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In the present work, a phase-field model was developed to investigate the influence of recrystallization
on bubble evolution during irradiation. Considering the interaction between bubbles and grain boundary
(GB), a set of modified Cahn-Hilliard and Allen-Cahn equations, with field variables and order parameters
evolving in space and time, was used in this model. Both the kinetics of recrystallization characterized in
experiments and point defects generated during cascade were incorporated in the model. The bubble

evolution in recrystallized polycrystalline of U-Mo alloy was also investigated. The simulation results
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showed that GB with a large area fraction generated by recrystallization accelerates the formation and

growth of bubbles. With the formation of new grains, gas atoms are swept and collected by GBs. The

simulation results of bubble size and distribution are consistent with the experimental results.

© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of new high-density fuels with low-enriched
uranium, which can be used in research reactors, has been exten-
sively investigated to preventing nuclear proliferation in the past
decades [1,2]. U—Mo alloys are currently being developed as a po-
tential candidate fuel due to their good phase stability, good radi-
ation resistance, simple post-processing and high uranium density
that can reach 8—9 g/cm® [3,4]. However, at high fission density, the
fuel and cladding are likely to interact mechanically due to fuel
swelling. It is accepted that the formation of gas bubbles is the main
reason of fuel swelling. Therefore, it is crucial to understand and
analyze the mechanism of the behavior of fission gas bubbles under
irradiation.

Gaseous species, such as Xe and Kr generated by fission re-
actions of uranium, tend to accumulate in voids to form gas bubbles
due to their low solubilities in metal fuels [5]. On the one hand, the
production of point defect, such as vacancy, interstitial and gas
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atom by collision cascades, determines the formation and growth of
bubbles. On the other hand, existing microstructural features of
materials, including grain boundaries (GBs), dislocation networks
and precipitates, significantly affect the evolution of bubbles. These
two common factors control the processes of nucleation, growth,
migration and coalescence of gas bubbles in U-Mo alloy. However,
a thorough understanding of the interaction between point defects
and microstructural features is still an essential subject in the field
of nuclear reactor fuel materials, since they are closely related to
gas behaviors.

What cannot be ignored is that, at a fission density of approxi-
mately 3.0 x 10%! ffcm~3, a fission-induced phenomenon called
grain subdivision or recrystallization occurs spontaneously in nu-
clear fuels [6,7]. During recrystallization, large fuel grains with a
size of several microns are subdivided into small grains, and
intragranular bubbles will highly likely collapse and coalesce into
intergranular bubbles, leading to extreme swelling in U—Mo alloy.
These recrystallized grain structures lead to the increase of area
fraction of GB and decrease of the gas atom diffusion distance from
GB to the grain interior, which drastically accelerates the formation
and growth of bubbles. Although the detailed mechanisms causing
recrystallization are still under debate, it was commonly accepted
that the recrystallization mainly starts on GB or free surfaces and
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then moves to the center of the grain and fills the whole grain
eventually [8—12]. As a result, the initial grain with high dislocation
density tend to refine [11,13] and there is a reason to believe that
the driving force of recrystallization is the minimization of the local
energy of the system [14—16].

As a supplement and guidance to experiments, computer
simulation methods play a pivotal role in the field of nuclear fuels
research. A number of molecular dynamics (MD) simulations were
used to investigate the thermodynamic and kinetic properties of
gas bubble in U—Mo [17,18]. Rate theory, as a dynamic method, has
been applied in the investigations of recrystallization in U—Mo
alloy [19,20], but in-depth analyses of thermodynamics was not
conducted. In the mesoscopic scale, phase-field method is advan-
tageous as its drive force is the reduction of free energy in the
system, and it has been applied successfully in the investigations of
fuel performance [21], grain growth [22,23], void and gas bubble
evolution [24—26] and recrystallization [27—30] during irradiation.
Considering the strain energy at deformed grains, Abdoelatef et al.
[27] developed a phase-field model to simulate the formation and
evolution of high burn-up structure. Their results demonstrated
that the density and distribution of dislocation, GB energy and
existing bubbles strongly affect recrystallization. However, the
bubbles were directly introduced in their model, and the evolution
of bubble was ignored. Liang et al. [29] developed a phase-field
model to simulate the evolution of intergranular gas bubbles and
the recrystallization process. Their results showed that the recrys-
tallization process increases the nucleation rate of gas bubbles.
However, it was still a scant of phase-field simulation to investigate
the micromorphology of the gas bubble evolution and distribution
with the influence of recrystallization at different fission densities.

In the present work, a phase-field model was developed which
contains a couple of conserved phase-field variables c,, ¢g and a set
of non-conserved order parameters 7, ¢§’, #!. The formulation of
free energy was modified to incorporate the interaction between
bubbles and GB. The kinetics of recrystallization from experimental
data was also considered. This simulation of microstructural evo-
lution under irradiation is governed by a set of modified Cahn-
Hilliard and Allen-Cahn equations. Firstly, the growth of a single
bubble with supersaturated point defect concentration was
analyzed with the corresponding equilibrium concentration of gas
atoms. In addition, the phase-field model was applied in poly-
crystalline to investigate the bubble evolution in recrystallized
U—Mo alloy. The size and distribution of bubbles obtained from the
simulation result were consistent with the experimental
observation.

2. Phase-field model

Considering the evolution of gas bubbles and recrystallized
grain growth, a mesoscale phase-field model is presented in this
section. A couple of conserved field variables were considered in
the phase-field model to simulate the bubble evolution in poly-
crystalline U—Mo alloy: a vacancy concentration c,(r,t) and a gas
atom concentration cg(r,t). The vacancies and Xe gas atoms intro-
duced by cascade collision, which can diffuse and grow into gas
bubbles, are considered in these two variables. Two stable phases,
namely a bubble phase with ¢, = 1.0, ¢;#0.0 and an initial
microstructure of matrix phase with thermodynamic equilibrium
concentration of point defects with ¢, = ¢;%, ¢g = cg’, are involved
in the present work. The temporal and spatial evolution of field
variables was driven by diffusion fluxes provided by their corre-
sponding chemical potential gradients. A non-conserved order
parameter 7(r, t) was used to distinguish these two phases in space
which takes a value of » = 1.0 in the bubble phase while n = 0.0 in
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the matrix phase. In addition, a set of order parameters ¢? and ¢}
was used to represent the set of grain orientations of deformed
grains and recrystallized grains. The values of the order parameter
¢? and ¢} equal to one within a grain while equal to zero within the
other grains, similar to Chen's work [31]. All the conserved and
non-conserved variables vary smoothly across the respective
interface.

In the present phase-field model, a reasonable free energy
function of bubble evolution was built based on Xiao's work [32]. In
addition, the free energy of deformed grains and recrystallized
grains and their interaction with bubbles was considered, too.
Following the form of free energy in a non-uniform condition [33],
the total free energy of the system with the field variables and order
parameters is described by:

F= NJ [fbulk (Cw Cg» 77) +fpoly <777 ¢;‘17 ¢1r> Jrfgmd + fstored <¢?>] av
Vv

(1)

where N is the number of lattice sites per unit volume, fp,, is the
bulk free energy density describing the difference between bubble
phase and matrix phase that depends on the composition and
fraction of the point defects, f,, is the polycrystalline energy
density and fgqq is the gradient energy, respectively. fsore is the
stored elastic energy density provided by dislocation density that is
related to recrystallization.

The bulk free energy density used for the bubble evolution is
written as

Foutk (€o, €, m) =h(Mf™ (cv, g) +i(MfP (cu cg) ()

where h(n) and j(n) are interpolating functions used to describe the
fraction of the bubble phase with the forms h(n) = (n — 1)* and
j(m) = 72 It is clear that h(5) = 1.0 at 7 = 0.0 in the matrix phase
andj(n) = 1.0 atn = 1.0 in the bubble phase which ensures the free
energy vary smoothly in the interface between the matrix phase
and the bubble phase. The matrix phase free energy based on
regular solution model is derived from the enthalpy and entropic
formulation of vacancy and gas atom in the matrix that is described
in [32].

m Cy Cg 1-¢—cg
f™(cy,cg) =kgT c,,lnCTqucg lnCTq+ (1 fc,,—cg)lnil — T e
v g v g

(3)

where kg is Boltzmann's constant, ¢;? and ¢’ are the thermody-
namic equilibrium concentration of vacancy and Xe gas atom with
¢;7 = exp(~E} /kgT)
phase, respectively, where E{ and E£ are the vacancy and gas atom
formation energy.

Considering the configuration of gas atom in a bubble where n =
1.0 is assumed, the free energy of bubble phase is written as [32].

forms and g’ = exp(fEé /kgT) in the matrix

1-—

b _ Cv
fP(cv,cg) =kgT {cv ln§+ (1 —cv)ln1

Cg:|
b
Cg

where c? and Cg are the equilibrium concentrations of vacancy and

CV Cg m
o lnc—b+ (cg - cg)
v g
g —
n-&

m __
Cg

(4)

gas atom in a bubble, c? is set to 0.99 for stability, cg is derived based
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on the van der Waals equation of state under high pressure, cg' is
the maximum gas atom concentration based on the volume of a

U—Mo molecule and the van der Waals constant with a form cé," =

Q/b, respectively. The formulation of bulk free energy density is
strictly based on the thermodynamic theory and the detailed
derivation has been introduced in Wang ‘s work [34].

The deformed grains are represented by a set of order param-
eters qb?, while the recrystallized grains are represented by ¢!. The
polycrystalline free energy is written as [27].

i

fpoly <7I7 ¢?7¢,.r> =A Lll (Z <¢ld)

) Ao o)
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ac, oF
B (MTE ) 46 R0 - S (10)
ocg OF
E:V(Mgvg) + &g+ Pg(r,t) — Sg(r, 1) (11)
where M, and Mg are the mobility of vacancy and gas atom based
on corresponding diffusion coefficient with a form M, = %}Cf‘ and
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where A is a constant and v is a set of constants that are defined by
the forms v, = vq = vy, = 1.5 and v}, = v;Eqs/Egs Where Eg,;f is
the surface energy and Egp is the GB energy [28]. This formulation
dictates that the free energy in GB and bubble free surface be higher
than that in the grain interior.

The gradient energy term that represents the interfacial free
energy of system due to bubble free surfaces and GBs is written as

cy 2 K¢, 2
fgrad(cwcg77la¢;j7¢,r) :%|VCV| +7g|VCg|

2 (6)
+ vl

Knyor2 Kol
+2 |Vn|© + 5 ’qu,

where «,, Kc,, ky and k, are gradient coefficients for ¢, cg, n,¢? and
Pl

The stored elastic energy of dislocation in each damaged grain is
written as

2
Fstored (d’;i) :%<¢;j> Gbgpi (7)
where G is the shear modulus, b, is the length of the Burgers vector,
and p; is the mean dislocation density in each grain. It should be
noted that the dislocation density in recrystallized grain equals
zero. In addition, the average dislocation density in grain can be
calculated as

pi=y [pr.omr.0dv (8)

where h; is the fraction of ith damaged grain with a form described
as

()’

(o) (o)

i

(9)

In the present model, the temporal and spatial evolutions of
vacancy and gas atom concentration following the Cahn-Hilliard
equation can be written as [35].
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(5)

Mg = %ff These couple of modified Cahn-Hilliard formulations are

based on the form of the diffusion equation with some additional
terms. £, and &, represent the thermal fluctuations of vacancy and
gas atom. P, and P are the production of vacancy and gas atom
during irradiation, respectively. S, and Sg represent the absorption
of the point defects from dislocations in those deformed grains.

The source term of vacancy P, which is generated by cascade
process is written as [36].

0
RV¢

if
if

n > 0.8 or R‘l >chsc

7]<08 and R‘l < Pcasc (12)

P,(r,t) = {

where P is the probability of cascades events at each grid point
and time steps which is related to fission density. Respectively, Rq
and R, are random numbers with the value of zero to one. V; is the
maximum net increase in vacancy concentration produced by a
cascade event and is taken as 0.2 in the present work. In addition,
the condition that 7 < 0.8 is applied to ensure the source term only
works in the matrix phase. The vacancy production rate is defined
as

K =V¢ x Peasc (13)
where Vi = 0.5V is the average increase in vacancy concentration.
The vacancy production rate K has units of displacements per atom
(dpa) per unit time [36]. The damage rate can be connected to the

fission rate by a conversion factor By with the relation f= BsK [37].
This conversion factor takes a value of By = 2 x 1023 cm=3 in the

present work.
The production of gas atom concentration Pg is written as

Py(r,t) =2(1 — 1)* 4QfiR3 (14)
where /4 is a constant, and @ is the volume of the lattice site of
U—Mo, f; is the fission rate, R3 is a random number between zero
and one and the number 2 is used to account for the loss of con-
centration due to the introduction of the random number [25].

S, and Sg can be written as
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Su(r,t)=s,(cy — )P (15)
Sg(r,t) =sg(cg —cg1)® (16)

where s, and s are a couple of constants that represent the relative
absorption strength of the vacancy and gas atom from dislocations,
@ is a formula for dislocation strength in a deformed grain, which is
written as

o(r.0)= >0 (¢4)’

(17)

where ¢§1 equals one in ith deformed grain and p; is the corre-
sponding dislocation density. The order parameters include n that
distinguish the bubble from the matrix, and ¢§’, ¢; that represent

different grain orientation are governed by the Allen-Cahn equa-
tions [38] as

on OF

5= —L%+En (18)
i OF

B Lo (19)
op__ OF (20)
ot Togl

where &, is a stochastic term. L is the free surface mobility. The
values of all parameters are shown in Table .1.

Non-dimensionalized process is essential in numerical imple-
mentation. The evolution equations are solved in reduced form
with non-dimensional grid spacing (x = [ /I"), time step (1=t /t")
and diffusivity (D, = D,,t"/l’“2 and Dg = Dgt*/l*z), where the refer-
ence system is I = 0.1pm and t* = 103s. After normalization, the
evolution equations are written as

%:6(MU65—F) +&,4Py(x,7) — S,(x,7) (21)

oT ocy

Table 1

Parameters of U—Mo alloy used in the simulation.
Parameter Symbol  Value reference
Temperature T 473K
Boltzmann's constant kg 1.381 x 10723 J/K
Grid spacing 0.5 This work
Time step T 0.001 This work
Lattice constant a 0.342 nm [25]
Vacancy diffusion coefficient D, 3.84 x 10-17m?/s [25]
Gas atom diffusion coefficient Dg 4.10 x 10~7m?2/s [39]
Surface mobility L 9.04 x 1078 m3/Js [25]
Constant A 0.25 [40]
Gradient coefficient Ke,.cq 3.75x 1079 J/m [28]
Gradient coefficient Kn.é 1.36 x 1078 J/m [28]
Surface energy Egyrf 1.64 Ev [41]
GB energy Egp 0.50 Ev [41]
Xe van der Waals constants B 0.0516 L/mol [42]
Shear modulus G 36.0 GP [29,43]
Burgers vector b, 0.342 nm [29,44]
Vacancy concentration increase Vg 0.2 This work
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%Lf:@<mge%) + 8y + Pg(x,7) — Sg(x,7) (22)
- —i%JrE,, +Pug(x,7) (23)
gz _ Lé% (24)
i —i(% (25)

where V = I"V is the dimensionless gradient operator. In the pre-
sent study, (15)—(18) are discretized in space with a uniform grid
and are solved by using an explicit finite difference method with
forward Euler time-stepping. All the stochastic terms are taken as
tiny noise.

3. Results and discussion
3.1. Single bubble growth

The growth of a gas bubble is governed by the flux rate of va-
cancies and gas atoms. In the present model, the driving force of
point defects diffusion to a bubble is the chemical potential
gradient. An existing bubble keeps its size when the defect con-
centration in the matrix is the thermodynamic equilibrium con-
centration. In this situation, the chemical potential in the matrix is
equal to that in the bubble u™ = u?, and the variation of gas atom
equilibrium concentration with bubble radius is shown in Fig. 1.
This equilibrium concentration is derived from the van der Waals
equation under high pressure which is written as [34].

b Q

I — (26)
ksT / 2Equry + b

where r is the bubble radius and b is the van der Waals constant.

However, during irradiation, vacancy and gas atom are usually su-

persaturated. Due to the absorption of vacancies and gas atoms

0.5

0.4

0.3

0.2

Equilibrium concentration

0.1+

0.0 T T
0 50

T T T T
100 150 200 250

Bubble radius (nm)

300

Fig. 1. The gas atom equilibrium concentration changes over bubble radius.
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1.0e+00

Fig. 2. Single bubble evolution with supersaturated point defects for (a) t = 0, (b) t =5.56 h, (c)t = 11.11 h.
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.
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X (x0.05um)

Fig. 3. Numerical distribution on the central line of the bubble (a)order parameter, (b)vacancy concentration, (c)gas atom concentration.

from the matrix, the size of bubbles increases. It should be noted
that the concentration of gas atom in a bubble is affected by the flux
of gas atom and the change in the bubble volume itself [26].

Based on the curve in Fig. 1, a bubble with a radius of 0.2 um is
set initially with its corresponding interior gas atom concentration
of 0.082, and the simulation domain was divided into 64 x 64 grid
points. In order to investigate the evolution of phase-field variables,
the point defect concentration in the matrix is set as ¢, = 0.01 and
cg = 0.005, which is much higher than the equilibrium concen-
tration. The evolution of bubble morphologies is shown in Fig. 2.
Due to the supersaturated vacancy and gas atom, the bubble grows
to about 0.4 pm after 11.11 h. In addition, the bubble keeps circular
during the whole process due to the interface energy minimization.

The distribution of phase-field variables, corresponding to Fig. 2,
is shown in Fig. 3, and the initial defect concentration is set as n =
¢, =1.0 and ¢ = 0.082 in the bubble. It is clear that the bubble
radius increases with the increase of time, while the width of the
diffusion interface remains the same. Moreover, the value of order
parameter and vacancy concentration within the bubble is
invariant while the gas atom concentration increases to its
maximum due to the trend of chemical potential equalization be-
tween inside and outside of the bubble, which is similar to Xiao's
work [32].

3.2. Effects of fission density on bubbles evolution

The recrystallization in U—Mo alloy plays a key role in the fission
gas bubbles behavior. Based on the recrystallization kinetics char-
acterized by the experiment in Kim's work [45], the process of
recrystallization is coupled into our phase-field simulation, and a
modified Avrami equation is used to describe the recrystallization
kinetics of U—Mo alloy:

1.0

* Phase-field simulation
Experimental datal*!

0.4

Recrystallization volume fraction

Fission density (10?'f/cm?)

Fig. 4. Fitted recrystallization fraction as well as the corresponding experimental data
as a function of fission density.

Vix=1—exp[ — K(F — Fp)"] (27)
where Vi is the volume fraction with recrystallized grains, K is the
recrystallization reaction constant and F is the fission density with
a unit of 10%! f/em?, Fy is the minimum fission density for recrys-
tallization to occur and n is the Avrami exponent that depends on
nucleation and growth mechanism of subdivided grains.

The curve fitted from the experimental data is given in Fig. 4
with the value of parameters K = 0.02, Fy = 1.67 and n = 3.5. In
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Fig. 5. The morphology evolution as a function of fission density for (a) 2.0 x 102! f/cm?3, (b) 3.5 x 102! f/cm?3, (c) 4.0 x 102! f/cm? and (d) 4.5 x 102! f/cm3.

the present phase-field model, new subdivided grains are added in
the system near the original GBs according to the kinetics of
recrystallization.

The introduction of irradiation effects in our simulation is
determined by the source items in Eqs (10) and (11). The continu-
ously produced point defects in the irradiated materials result in
the increase of vacancy and gas atom concentration in the domain
which leads to bubbles formation and growth. These defects are
generated randomly in space and time according to Eq. (13). To
verify our model, an initial system including two recrystallized
grains with an initial condition of equilibrium defect concentration
was built. The simulation area is 12.8 um x 12.8 pm and the system
is initialized to contain vacancy and gas atom with ¢, = c? and g =
cgq. The evolution of the bubble and grain structures is governed by
(16)—(19). In addition, 40 order parameters are used repeatedly to
represent recrystallized grains that greatly speed up the
calculation.

The morphology evolution under different fission densities is
shown in Fig. 5 where the white region represents GB area, the red
region represents bubble area and the blue region represents area
within the grain. As shown in Fig. 5(a), before recrystallization,
there are a few bubbles distributed in the GB. Due to the smaller
free energy and faster mobility for a bubble on the GB, GB is pref-
erential region for bubbles to form and grow [26]. An intergranular
bubble will grow to lenticular and the equilibrium contact angle

Correlation from experiments!”!
Phase-field simulation

0.12

0. 09

0. 06

Fraction of bubbles

0.03

0.00

Fission density (10?!f/cm?)

Fig. 6. Comparison between the experimental and calculated fraction of bubbles as a
function of fission density.

231

Fig. 7. The morphology evolution in polycrystalline as a function of fission density for
(a) initial grains structure, (b) 3.5 x 102! f/cm3, (c) 4.0 x 102! f/cm?® and (d)
4.5 % 102! f/cm3.

depends on the ratio of GB energy to bubble surface energy with a
form cos 0 = Egp/2E,, [46]. Fig. 5(b and c) show the images of
bubble evolution in recrystallized U—Mo alloy. In general, the
newly emerging small grains will be swallowed by the larger grains.
Abundant recrystallized grains, providing GBs as sinks that absorb
the point defects in the matrix and high-speed channels for gas
atom migration, will store a lot of bubbles and increase intergran-
ular bubble growth rates [47]. It is consistent with what is observed
in Fig. 5(b and c) that the irradiation induced bubbles distribute
among the GBs between recrystallized grains.

A set of experimental data from Kim's work [9] is used to verify
our model which is shown in Fig. 6. As can be seen from the figure,
our simulation is in good agreement with the experimental results
overall. However, it can be seen that the fraction of bubbles is less
than the experimental value at low fission density. It is deduced
that the GB area is so small before recrystallization that there is a
deviation that can be ignored at high fission density.
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0.5
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Average bubble size (nm)

Fig. 8. Average bubble size distribution as a function of fission density.

3.3. Bubbles evolution in recrystallized polycrystalline of U—Mo
alloy

In this section, the current phase-field model is employed to
simulate the bubble evolution in recrystallized polycrystalline
U—Mo fuel. The initial grain structure is constructed based on an
experimentally observed image from Ref. [48] that contains five
original grains before recrystallization. As shown in Fig. 7(a), the
initial average grain size is about 10 um with the simulation grid of
25.6 pm x 25.6 pm. The system is initialized to contain uniform
vacancy and gas atom with ¢, = ¢; and ¢; = ¢, corresponding to
the equilibrium conditions. The evolution of bubble and grain
structures is governed by (20)—(23).

The morphology evolution of recrystallized U—Mo poly-
crystalline under radiation with respect to fission density are
shown in Fig. 7. During irradiation, the on-going production of
vacancy and gas atom leads to the supersaturated point defect
concentration. Unevenly distributed defects in space cause a net
flux across the bubble surfaces that allows bubbles to form and
grow. Most of the bubbles are located at the GBs and triple junction
regions of the recrystallized grains, and there are few bubbles in the
deformed grains which is consistent with the experimental
observation [48]. On the one hand, the GBs which form after
recrystallization are preferential sites for bubble formation, and the
newly formed GB significantly decreases the diffusion distance of
gas atom from grain interior to GBs. On the other hand, there are
few intragranular bubbles in the deformed grains due to the ab-
sorption of point defects by dislocation.

The size and number of bubbles significantly increase as the
fission density increases. To analyze it quantitatively, the bubble
size distribution as a function of fission density is plotted in Fig. 8. It
can be obtained by a statistical analysis that the number of bubbles
increases from 22 to 135 as the fission density increases from
3.5 x 10%! flem™3 to 4.5 x 10%! f/cm~3. As shown by the black and
red lines in Fig. 8, the peak of the bubble size distribution shifts to
the larger size side when the fission density increases. The reason
for this shift is that, bubbles can grow faster by absorbing vacancies
and gas atoms with higher defect supersaturation. Besides, with the
increase of fission rate, both the formation rate and number density
of bubbles increase. Interestingly, when the fission density
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increases from 4.0 x 10%! f/cm™3 to 4.5 x 10%! f/cm™3, the number
and density of bubbles have increased significantly but the peak of
bubble size seems to be unchanged. Hence, it is deduced that the
increment of recrystallization fraction is larger than that of point
defect. The recrystallized structure provides a large GB area as a
preferential nucleation region. However, the nucleation of bubbles
exhausts the surrounding point defects and this is why the bubble
size did not increase.

4. Conclusions

A two-dimensional phase-field model was developed to simu-
late the bubble evolution during radiation in recrystallized U-Mo
alloy. The main conclusions can be drawn as follows:

(1). The growth of gas bubbles depends on their absorption of the
supersaturated vacancies and gas atoms in the matrix. Due to
the hydrostatic pressure balance, different sizes of bubbles
have different corresponding equilibrium gas atom
concentrations.

. During irradiation, both the average size and number density
of bubbles increase with the increase of fission density.
However, the fraction of bubbles is obviously less than the
experimental value at low fission density, since the GB area is
so small before recrystallization that there is a deviation
which can be ignored at high fission density.

. In the recrystallized microstructure, bubbles with small
average size and high number density were formed, since
recrystallized grains with a large area fraction of GB and
extremely small value of grain size significantly increase the
formation probability of gas bubbles and reduces the diffu-
sion time of gas atom from grain interior to GBs.
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