic analysis is
required to understand the behaviors of helium bub-
ble nucleation and growth at wider range conditions.

5. Conclusion

Free energy was evaluated for a system contain-
ing helium bubbles and point defects to understand
helium bubble formation mechanism, available
even at high helium concentration condition where
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helium is directly implanted. The effect of helium on
activation barrier for forming a helium bubble is
clearly shown. In addition, the mechanism of helium
bubble growth and shrinkage was discussed based on
the inflow and outflow rates of point defects. It is
emphasized that, at the irradiation condition investi-
gated here, both the thermal emissions of helium and
SIAs may competitively occur from a relatively small
helium bubble with high helium pressure.
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