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Enhanced Generic Phase-field Model of Irradiation Materials: 

Fission Gas Bubble Growth Kinetics in Polycrystalline UO2 
 

Summary 

Experiments show that inter-granular and intra-granular gas bubbles have different growth kinetics which 
results in heterogeneous gas bubble microstructures in irradiated nuclear fuels. A science-based model 
predicting the heterogeneous microstructure evolution kinetics is desired, which enables one to study the 
effect of thermodynamic and kinetic properties of the system on gas bubble microstructure evolution 
kinetics and morphology, improve the understanding of the formation mechanisms of heterogeneous gas 
bubble microstructure, and provide the microstructure to macroscale approaches to study their impact on 
thermo-mechanical properties such as thermal conductivity, gas release, volume swelling, and cracking.  

In a previous report “Mesoscale Benchmark Demonstration, Problem 1:  Mesoscale Simulations of Intra-
granular Fission Gas Bubbles in UO2 under Post-irradiation Thermal Annealing”[1], a phase-field model 
was developed to simulate the intra-granular gas bubble evolution in a single crystal during post-
irradiation thermal annealing. In this work, the phase-field model of intra-granular gas atom and bubble 
behavior was enhanced by incorporating thermodynamic and kinetic properties at grain boundaries, which 
can be obtained from atomistic simulations, to simulate fission gas bubble growth kinetics in 
polycrystalline UO2 fuels. The model takes into account gas atom and vacancy diffusion, vacancy 
trapping and emission at defects, gas atom absorption and resolution at gas bubbles, internal pressure in 
gas bubbles, elastic interaction between defects and gas bubbles, and the difference of thermodynamic 
and kinetic properties in matrix and grain boundaries. The enhanced phase-field model was used to 
simulate gas atom segregation at grain boundaries and the effect of interfacial energy and gas mobility on 
gas bubble morphology and growth kinetics in a bi-crystal UO2 during post-irradiation thermal annealing. 
The preliminary results demonstrate that the model can produce the equilibrium thermodynamic 
properties and the morphology of gas bubbles at grain boundaries for given grain boundary properties. 
These predictive capabilities are important because the gas bubble growth and interlinkage depend on the 
local gas atom segregation, gas bubble morphology and the fluxes of gas atoms and vacancies from the 
grain. Furthermore, we can use the model to identify the evolution mechanisms behind the inter-granular 
gas bubble growth kinetics together with atomistic simulations and experiments.  More validation of the 
model capability in polycrystalline is underway.   

 

Key words: Phase-field approach; Atomistic simulation; Grain boundary; Fission gas bubbles; Uranium 
dioxide; Post-irradiation thermal annealing.  
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FUEL CYCLE R&D PROGRAM 

ENHANCED GENERIC PHASE-FIELD MODEL OF IRRADIATION 
MATERIALS: FISSION GAS BUBBLE GROWTH KINETICS IN 
POLYCRYSTALLINE UO2 

1. INTRODUCTION 
During operation of light water reactor (LWR), the fission process generates many different fission 
products, including xenon (Xe) and krypton (Kr) atoms.  The noble gas atoms Xe and Kr represent about 
30% of the fission products produced, and the behavior of the gas atoms is important to the microstructure 
evolution and overall performance of the nuclear fuel.  Because of the extremely low solubility of the 
noble gas atoms in the UO2 matrix, gas bubbles composed of Xe, Kr, and other gas atoms precipitate 
within the UO2 grains and, depending on the temperature conditions, gas atom diffusion will result in 
nucleation and growth of gas bubbles on the grain boundaries (GBs).  Continuum-level mechanisms, such 
as fission gas release and volumetric swelling due to bubble growth, are included in nuclear fuel 
performance assessments. 

The behavior of fission gas atoms in UO2 has been extensively studied using experiments performed on 
single crystal and polycrystalline materials under a variety of temperatures and irradiation conditions for 
more than 50 years [2-8].  From these studies a general picture of the mechanisms that influence the 
transport and release of fission gas atoms has been developed.  Thermally induced fission gas diffusion 
and release from the fuel generally occur in two stages:  1) diffusion and trapping of single Xe gas atoms 
within the grains, and 2) formation and inter-linkage of GB bubbles.  A schematic of these processes is 
shown in Figure 1.  First, a gas atom is created within a region of radiation-induced vacancies and 
interstitial atoms caused by the atomic interactions/cascades during the stopping process following 
fission.  Gas atom diffusion assisted by uranium (U) vacancy clusters then takes over until nucleation of 
small high pressure intra-granular bubbles.  These bubbles act as trapping sites for gas atoms until a 
fission fragment spike causes resolution of Xe atoms back into the matrix.  Several transmission electron 
microscopy studies of irradiated fuel have found that the mean radius of the intra-granular bubbles is 
approximately 1 nm with only a slight dependency on the burnup or concentration of the Xe atoms in the 
matrix [9, 10].  At sufficient temperatures (> 800°C), gas atoms diffuse to the GBs and nucleate GB 
bubbles.  Some fraction of the gas in the GB bubbles is knocked back into the grain by interactions with 
fission fragments.  The remainder continues to cause the GB bubbles to grow until inter-linkage of 
bubbles results in venting of the gas out of the fuel.  
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Figure 1.  Schematic process of thermally induced fission gas diffusion and release from fuels.   

The goal of studying gas atom behavior is to understand the evolution kinetics of the heterogeneous gas 
bubble microstructure within the grain and along the grain boundaries because it is important to predict 
gas release, thermal conductivity, fuel swelling, cracking, and fuel performance. Fission gas release is one 
of the safety issues in nuclear fuel performance.  Great effort has been made in developing computational 
models for the prediction of gas release and fuel performance [11-16].  The most advanced models 
include FASTGRASS [12], VICTORIA [13], MFPR [14, 15] and FRAPCON[16].  An important feature 
of these models of fission gas release is the calculation of the gas deposition rate at the boundaries of the 
fuel grains. In these codes a number of assumptions including the volume average concentration of fission 
gases in the grain; time and position independent diffusivity; intra-granular gas bubble growth kinetics, 
and grain growth kinetics are applied in order to empirically calculate the deposition rate. However, it is 
well known that the gas bubble microstructure within the grain and along the grain boundaries is strongly 
heterogeneous. Defects such as GBs and dislocations, and the interaction between these defects and 
vacancies/gas atoms affect the diffusion, absorption and emission of gas atoms and vacancies, gas bubble 
nucleation and growth kinetics, hence, the gas deposition rate at GBs. Therefore, it is desired to develop a 
science-based simulation method for studying gas bubble evolution kinetics and assess the effect of 
defects, thermodynamic and kinetic properties, and different mechanism on gas atom deposition rate at 
GBs.  

The phase-field (PF) approach has been successfully used in predicting 3-D microstructure evolution such 
as solidification, grain growth, martensitic transition, precipitation, ferroelectric/ferromagnetic transition, 
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dislocation dynamics, deformation twin, sintering, and microstructure evolution in irradiated materials 
[17-23]. The advantages of the PF approach are that 1) no a priori assumption of microstructure 
morphology is needed; 2) explicitly tracking the interface and topological changes employed in sharp 
interface methods is not needed; and 3) the continuous description of energy landscape to take into 
account both short-range and long-range interactions. Application of the PF model has the potential to 
reduce many of the simplifying assumptions used in engineering scale models to calculate the gas 
deposition rate at GBs. In the previous report[1], a PF model was developed to simulate the intra-granular 
gas bubble evolution in a single crystal during post-irradiation thermal annealing.  This PF model has now 
been extended by incorporating thermodynamic and kinetic properties for GB and gas atom interactions, 
which are obtained from atomistic simulations, to simulate fission gas bubble growth kinetics in 
polycrystalline UO2 fuels.  

2. GAS BUBBLE MICROSTRUCTURE IN IRRADIATED UO2 
MATERIALS  
Heterogeneous gas bubble microstructure within the grain and along the grain boundaries has been 
observed in both operating UO2 fuels and post-irradiation thermal annealing UO2 samples [3, 24]. 
Kashibe et al. [3] investigated the gas bubble evolution in UO2 with a burnup of 23 GWd/MTU during 
thermal annealing from 800°C to 1800°C. The pre- and post-thermal annealing appearance of the fission 
gas bubbles within the grain and along the grain boundaries obtained from transmission electron 
microscopy are shown in Figure 2. It is clearly seen that the gas bubbles near the GB have much larger 
size and lower density than those inside the grain.  Structural defects such as dislocations and GBs which 
act as sinks and/or sources of vacancies, interstitials, and gas atoms, play an important role in gas bubble 
evolution kinetics and the formation of the heterogeneous gas bubble microstructure in polycrystalline 
UO2 materials. In order to evaluate the role of the different microstructure mechanisms on the intra-
granular bubble distribution and grain boundary bubble nucleation and growth, the PF model was 
extended to incorporate the effect of grain boundaries on gas atom diffusion, grain boundary bubble 
formation, and growth.  

 

 
Figure 2.  Intra-granular bubble behavior from Kashibe et al. [3]. 

Bubble Population 
•Pre-anneal 

Bubble Population 
•Post-anneal 
•1800°C - 5hr 
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Gas bubble evolution in polycrystalline UO2 materials during post-irradiation thermal annealing is a very 
complex process. To model the problem, we made the following assumptions:   

a) Gas bubble growth needs a continuous supply of U/O vacancies and Xe atoms.  Xe atoms may 
occupy a U vacancy lattice or interstitial lattice depending on valid U vacancy and Xe 
concentrations.  For the simplicity of description, we assume that Xe atoms occupy interstitial 
lattices.  Thus, the XeU (Xe occupies one U vacancy) is described by a cluster of a U vacancy 
and an interstitial Xe atom.  Therefore, a two-sublattice model is used to describe the vacancies 
and Xe atoms, which allows one to study the effect of vacancy starvation and vacancy emission 
on gas bubble growth.  

b) Xe interstitial, U vacancy, and the XeU (Xe occupies one U vacancy) have very different 
mobilities, as reviewed in Appendix A. In addition, other complexes such as XeUO (a Xe 
occupies one U and one O vacancy) and XeUO2 (a Xe occupies one U vacancy and two O 
vacancies) are also mobile and contribute to the diffusion of vacancies and Xe atoms.  So the 
effective mobilities of U vacancies and Xe atoms are used in the model.  In the present 
simulations the effective migration energy, 3.9 eV, for both U vacancy and Xe atom is used, but 
different mobilities of U vacancies and Xe atoms can also be used.  

c) Gas bubbles formed during low temperature irradiation may be unstable at the higher annealing 
temperature.  So the initial size distribution of gas bubbles may dramatically affect the results of 
gas bubble size and density evolution.  In the simulations, a normal (Gaussian) distribution with a 
mean radius of 1 nm and standard deviation of 1 nm is used to generate the initial gas bubble size 
distribution. 

d) Chemical potential gradient is one driving force for vacancy and Xe diffusion.  Kim’s model [25] 
is used to describe the chemical free energy of matrix and gas bubble phases.  To efficiently solve 
the PF evolution equation, we use two parabolic functions to approximate the ideal solution free 
energy of the matrix with vacancies and Xe atoms and the free energy of the gas bubble phase, 
which is calculated from the equation of state.  

e) Dislocations are sinks or sources of vacancies.  Because of the lack of sink and emission 
strengths, the emission rate of vacancies from dislocations is taken as a model parameter in the 
simulations.   

f) The initial vacancy concentration is assumed as a model parameter since experiments [4] 
suggested that vacancy emission could be an important mechanism that affects the gas bubble 
evolution kinetics.   

g) O vacancy has a much higher mobility than the U vacancy and Xe atom.  But it is not a rate-
limiting species in gas bubble growth.  Therefore, we neglected O vacancies.  Its effect is 
accounted for in the effective diffusivity of U vacancies and Xe atoms.  

h) The contribution of small gas bubble migration at high temperature to gas bubble evolution is 
ignored in this model.  However, a PF model of void migration can be extended to describe gas 
bubble migration [23, 26]. 

i) On GBs, the formation energies of defects such as vacancies and Xe atoms are different from 
these inside the grains.  Therefore, the defect solubility on GBs and inside grains will be different. 
Spatial dependence of defect formation is assumed in the enhanced PF model. 
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j) On GBs, the migration energies of defects such as vacancies and Xe atoms are different from 
those inside the grains. Spatial dependence of defect mobility is assumed as well.    

3. ENHANCED GENERIC PHASE-FILED MODEL  

 Definition of microstructure and PF model variables 3.1
In the framework of PF modeling, the microstructure of fission gas bubbles in polycrystalline UO2 can be 
described by two sets of field variables. One is the concentration variables describing the concentrations 
of diffusive vacancies and gas atoms. The other one is the order parameter distinguishing grains in the 
polycrystal and gas bubble phase. In reality, there are a number of mobile vacancies in irradiated UO2 
such as single oxygen and uranium vacancies, and small vacancy clusters. Fission reaction also produces 
a number of fission gas atoms including Xe, Kr, and He which form the gas phase. For simplicity, we use 
variable  to describe the overall vacancy concentration which includes O and U vacancies and 
their vacancy clusters, and  to describe overall gas atoms (Xe, Kr, He, …) concentration. 
Variables  and  are the spatial coordinate and time, respectively. The vacancies and gas atoms are 
assumed to diffuse with an effective diffusivity.  Thus, two sub lattices, the host lattice and the interstitial 
lattice, are used to describe the crystal structure. The host lattice is occupied by U and O atoms or 
vacancies while gas atoms occupy the interstitial lattices. The  and  are the numbers of 
moles of vacancies and gas atoms, respectively, in the molar volume of UO2 lattices. Here, we imply that 
the ratio of U and O vacancies in the molar volume remains ½ during absorption, emission and diffusion 
processes. We assume there are two phases coexisting in the system, i.e., the matrix phase and gas bubble 
phase. The order parameters are denoted by ( ) ),,2,1(,, niti =rη  to distinguish the matrix phase in 
grain i from others. n is the total number of grains in the simulation cell. Inside of the matrix phase in 
grain i, 1),( =ti rη . Outside of grain i, 0),( =ti rη . In the gas bubble phase, all the order parameters 

( ) ),,2,1(,, niti =rη  are set equal to zero. The equilibrium thermodynamic values of concentrations 

and order parameters are: ( )eqm
gg

eqm
vv cccc ,, ,,1 ===η  at the matrix phase and 

( )eqb
gg

eqb
vv cccc ,, ,,0 ===η  at the gas bubble phase where ∑

=

=
n

i
i

1
ηη . Order parameter ),( ti rη  

smoothly changes from 1 to 0 across its corresponding interfaces including GBs and gas bubble 
interfaces. The vacancy concentration  and gas atom concentration  also smoothly vary 

from ( eqb
g

eqb
v cc ,, , ) to ( eqm

g
eqm

v cc ,, , ) from the gas bubble phase to the matrix phase.  

 Total free energy 3.2
The total free energy of the system includes the chemical free energy, gradient energy, and long-range 
interaction energy, and is written as a function of the PF variables as 

(1)        ( )∫ ∑∑











+∇+∇+∇∇+=

= =V
ij

def
n

i

n

j
gvji

ij
ngv dVUccTccFE )(

22
),,,,,(

1 1

22
22

1 ε
κ

ηη
κ

ηη  ,  



Fission Gas Bubble Growth Kinetics in Polycrystalline UO2 (May 2012) 6 

 

where V is the system volume, ),,,,,( 1 TccF ngv ηη   is the chemical free energy density, T is absolute 

temperature, ijκ  and κ  are the gradient coefficients associated with interfacial energy of GBs and gas 

bubbles, defU  is the elastic energy density associated with the lattice mismatch of the defects including 
distributed gas bubbles, vacancies, gas atoms, and GBs, and )3,2,1 ,( =jiijε  are elastic strain 

components. 

Following Kim’s solidification model [25], the chemical free energy density of the system is constructed 
as  

(2)           ( ) [ ] ( ) ),,(,,)(1,,)(),,, ,,( 11 n
b
g

b
v

bm
g

m
v

m
ngv wgTccfhTccfhTccF ηηηηηη  +−+= , 

where ( , bf ),  and ) ,( b
g

b
v cc  are the chemical free energy densities, vacancy and gas atom 

concentrations of the matrix and the gas bubble phases, respectively. ),,( 1 ng ηη   is a double-well 

potential for each ηi and the simplest form is ( ) [ ]∑
=

−=
n

i
iing

1

22
1 )1(,, ηηηη   and w  is the height of the 

double well. 32 23)( ηηη −=h  ( ∑
=

=
n

i
i

1
ηη ) is an interpolation function describing the volume fraction of 

matrix phase. The Kim’s model assumes that any point within the gas bubble interface region is 
considered as a mixture of the matrix and gas bubble phases with the same inter-diffusion potential. 
Therefore, the concentrations satisfy the following chemical equilibrium and mass balance equations, 

(3)                            

( ) ( )[ ] ( ) ( )[ ]
( ) ( ) ( ) ( )

.
,,,,

,
,,,,

,1,1

b
g

b
g

b
v

b

m
g

m
g

m
v

m

b
v

b
g

b
v

b

m
v

m
g

m
v

m

b
g

m
gg

b
v

m
vv

c
Tccf

c
Tccf

c
Tccf

c
Tccf

chchcchchc

∂
∂

=
∂

∂
∂

∂
=

∂
∂

−+=−+= ηηηη

      

From eq. (3), we can obtain 

 

(cv
m ,  cg

m ) and ) ,( b
g

b
v cc  for given ) ,( gv cc . 

 Chemical free energies of the matrix and gas bubble phases 3.3
Using the ideal solution assumption, the chemical free energy density of the matrix phase with vacancy 
and gas concentrations 

 

cv (r,t) and 

 

cg (r,t)  can be written as  

(4)                 
{

},)]1ln()1()ln([                    

)]1ln()1()ln([1),,(

m
g

f
gA

m
g

m
g

m
g

m
g

m
v

f
vA

m
v

m
v

m
v

m
v

m
g

m
v

m

cENccccT

cENccccTTccf

+−−+ℜ+

+−−+ℜ
Ω

=
        

where 314.8=ℜ ( )]KmolJ/[ ⋅  is the gas constant, ]mol[10022.6 123 −×=AN  is the Avogadro 

constant. f
vE  and f

gE  are the formation energies of a vacancy and a gas atom, respectively. Ω is the 

molar volume of UO2 and Ω=2.53×10-5 [m3/mol].  

In simulations, ),,( Tccf m
g

m
v

m  is replaced approximately by parabolic functions as 



Enhanced Generic Phase-field Model of Irradiation Materials (May 2012) 7 

 

(5)                   ( ) ( )2,
12

2,
12),,( eqm

g
m
g

eqm
v

m
v

m
g

m
v

m ccBccATccf −+−= ,    

where ( )TkEc B
f

v
eqm

v −= exp,  and ( )TkEc B
f

g
eqm

g −= exp,  are the thermal equilibrium solubility of 

vacancies and gas atoms, respectively. kB =1.381×10-23 [J/K] is the Boltzmann constant. Both 
),,( Tccf m

g
m
v

m  in eqs. (4) and (5) have the same first derivatives at a given concentration ),( 00
gv cc .  

If assuming a UO2 vacancy has the same formation energy as a Xe atom, f
vE = f

gE = fE =3 eV. In the 

following simulations, )01.0,01.0(),( 00 =gv cc , 1212 AB =  and 

( ) ( )Tcc
aa

cc
aa

C
A

eqm
vv

eqm
vv

,0
12

,0
12

44

12

24004
3

−
−

+
−
+−

=
, 

( ) ( )00
1 log003078201log003078201786050 vv c.c. -. a +−= , 

( ) ( )00
2 log 0.009234611log0.00923461-.1786050 vv cca +−= . 

For simplicity, the chemical free energy density of the gas bubble phase is assumed to be parabolic 
functions of b

vc  and b
gc  as  

(6)                    ( ) ( ) ( ) 2021
2

222021
2

22,, BcBcBAcAcATccf b
g

b
g

b
v

b
v

b
g

b
v

b +++++= .  

If eqb
vc ,  and eqb

gc ,  are the equilibrium concentrations of the gas bubble phase, 1, =eqb
vc  and eqb

gc ,  can be 

obtained from the equation of state of Xenon. We used Ronchi’s results of Xenon [27] to determine 
7.0 , ≈eqb

gc .  The left two unknown coefficients (e.g., A22 and B22) will be determined by given (
crosscross

v
cross
v fcc ;, ), i.e., ( ) ( ) crosscross

v
cross
v

bcross
v

cross
v

m fTccfTccf == ,,,, . Therefore,  

( )( ) ( )( )2,,
12

12
222

,,
12

12
22 ,

crosseqb
g

eqm
g

cross

crosseqb
v

eqm
v

cross

fccB

fBB
fccA

fAA
+−

=
+−

= . 

If ,5.0
44

=
C
f cross

then the chemical free energy is completely determined as shown in Figure 3. 
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Figure 3. Chemical free energies used in our simulations. 

 Elastic energy density 3.4
The last term of the right side of eq. (1) is the elastic energy.  If we assume that the variation of stress-free 
lattice parameter of the matrix phase, a, with the given concentrations of vacancies and gas atoms, obeys 
the Vegard’s law, the local stress-free strain caused by the defect inhomogeneity is given by  

(7)                               ( ) ( )[ ] )(,0,0* ηδεδεε hcccc ij
eqm

gg
g

ij
eqm

vv
vm

ij −+−= ,   

where v
v dcdaa /)/1(0 =ε  and g

g dcdaa /)/1(0 =ε  are the expansion coefficients of the lattice 

parameter due to the introduction of vacancies and interstitials, respectively, and ijδ  is the Kronecker-

delta function.  The vacancy and gas concentrations are high in the gas bubble phase where the Vegard’s 
law may no long be applicable. The stress-free strain in the gas bubble phase is described as  

(8)                        [ ])(1),()( 0* ηδεε hTc ijg
bb

ij −=r ,       

where ),(0 Tcg
bε  can be estimated as )2/(),( 1211

0 CCPTcg
b +=ε  where P is the pressure inside of 

the gas bubble phase and can be obtained from the equation of state, and C11 and C12 are the elastic 
constants of the gas bubble phase. Thus, the total stress-free strain tensor is  

(9)                      ( ) ( )[ ] [ ])(1),()(   0,0,0

***

ηδεηδεδε

εεε

hTchcccc ijg
b

ij
eqm

gg
g

ij
eqm

vv
v

b
ij

m
ijij

−+−+−=

+=
    

The elastic energy density defU  is calculated by: 

(10)                                             

 

U def =
1
2

λijklεij
elεkl

el ,      
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where the summation convention over the repeated indexes is used. ijklλ  is the elastic constant tensor of 

the system (its Voigt notation is Cij). el
ijε  is the elastic strain which is calculated by 

(11)                                          )()( * rr ijijij
el
ij εδεεε −+= ,   

where ijε  is the homogeneous strain characterizing the macroscopic shape and volume change, )(rijδε  is 

the heterogeneous strain of ∫ =
V

ij dV 0)(rδε .  For elastic inhomogeneous solids, such as UO2 matrix with 

voids and gas bubbles, the elastic solution can be obtained using the iteration method [28]. For simplicity, 
we assume the gas phase has the same elastic constants as UO2 and of cubic anisotropy with 
C11/C44=6.17, C12/C44=1.89, C44=64 [GPa]. [29] 

 Kinetic equations 3.5
In all PF models, the temporal and spatial evolution of the field variables follows the same set of kinetic 
equations.  A conserved field, e.g., concentration field, evolves with time according to the Cahn-Hilliard 
equation [30], whereas a non-conserved field, e.g., the order parameter field, is governed by the Allen-
Cahn equation [31].  The evolution equations of gv cc  , , and iη  are written as  

(12)     
( ) ,),,()( 2

ijvdisv
v

def

vv
v cc

c
UFM

t
c σρωκ +









∇−
∂
+∂

∇⋅∇=
∂
∂

            

(13)     
( ) ,)( 2













∇−
+∂
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t
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κ
δ
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


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
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∂
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


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
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


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


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∂
∂

+
∂
∂
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∂

∂

∑

∑

≠

≠

i
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g
g
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m
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i

i
ji
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where vvM  and ggM  represent the mobility of vacancies and gas atoms and are determined from the 

diffusivity by eqm
vv cc

v

m

vv c
fDM ,)/( 2

2

=∂
∂

=  and eqm
gg cc

g

m

gg c
fDM ,)/( 2

2

=∂
∂

= .  is the interface mobility 

coefficient. ),( , ijvdis c σρω  is the vacancy emission rate which depends on dislocations 

 

ρdis, local stress 

 

σ ij , and vacancy concentration 

 

cv (r,t).  
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 Diffusivity, mobility, and interfacial energy  3.6

Assume vacancies and gas atoms have the same diffusivity of [ ]TED m /5.11604exp105.0 4 −×= −  

[m2/s] with Em being vacancy or gas atom migration energy in eV. The gradient energy coefficients iiκ ,

)( jiij ≠κ , κ , and double well height w are model parameters which can be determined by the interfacial 
energy and interface thickness of the gas bubbles and GBs. The relationship between model parameters 
and material properties can be derived with the equilibrium solutions [19, 32]. In the present simulations, 
the model parameters are estimated by the following relations: 

(15)                      wijiiGB )( κκγ +∝ ,           fwiiBubble ∆+∝ κκγ ,  

(16)                      ( ) wijiiGB κκλ +∝2 ,     
fw

ii
Bubble ∆

+∝
κκλ2 ,                   

where GBγ  and Bubbleγ  are the interfacial energies of the GB and gas bubble interface, respectively. 

GBλ2  and Bubbleλ2  are the thickness of the GB and gas bubble interface, respectively. And f∆  is the 

height of the double well of free energy ( ) [ ] ( )TccfhTccfh b
g

b
v

bm
g

m
v

m ,,)(1,,)( ηη −+ .  

 Thermodynamic and kinetic properties at GBs  3.7
Like in single crystal, the thermodynamic and kinetic properties of defects near GBs can be calculated by 
atomistic simulations. The current model aims to incorporate the thermodynamic and kinetic properties of 
gas bubble evolution in polycrystalline UO2 materials. To do so, spatial dependences of formation 
energies and mobility of defects are described by: 

(17)                        ),(,,
0

,, jiji
f

Xev
f

Xev
f

Xev
f

Xev yEEE
≠

∇∇∆+= ηηr  

(18)                       ),(,,
0

,, jiji
m

Xev
m

Xev
m

Xev
m

Xev yEEE
≠

∇∇∆+= ηηr  

where 0
,
f

XevE  is the formation energy of vacancy/Xe inside the grain, f
XevE ,∆  is the difference of the  

formation energies at the GB and inside of the grain, ),(, jiji
f

Xevy
≠

∇∇ ηηr  is the spatial dependent 

function of formation energy. 0
,

m
XevE  is the migration energy of vacancy/Xe inside the grain, m

XevE ,∆ is the 

difference of the migration energies at the GB and inside of the grain, ),(, jiji
m

Xevy
≠

∇∇ ηηr  is the spatial 

dependent function of the migration energy. Generally speaking, the spatial dependence of vacancy/Xe 
formation energy and migration energy can be fitted from atomistic simulation results. The related 
atomistic simulation methods are described in details in Appendix A. 
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4. RESULTS AND DISCUSSION 
To validate the developed PF model, we examined the gas atom segregation at GBs, the effect of 
interfacial energy and mobility on inter-granular gas bubble morphology and gas bubble growth kinetics 
in a bi-crystal using a 2-D computational model. A simulation cell 512dx×1dy×64dz, and grad size 
dx=dy=dz=l0=1nm were used. Considering the fact that the size of grains in UO2 pellets is about 10 
microns, the simulation cell is 0.512 micron. Therefore, the simulation cell is too small to fully represent 
the interaction between intra-granular gas bubbles and inter-granular gas bubbles.  In this work, we focus 
on examining the thermodynamic properties at GBs.  In the simulations, the initial conditions, 
thermodynamic and kinetic properties and model parameters are listed in the Table B - 1 and Table B - 2 
of Appendix B which were from a previous report [1]. The migration energies of vacancies and gas atoms 
are set to be the same as 0m

Xem EE = . The height of the double wells is 014.0/ 44 =Cw .  

 Xe segregation on GBs 4.1
Since the formation energy of Xe/vacancy at GBs is different from that inside of grains, its solubility is 
different inside of grains and at GBs, hence, Xe/vacancy segregation or depletion at GBs occurs. To 
examine Xe segregation at GBs we consider a bi-crystal without any initial gas bubble presence as shown 
in Figure 4(a). The initial gas concentrations of vacancies and Xe atoms in the matrix are 0.0042. Figure 
4(b) shows the time evolution of Xe concentration distribution across the interface along A-A line as 
shown in Figure 4(a). The formation energy of Xe atom/vacancy at the GB is 3.5eV while it is 3.9 eV 
inside of the grain. It is clearly seen from Figure 4(b) that Xe concentration gradually reaches its 
equilibrium state with time and its equilibrium concentration at the GB is higher than that inside of the 
grain due to smaller formation energy at the GB. The dependence of Xe segregation on its formation 
energy at GBs is plotted in Figure 4(c).   
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Figure 4.  (a) Schematic draw of a bi-crystal, (b) temporal evolution of Xe concentration distribution 

along A-A line shown in (a) for eV4.0−=∆ f
XeE , s10,/ 4

00
* −== tttt , and (c) equilibrium Xe 

segregation profile across the GB for different f
XeE∆ . 

 Effect of interfacial energy and mobility on gas bubble morphologies 4.2
in a bi-crystal at 2000K  

In order to study the effect of interfacial energy and gas atom mobility, we started a simulation with 
initially random distributed gas bubbles of a density 323 /109 m× and a mean diameter of 2nm. The GB 
gradient coefficients of 012.00 =κκ ii  and )(0.00 jiij ≠=κκ  with )( 44

2
00 Cl=κ  are used in the 

simulations.  Figure 5 shows the gas bubble evolution in a half of the simulation cell. The color bar 
denotes Xe concentration. The white line shows the left GB in Figure 4(a). The gas bubbles in Figure 5(a) 
have a larger interfacial energy (the dimensionless gradient coefficient 02.0/ 0

* == κκκ ) than that in 

Figure 5(b) where 01.0* =κ . As expected, the gas bubbles in Figure 5(a) have a larger contact angle at 
the GB than that in Figure 5(b). From the GB evolution, we can see that interaction between the GB and 
nearby gas bubbles results in the GB migration.   
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Figure 5. Effect of gas bubble interfacial energies on gas bubble morphology and growth kinetics: (a) 

02.0* =κ  and (b) 01.0* =κ . 

Figure 6 shows that the gas bubble microstructure snapshots at t*=12000 for different mobility of Xe at 
the GB with 01.0* =κ . We can see a tendency that the grain face gas bubbles grow faster and have 
elongated morphology with increasing mobility at the GB. As a consequence, a gas tunnel at the GB will 
form faster. Figure 7 displays the temporal gas bubble evolution in the whole simulation cell when 

0m
Xe

m
Xe EE∆ =0, 01.0* =κ  and a different initial gas bubble distribution from Fig. 6(a). As we expected, 

there is no obvious difference of gas bubble coarsening kinetics between inside the grain and near the 
grain boundaries because of the small simulation cell. But it clearly shows the evolution of the grain 
boundary and grain face gas bubble shape to satisfy the equilibrium among grain boundary tension and 
gas bubble interface tensions. Again, the GB migration can be observed. 
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Figure 6. Snapshots of the gas bubble morphology at time t*=12000 for 0m
Xe

m
Xe EE∆  being (a) 0; (b) 2; (c) 

4. 
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Figure 7.  Snapshots of gas bubble temporal evolution from t*=0 to t*=12000 when 0m
Xe

m
Xe EE∆ =0, 

01.0* =κ .   
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5. CONCLUSIONS 
We have enhanced the generic PF model by enabling it to simulate the effect of thermodynamic and 
kinetic properties of the system on gas bubble microstructure evolution kinetics and morphology during 
post-irradiation thermal annealing in polycrystalline UO2 materials. Preliminary simulations demonstrated 
that the model reasonably predicts GB segregation, grain face gas bubble morphology, the effect of 
mobility inhomogeneity on gas bubble growth kinetics. However, for quantitative simulations, we need 1) 
more validation of the model, especially the relation between model parameters and interface properties; 
2) accurate atomistic simulation results on GB properties such as atomic structures, formation energy, and 
migration energy to develop the functional used in our model; and 3) benchmark the gas bubble evolution 
kinetics against experiments.  
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APPENDIX A: THERMODYNAMIC AND KINETIC PROPERTIES OF 
GRAIN BOUNDARIES 
 

Grain boundary energies, atomic structure and stresses near GBs  

The experimental data indicated that ~16% of the boundaries were CSL (coincident site lattice) 
boundaries and the CSL distribution was dominated by low ∑ boundaries; namely ∑9, ∑3, and ∑5 [1]. 
Based on these experimental observations, two representative GBs (GBs), ∑3 and ∑5, will be considered 
in the present work. Starting from general-twin slab configurations, γ surfaces were calculated to search 
for the minimum energy structures of the GBs. We used the interatomic potential developed by Yakub et 
al. [2] to describe the interactions of UO2. The stable GBs are shown in Fig. 1. 

After constructing the minimum energy structures of the two different GBs, the GB energy will be 
calculated using the following equation [1] 

2

tot
GB bulk

GB
E nEE

A
−

= ,                                                                                               (A-1) 

where tot
GBE  is the total energy of the simulation box including the GB, Ebulk is the total of bulk UO2 per 

unit, n is the total number of UO2 units in the box, and A is the area of the GB interface. Our results will 
be compared to those in Ref. [1]. 

The stress of ∑3 and ∑5 GBs will be calculated using molecular statics, which is similar to that of ∑3 GB 
in iron, as shown in Fig. 2. From Fig. 2, it is clearly seen that the stress is distributed within about 1nm 
near the interface, which suggests that the noble gas may be trapped in the regions of high stress 
concentration. 

 

 

 

 

 

 

 

 

 

Fig. 1.  Structure of GBs in UO2: (a) ∑3 and (b) ∑5. Small and big spheres represent U ions and O ions, 
respectively. 
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Fig. 2.  Stress distribution on the XOY plane of Σ3{112} in α-Fe.  

 

Properties of Xe-vacancy (XenVm) clusters around GBs in UO2 

According to the stress distribution of GBs in UO2, the Xe-vacancy clusters will be placed in the region of 
high stress concentration. The fate of XenVm clusters in and around the interface of GBs in UO2 will be 
investigated using molecular statics, molecular dynamics and the dimer method. Firstly, within about 1nm 
from the interface, XenVm clusters are initially placed in different distance from the interface and relaxed 
to minimum energy configurations using molecular statics. The formation energies of XenVm clusters 
around the GB will be studied using following equations: 

n m n m

f tot tot d Xe
GBXe V GB Xe VE E E m E n E+= − + × − × ,                                                       (A-2) 

where 
n m

tot
GB Xe VE +

 and tot
GBE  are the total energy of the crystal which includes the GB, with and without 

the XenVm cluster, respectively. dE is the cohesive energy of U or O ion, XeE is the cohesive energy of 
fcc Xe. Especially, for n=0 and m=1, 

n m

f
Xe VE becomes to f

vacE , which is the formation energy of a vacancy 

(It should be noted that the vacancy may be an oxygen vacancy or an uranium vacancy.); for n=1 and 
m=0, 

n m

f
Xe VE is the formation energy of an interstitial Xe atom ( f

XeE ), from which the binding energy of a 

Xe atom to the GBs can be determined; for n=1 and m=1, 
n m

f
Xe VE indicates the formation energy of a 

substitutional Xe ( f
subE ) in the GBs. Because of two kinds of vacancies in UO2, the substitutional Xe may 

sites at the U or O lattice position. The formation energies of XenVm clusters as a function of distance to 
the GB interface will be studied in details.  

The binding properties of the XenVm clusters to GBs in UO2 will be also studied as a function of distance 
to the GB plane. The binding energies of the XenVm clusters to GBs are obtained from the equation [3]: 

,n m n m n m

fb tot tot
GBXe V Xe V bulk Xe VE E E E= − − ,                                                                 (A-3) 
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where 
n m

tot
GB Xe VE +

 and tot
GBE  are the same as those in Eq. (A-2), , n m

f
bulk Xe VE is the formation energy of a 

XenVm cluster in bulk UO2. The various binding energies in the different GBs will affect the diffusion and 
migration mechanisms of Xe atoms in UO2. 

Dynamic behavior of Xe atoms and small Xe clusters at GBs in UO2 

Firstly, the migration mechanisms of self-interstitials, vacancies and Xe interstitial at the ∑3 and ∑5 GBs 
are investigated using dimmer method. The results are compared to those in bulk.Then, the diffusion 
properties of Xe interstitials and Xe clusters in ∑3 and ∑5 GBs at different temperatures will be obtained 
using molecular dynamics simulations. The positions ri(t) of all the atoms at time t are recorded and the 
mean-square displacement (MSD) is determined by [3] 

∑
=

−=>−<=
N

i
iiii rtr

N
rtrMSD

1

22 )0()(1)0()( ,                                                          (A-4) 

where N is the total atomic number and  ‘<∙∙∙>’ denotes averaging over all the atoms. The diffusion 
coefficient (D) can be obtained with the Einstein-Smoluchowski relation: 

          >−<==
∞→∞→

2)0()(1limlim rtr
tqtq

MSDD i
i

t
i

t
,                                                                  (A-5) 

where qi is a numerical constant that depends on the dimensionality such that  qi = 2, 4, or 6 for the one-, 
two- or three-dimensional diffusion, respectively. The relation of the migration energy (Em ) to the 
diffusion coefficient D is based on the Arrhenius equation: 

          )/exp(0 TkEDD Bm−= .                                                                                               (A-6) 

The Em and D can be obtained by fitting the diffusion coefficient to equation (A-6) over a range of 
temperatures. 
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APPENDIX B: INITIAL CONDITION AND MATERIAL PROPERTIES 
USED IN SIMULATIONS. 
 

Table B - 1. Initial condition. [1] 

Description Value 

Initial bubble density 9x1023/m3 

Initial gas concentration in 
matrix 

0.0042 

Initial U/O vacancy 
concentration in matrix 

0.001~0.0042 

Dislocation density and types  2x1014 /m3 

Initial gas atom concentration 
in bubbles 

0.7 

Initial bubble distribution Normal distribution of radius 

Mean bubble radius 1 nm 

 

Table B - 2.  Thermodynamic and kinetic properties of defects in UO2. [1] 

Description  Value 

Xe migration energy in UO2 3.9, 4.5 eV 

UV/OV/Xe complex migration energy 3.9, 4.5 eV 

Xe formation energy 1.8 ~ 3.0 eV 

U vacancy formation energy 1.8 ~ 3.0 eV 

Formation volume of U vacancy 42.3 [Å3] 

Formation volume of Xe 50.15 [Å3] 

Interfacial energy of gas bubbles 0.6 J/m2 

Critical gas bubble size 0.8 nm 

Elastic constants C11, C12 and C44 of UO2 395 GPa, 121 GPa, 64 GPa 
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Radhakrishnan, D. Andersson, Mesoscale Benchmark Demonstration Problem 1:  Mesoscale Simulations 
of Intra-granular Fission Gas Bubbles in UO2 under Post-irradiation Thermal Annealing, DOE-FCR&D-
MDSM-2012-000098 (2012). 
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