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Understanding the evolution of microstructures in nuclear fuels under high-burn-up conditions is critical for extending
fuel refueling cycles and enhancing nuclear reactor safety. In this study, a phase-field model is proposed to examine the evo-
lution of high-burn-up structures in polycrystalline UO2. The formation and growth of recrystallized grains were initially
investigated. It was demonstrated that recrystallization kinetics adhere to the Kolmogorov–Johnson–Mehl–Avrami (KJMA)
equation, and that recrystallization represents a process of free-energy reduction. Subsequently, the microstructural evolu-
tion in UO2 was analyzed as the burn up increased. Gas bubbles acted as additional nucleation sites, thereby augmenting the
recrystallization kinetics, whereas the presence of recrystallized grains accelerated bubble growth by increasing the number
of grain boundaries. The observed variations in the recrystallization kinetics and porosity with burn-up closely align with
experimental findings. Furthermore, the influence of grain size on microstructure evolution was investigated. Larger grain
sizes were found to decrease porosity and the occurrence of high-burn-up structures.

Keywords: high-burn-up structure, phase field, uranium dioxide, gas bubble, recrystallization
PACS: 61.80.Az, 62.20.D–, 61.72.Qq
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1. Introduction

UO2 fuel is renowned for its exceptional irradiation sta-
bility, extensive operational history within reactors, and ro-
bust industrial production infrastructure, rendering it the pre-
ferred fuel option for major commercial pressurized water
reactors.[1,2] Nonetheless, UO2 fuel manifests intricate in-
reactor dynamics during service owing to fission-induced gen-
eration of solid fission products and fission gases, notably Xe
and Kr, which undermine fuel efficacy and present safety haz-
ards to nuclear reactors.[2,3] Consequently, the microstructural
evolution of fuel under irradiation has been a long-standing
focal point of research in the field.

Fission gases tend to aggregate into bubbles owing to
their limited solubility in UO2. At lower burn-up levels, in-
ternal bubbles within UO2 have been documented. However,
these internal bubbles tend to saturate as burn up escalates.[4–6]

In contrast, intergranular bubbles exhibit larger dimensions.[7]

As the average burn up of fuel rods reaches the range of 40–
50 GWd/tU and the local burn up at the radial periphery of fuel
rods surpasses 60–80 GWd/tU, the inception of high-burn-
up structures (HBSs) ensues.[8–10] Concurrently, with the pro-
gression of burn up, UO2 grains undergo a refinement process
from their manufactured state to an average size of 0.3 µm.[11]

Initially, grain refinement is observed at grain boundaries and

newly formed micrometer-sized pores. Beyond a burn up
of 108 GWd/tU, the original grain structure is uniformly re-
fined into submicrometer-sized grains, accompanied by the
emergence of numerous micrometer-sized pores distributed
approximately evenly.[11] Xe migrates into these micrometer-
sized pores, precipitating a pronounced increase in UO2 poros-
ity as burn up escalates.

Researchers have extensively investigated the evolution
of high-burn-up structures and its implications on fuel rod
performance.[12–15] However, the precise mechanism under-
lying the formation of HBS remains a subject of ongoing de-
bate. Among the proposed mechanisms, recrystallization and
polygonization are the most plausible, as supported by empir-
ical evidence.[16–22] Rest and Hofman hypothesized that the
energy stored within dislocation networks serves as the driv-
ing force for nucleation of recrystallization.[17] Once the ac-
cumulated energy surpasses a critical threshold, grain refine-
ment occurs, which compensates for the energy required to
generate grain boundaries without distortion. Subsequently,
Rest refined the model to incorporate the influence of fis-
sion gas and impurity atoms diffusing into recrystallization
nuclei.[23] Nogita et al., on the other hand, proposed a direct
correlation between the formation of HBS and the accumula-
tion of irradiation-induced damage, resulting in the develop-
ment of dislocation networks.[18] These dislocation networks
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eventually evolve into sub grains, leading to the formation of
small grains with large-angle grain boundaries as burn up pro-
gresses. Matzke and Spino used ion irradiation techniques to
investigate grain subdivision or polygonization in UO2, sug-
gesting that grain subdivision is pivotal in the formation of
HBS in high-burn-up UO2 fuel.[16] Furthermore, Xiao et al.
expanded on this research, demonstrating that polygonization
and recrystallization coexist, and that both play significant
roles in the formation of HBS in UO2.[22]

Semi-empirical models are commonly used to elucidate
the behavior of fission gases within HBS. Pizzocri developed
a semi-empirical model based on experimental findings to de-
lineate the evolution of grain size with equivalent burn up. By
incorporating the observed grain size alterations, a model for
the evolution of the gas atom concentration within the lattice
was established based on the diffusion theory.[24] Veshchunov
et al. used mean-field methods to explore the mechanism of
pore coarsening in HBS.[25] However, because of the omission
of absolute values pertaining to pore growth over time, this
model only predicts the correlation between pore density and
porosity and lacks the capability to directly forecast changes
in pore density and average pore radius over time.

Phase-field methods have emerged as valuable tools for
investigating the evolution of HBS. Abdoelatef et al. used a
quantitative phase-field model to scrutinize the formation and
progression of HBS in polycrystalline UO2.[26] Notably, this
model directly simulates the nucleation process of recrystal-
lization, obviating the need for a priori assumptions and using
separate algorithms to simulate sub grain formation. More-
over, the model incorporates the influence of the dislocation
size and distribution on HBS, along with the effects of gas
bubbles on their formation and evolution. The simulation
outcomes underscore the pivotal roles played by dislocation
size, distribution, and gas bubble number density in govern-
ing the kinetics of HBS formation, subsequently shaping the
microstructure and affecting its physical properties. The pre-
dictions of the model align well with the threshold disloca-
tion density for HBS formation. However, it currently over-
looks the impact of grain size and temperature on disloca-
tion accumulation, focusing solely on their effects on HBS
kinetics. On a related note, Liang et al. explored recrystal-
lization kinetics in U–Mo fuel by integrating the phase-field
model with a rate theory model.[27] This investigation sys-
tematically examined the effects of fission rate, initial grain
size, and grain morphology on recrystallization kinetics, with-
out considering the nucleation processes of sub grains and fis-
sion gas bubbles. Similarly, Jiang et al. investigated the role
of recrystallization in bubble evolution in U–Mo fuel using
the phase-field method, highlighting the interaction between
bubbles and grain boundaries.[28] The simulation outcomes re-
vealed that recrystallization augmented the number of grain

boundaries, thereby expediting bubble nucleation and growth.
Grain boundaries have a significant impact on HBS as mi-
crostructural features in materials because of their position as
preferred nucleation sites for recrystallized grains and bubbles.
However, quantitative analysis of the influence of grain size on
the evolution of HBS is still lacking.

This paper presents a novel phase-field model that inte-
grates the coupling between grain refinement and bubble evo-
lution. The model encompasses the formation and growth dy-
namics of recrystallized grains and gas bubbles, along with
the interaction between bubble evolution and recrystallization
processes. Furthermore, it examines the influence of grain size
on the evolution of HBS in polycrystalline UO2.

2. Phase-field model
2.1. Total free energy

In this section, a mesoscale phase-field model is formu-
lated to address the evolution of radiation-induced Xe bubbles
and recrystallized grains. The model integrates the nucleation
of subdivided grains. To simulate the progression of Xe bub-
bles within the recrystallized UO2, a set of conserved field
variables was used in the phase-field model. These variables
encompass the vacancy concentration, cv(𝑟, t), and gas atom
concentration, cg(𝑟, t), representing cascade-induced vacan-
cies and Xe gas atoms, respectively. Furthermore, the model
distinguishes between the matrix phase and the bubble phase
through a non-conserved order parameter η , which transitions
continuously from 1 in the bubble phase to 0 in the matrix
phase. Additionally, based on Chen’s study,[29] a series of
non-conserved order parameters φ d

i are used to characterize
the orientation of the deformed matrix grains, whereas φ r

i is
used to denote the recrystallized grains.

The total free energy F of the system is expressed follow-
ing the form proposed by Cahn–Hilliard[30] as follows:

F = N
∫

V
[ fbulk + fpoly + fgrad + fstored]dV , (1)

where N is the number of lattice sites per unit volume; fbulk

denotes the bulk free-energy density, which characterizes the
energy difference between the matrix phase and the bub-
ble phase. The gradient energy density is denoted by fgrad,
whereas fpoly represents the polycrystal energy density. Addi-
tionally, fstored represents the stored energy density.

The bulk free-energy density is expressed as

fbulk(cv,cg,η) = h(η) f m(cv,cg)+ j(η) f b(cv,cg), (2)

where f m(cv,cg) and f b(cv,cg) represent the free-energy den-
sities in matrix phase and in bubble phase, respectively. The
functions h(η) and j(η) serve as interpolating functions with
the following forms: h(η) = 1− η3(6η2 − 15η + 10) and
j(η) = η3(6η2 − 15η+10). These functions facilitate a
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smooth transition of the free-energy density between the ma-
trix phase and the bubble phase.

The formulation of the free-energy density in the matrix
phase is derived from thermodynamics consisting of the en-
tropic and enthalpy of point defects,[31] and can be expressed
as

f m(cv,cg) = Ef
vcv +Ef

gcg + kBT [cv ln(cv)+ cg ln(cg)

+(1− cv− cg) ln(1− cv− cg)], (3)

where Ef
v and Ef

g are the formation energies of vacancy and
gas atom, respectively; kB is Boltzmann’s constant, and T is
the absolute temperature in Kelvin.

The occupancy of vacancies and gas atoms within the
bubble phase is acknowledged. In this study, the configura-
tion of vacancies and gas atoms within a bubble is taken into
consideration when formulating the free-energy density within
the bubble phase, which is written as

f b(cv,cg) = cgkBT
( 1

V − cgb
− 1

V

(
1+ ln

(
nQ

(V
cg
−b
))))

+A(1− cv)
2, (4)

where the first term is the Gibbs free-energy density derived
from the van der Waals equation of gas atoms, as a reference in
thermal physics.[32] V denotes the volume of the Xe gas atom,
nQ is the quantum concentration, and b is the van der Waals
constant. The second term embodies a parabolic function as-
sociated with vacancies, ensuring the maintenance of cv = 1.0
within the bubble phase, where A represents the pre-factor.[33]

In this study, the progression of deformed and recrystal-
lized grains is accounted for by using a set of order parame-
ters. Consistent with our previous study,[28] the energy density
of the polycrystal also encapsulates the interplay between GBs
and bubbles, which is expressed as follows:

f poly(η ,φ d
i ,φ

r
i )

= µ

[1
4

(
∑

i
(φ d

i )
4 +∑

i
(φ r

i )
4 +η

4
)

− 1
2

(
∑

i
(φ d

i )
2 +∑

i
(φ r

i )
2 +η

2
)
+ γr ∑

i
∑
j>i

(φ r
i )

2(φ r
j)

2

+ γd ∑
i

∑
j>i

(φ d
i )

2(φ d
j )

2 + γrd ∑
i

∑
j
(φ r

i )
2(φ d

j )
2

+ γbη
2
(
∑

i
(φ d

i )
2 +∑

i
(φ r

i )
2
)]

, (5)

where µ is the energy coefficient related to the interfacial
energy. The parameters γr, γd, and γrd characterize the dif-
fuse interface, each set to a value of 1.5; γb is the parameter
governing the bubble surface and determined by the expres-
sion γb = γrEsurf/EGB, where Esurf denotes the surface energy
and EGB represents the GB energy.[27] This formulation of the

polycrystal energy guarantees that the free energy at the bub-
ble surface and grain boundaries exceeds that of the grain in-
terior.

The gradient energy term accounts for the free energy
arising from the respective interface and can be expressed as

fgrad(cv,cg,η ,φ) =
κcv

2
|∇cv|2 +

κcg

2
|∇cg|2 +

κη

2
|∇η |2

+
κφ

2
|∇φ

r
i |2 +

κφ

2
|∇φ

d
i |2, (6)

where κcv, κcg, κη , and κφ are the gradient coefficients of cv,
cg, η , and φ , respectively.

The stored energy density attributed to dislocations within
the deformed grains, commonly acknowledged as the driving
force behind recrystallization, is delineated by the following
equation:

fstored(φ
d
i ) =

1
2
(φ d

i )
2Gb2

vρ, (7)

where G represents the shear modulus; bv denotes the mag-
nitude of the Burgers vector; and ρ denotes the mean dis-
location density within each deformed grain, which is con-
sidered constant for simplification. Based on experimental
measurements,[34] the alteration of dislocation density with
burn up adheres to the expression lnρ = 2.2×10−2bu+13.8,
where bu is the burn up of fuel (in GWd/tU). Furthermore,
dislocations were absent in the recrystallized grains.

2.2. Evolution equations

In this study, the modified Cahn–Hilliard equations were
formulated to govern the temporal and spatial evolution of
conserved field variables encompassing the concentration of
vacancies and gas atoms. The formulation is expressed as fol-
lows:

∂cv

∂ t
= ∇

(
Mv∇

δF
δcv

)
+ξv(𝑟, t)+Pv(𝑟, t)−Sv(𝑟, t), (8)

∂cg

∂ t
= ∇

(
Mg∇

δF
δcg

)
+ξg(𝑟, t)+Pg(𝑟, t), (9)

where Mv and Mg represent the mobility of vacancies and
Xe atoms, respectively, which can be characterized by their
corresponding diffusion coefficients, formulated as Mv =

Dvcv/kBT and Mg = Dgcg/kBT ; ξv and ξg denote random
terms that represent the thermal fluctuation of point defects.
Pv and Pg denote the source terms that introduce vacancies
and gas atoms into the system during irradiation, respectively.
Sv and Sg represent the absorption terms, respectively, depict-
ing the absorption of point defects by dislocations within de-
formed grains.

The production term of vacancies resulting from a cas-
cade event is expressed as

Pv(𝑟, t) =

{
0 if η ≥ 0.8 or R1 > P,
R2VG if η < 0.8 and R1 ≤ P,

(10)
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where P represents the probability of a cascade event occur-
ring at each grid point and time step and is determined by the
fission rate. R1 and R2 are random numbers ranging between
zero and one. VG denotes the maximum increase in vacancy
concentration when a cascade occurs. Additionally, the total
vacancy production rate is expressed as V̄G = 0.5VG, where
represents the average increase in vacancy concentration. The
production rate K, measured in displacements per atom (DPA)
per unit time,[35] can be related to the fission rate through the
formulation fr = B f K, where fr denotes the fission rate, and
B f is a conversion factor with a value of 2×1023 cm−3.[36]

The production term of gas atom is defined as

Pg(r, t) = 2(1−η)2
ΛΩ frR3, (11)

where Λ is a constant, Ω represents the volume of the UO2

lattice sites, fr denotes the fission rate, and R3 is a stochas-
tic number that ranges between zero and one, as outlined in
Ref. [37].

The absorption terms Sv are written as

Sv(r, t) = sv(cv− ceq
v )Φ , (12)

where sv is a constant that represents the strength of the defects
absorbed by GBs. Φ is a formula related to the position and
takes the form Φ(r, t) = ∑i (φ

d
i )

2, ensuring that any position
within the deformed grain interior satisfies Φ = 1.0.

All order parameters are governed by the modified Allen–
Cahn equations, which are written as

∂η

∂ t
=−L

δF
δη

, (13)

∂φ d
i

∂ t
=−L

δF
δφ d

i
, (14)

∂φ r
i

∂ t
=−L

δF
δφ r

i
, (15)

where L is the mobility of the free surface. All parameters of
UO2 used in the phase-field simulation are listed in Table 1.

Table 1. Parameters of UO2 used in the phase-field simulation.

Parameter Symbol Value Reference
Reference length scale (nm) l∗ 100 this study

Reference timescale (s) t∗ 1×107 this study
Temperature (K) T 673 this study

Lattice constant (nm) a 0.547 [39]
van der Waals gas constant (nm3/atom) b 0.085 [40]

Shear modulus (GPa) G 73 [18]
Burgers vector (nm) bv 0.39 [18]
Mobility (m3/(J·s)) L 1.56×10−10 [33]

Surface energy (J/m2) Esurf 1.80 [41]
GB energy (J/m2) EGB 1.04 [42]

Gradient energy coefficient (J/m) κ 1.60×10−7 [33]
Gas atom formation energy (eV) Ef

g 8.19 [43]
Vacancy formation energy (eV) Ef

v 0.59 [44]
Gas atom diffusion coefficient (nm2/s) Dg 9.3×10−3 [45]
Vacancy diffusion coefficient (nm2/s) Dv 0.96 [33]

Energy coefficient (J/m3) µ 6.24×107 [46]

Throughout the numerical implementation, the evolution
equations are tackled in a non-dimensionalized manner, using
nondimensional grid spacing (x = l/l∗), time step (τ = t/t∗),
and diffusivity (D̃v = Dvt∗/l∗2 and D̃g = Dgt∗/l∗2). This ap-
proach uses the reference length scale l∗ = 100 nm and the
timescale t∗ = 1× 107 s. The dimensionless evolution equa-
tions can be expressed as

∂cv

∂τ
= ∇̃

(
M̃v∇̃

δF
δcv

)
+ ξ̃v(𝑥,τ)+ P̃v(𝑥,τ)− S̃GB

v (𝑥,τ), (16)

∂cg

∂τ
= ∇̃

(
M̃g∇̃

δF
δcg

)
+ ξ̃g(𝑥,τ)+ P̃g(𝑥,τ), (17)

∂η

∂τ
=−L̃

δF
δη

, (18)

∂φ d
i

∂τ
=−L̃

δF
δφ d

i
, (19)

∂φ r
i

∂τ
=−L̃

δF
δφ r

i
, (20)

where ∇̃ = l∗∇ is the nondimensionalized operator. Addition-
ally, a semi-implicit Fourier spectral method, as introduced in
Zhu’s work,[38] was used to solve all variable-mobility Cahn–
Hilliard equations and Allen–Cahn equations under periodic
boundary conditions.

3. Results and discussion

3.1. Recrystallized grain formation and growth

During dynamic recrystallization, the nucleation and
growth processes of recrystallized grains must be considered
simultaneously. Because the phase-field model cannot directly
express the nucleation process, the following nucleation model
was used to introduce recrystallized grains. The nucleation
model discussed in this section has two important characteris-
tics: the nucleation rate and critical size of the nucleus. The
Arrhenius-type nucleation rate model is able to describe the
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overall nucleation behavior:[46]

ṅ =Cε̇ exp
(
− Qn

RT

)
, (21)

where C is a constant, ε̇ is the strain rate, and Qn is the activa-
tion energy of nucleation. The constant is C = 6.20×107 m−2,
and the stain rate is ε̇ = 0.002 s−1.[46] The strain rate was con-
sidered a constant in this model. To obtain the activation en-
ergy of nucleation, it is necessary to calculate the free-energy
change caused by a recrystallized grain. The assumption that
the grain is spherical was applied in this model. The refined
grains decreased the bulk free energy. However, these grains
introduced extra GB areas, which led to an increase in interfa-
cial energy increase. The free-energy change ∆G caused by a
single recrystallized nucleus is shown as

∆G =−4
3

πr3
∆ f +4πr2EGB, (22)

where r is the radius of the nucleus, ∆ f is the bulk free-energy
difference between the deformed and recrystallized grains, and
EGB is the GB energy. The first term in Eq. (2) represents the
reduction in the bulk free energy, and the second term repre-
sents the increase in interfacial energy. It is well known that
the stored energy results in a higher free energy in the de-
formed grains. Thus, the bulk free-energy difference can be
expressed as

∆ f =
1
2

Gb2
vρ, (23)

where G is the shear modulus, bv is the module of Burg-
ers vector, and ρ is the dislocation density. It was assumed
that the dislocation density was uniformly distributed in each
deformed grain. The free-energy change caused by a sin-
gle recrystallized grain when ρ takes the saturated value of
5× 1014 m−2 is shown in Fig. 1. The black curve in the
figure shows an increase in the surface energy, and the red
curve shows a reduction in the bulk free energy. The total
free energy is plotted as a blue curve, and there is a maximum
value of the total free energy, which is considered the activa-
tion energy of nucleation. The grain radius corresponding to
the maximum energy is known as the critical radius. In the
current simulation, nucleation occurred at GBs, and the nucle-
ation rate per unit area of GB can be obtained using Eq. (22).
Therefore, the time step required for one nucleus created is
(ṅτngbx2/δ )−1,[47] where ngb is the grid point number of GBs,
and δ is the thickness of GB.

The growth of the recrystallized grains also has an impor-
tant influence on the recrystallization process. Further, the ef-
fect of the dislocation density provided by the deformed grain
on the growth of individual recrystallized grains was investi-
gated because the stored energy was recognized as the driving
force of refined grain growth. According to the previous cal-
culation, the dislocation density required for a recrystallized

grain with a radius of r growth is

ρ =
4γGB

Gb2
vr
. (24)

A single recrystallized grain with a critical radius is
placed within the deformed grain matrix. After the same
time evolution, the morphology of the single recrystallized
grain under different dislocation densities (3 × 1014 m−2,
5×1014 m−2, and 7×1014 m−2) is plotted in Fig. 2. As shown
in Fig. 2, the grain size increased with an increase in the dis-
location density. This is because a larger dislocation density
leads to a higher free energy in the deformed grain, which is
the driving force for the refined grain growth.
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Fig. 1. Free-energy change caused by single recrystallized grain.

(a) (c)(b)

Fig. 2. Morphology of the single recrystallized grain under differ-
ent dislocation densities: (a) 3× 1014 m/m3, (b) 5× 1014 m/m3, and
(c) 7×1014 m/m3.

To further investigate the effect of the dislocation den-
sity, we compared the variation in the grain radius with di-
mensionless time at different dislocation densities. As shown
in Fig. 3(a), the recrystallized grain grows only if the condi-
tion meets the critical dislocation density. When the dislo-
cation density is not large enough, the grain shrinks owing to
the curvature drive.[48] With an increase in dislocation density,
the driving force provided by the stored energy was greater
than that of the curvature, resulting in grain growth. In addi-
tion, we studied the average growth rate of the recrystallized
grain at different dislocation densities. A positive value of
the growth rate represents grain growth, whereas a negative
value indicates grain shrinkage. As shown in Fig. 3(b), the
average growth rate of the recrystallized grain varied linearly
with the dislocation density. The grain growth rate was zero
at the critical dislocation density. When the dislocation den-
sity was greater than the critical value, the grain growth rate
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increased with an increase in density. When the dislocation
density was smaller than the critical value, the grain shrinkage
rate increased with a decrease in density. The current phase-
field model is consistent with the theoretical analysis.
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Fig. 3. (a) Variation of grain radius with dimensionless time. (b) The
average growth rate of the recrystallized grain.

3.2. Recrystallization in polycrystalline UO2

We then studied the formation and evolution of recrystal-
lized grains in UO2 according to the nucleation model built
earlier. The simulations were performed in a two-dimensional
square domain with 512∆x× 512∆y. As shown in Fig. 4(a),
the initial structure consisted of 32 randomly oriented grains
with a grain size of approximately 4.53 µm. In addition, for
simplicity, all initial grains were assumed to have the same dis-
location density. The evolution of recrystallization with burn
up is shown in Fig. 4. It can be seen that the recrystallized
grains initially formed at the GBs of the deformed grains. The
interfaces between the deformed and recrystallized grains be-
came nucleation sites. With the increase in burn up, recrystal-
lized grains gradually developed from the GBs into the grains,
and eventually the recrystallization structure filled the whole
area. In addition, the nucleation and growth of refined grains
occurred simultaneously, which resulted in the recrystallized
grains located at the initial GBs with a larger grain size.

The variation in the recrystallization fraction with burn
up and the fitted line are plotted in Fig. 5. The evolution of
recrystallization follows the nucleation and growth laws. This

can be divided into three stages. The first stage is the incuba-
tion period, in which the dislocation density and stored energy
increase, but the evolution has not yet started, and there is no
new grain nucleation. The second stage is the growth stage,
during which recrystallized grains begin to nucleate and grow.
The third stage is the saturation stage, in which the recrys-
tallization evolution is almost complete, resulting in the inhi-
bition of the nucleation and growth of the refined grains. It
is well known that the classical Kolmogorov–Johnson–Mehl–
Avrami (KJMA) equation can be used to model a tissue trans-
formation process with nucleation and growth.[49,50] The clas-
sical KJMA equation used to describe the recrystallization
process can be expressed as[51]

X = 1− exp(−k(bu)n). (25)

(a)

(c) (d)

(b)

Fig. 4. Recrystallization in polycrystalline UO2 with the burn up for
(a) 0, (b) 72 GWd/tU, (c) 108 GWd/tU, and (d) 140 GWd/tU. The light
blue composition in the figure represents deformed grains, the dark blue
composition represents the GBs of the deformed grains, the red compo-
sition represents the recrystallized grains, and the white composition
represents the GBs of the recrystallized grains.
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Fig. 5. Variation of the recrystallization fraction with burn up.

Here, X is the fraction of recrystallization, bu is the burn
up, k is the kinetic constant, and n is the Avrami constant. As
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shown in Fig. 5, the phase-field simulation results are in good
agreement with the KJMA equation. The fitting parameters
are k = 2.7×10−7 and n = 3.41.

3.3. Recrystallization coupling bubble evolution

The complex interaction between bubbles and recrystal-
lized grains makes it difficult to study the evolution of high
combustion structures. In this section, a phase-field model
that considers the evolution of recrystallization and bubble
is proposed. The initial structure used in this section is the
same as that described in Subsection 3.2. The fission rate and
temperature are 1.09× 1013 fiss/m3·s and 673 K,[46] respec-
tively. The evolution of the UO2 microstructure with increas-
ing burn up is shown in Fig. 6. It can be observed that bubbles
and recrystallized grains tend to form at the GBs. The ex-
perimental and simulation results both show that the existing
bubbles and recrystallized grains provide extra nucleation sites
for each other, thus enhancing the kinetics of recrystallization
and bubble evolution.[52,53] With an increase in burn up, both
the number and size of recrystallized grains and bubbles in-
creased. The bubbles and recrystallized grains gradually filled
the whole area. Compared to the typical high-burn-up struc-
ture morphology observed in the experiment,[52,53] the mor-
phology of the high-burn-up structure in the simulation is in
good agreement.

5 mm

Fig. 6. Recrystallization coupling bubble evolution with the burn up for
(a) 0, (b) 72 GWd/tU, (c) 108 GWd/tU, and (d) 140 GWd/tU. The light
blue composition in the figure represents deformed grains, the red com-
position represents the recrystallized grains, and the black composition
in the figure is a bubble.

To verify the phase-field model of the HBS evolution, the
simulation results were compared with the experimental mea-
surements of Gerczak et al..[52] As shown in Fig. 7, the varia-
tion in the recrystallization fraction with burn up conforms to

the KJMA equation and is in good agreement with the exper-
imental data. To reveal the effect of gas bubble evolution on
the kinetics of recrystallization, the recrystallization fraction
of grain refinement coupled with bubble evolution (case 1) was
compared to that of grain refinement without bubble evolution
(case 2). The Avrami constant fitted according to case 2 is
n = 3.41, whereas case 1 is n = 3.45. This suggests that the
bubbles promoted the evolution of recrystallization.
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Fig. 7. Variation of the recrystallization fraction with burn up compared
with the experimental data.
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Fig. 8. Variation of the porosity with burn up compared with the exper-
imental data.

During the evolution of the high-burn-up structure, bub-
bles are continuously formed and grown. Therefore, we also
compared the variation in porosity with burn up with the ex-
perimental data provided by Gerczak et al.[52] As shown in
Fig. 8, the simulation results were in good agreement with the
experimental results. The figure shows that the evolution of
bubbles can be divided into two stages, which is consistent
with the conclusion of Millet’s study.[31] Stage 1 is the incu-
bation period, in which the concentration of vacancy and gas
atom increases, but bubbles do not begin to form until defects
accumulate to supersaturation. Stage 2 is the nucleation and
growth stage, which occurs after approximately 50 GWd/tU,
and the bubble begins to form and grow.

3.4. Effect of grain size

Large-grained UO2 can suppress fission gas release and
intergranular bubble swelling because an enlarged fuel grain
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size will extend the length of the diffusion path for fission
product gases to grain boundaries.[54] Previous studies have
also shown the high resistance of UO2 to HBS formation at
high burn up.[55] To quantitatively analyze the role of grain
size on the evolution of high-burn-up structures, several sim-
ulations with different initial grain structures were conducted
using the verified phase-field model. The microstructures of
UO2 with different grain sizes at 60 GWd/tU are shown in
Fig. 9. Except for grain size, the other conditions were com-
pletely consistent. It can be seen from the figure that bubbles
and recrystallized grains tend to form at GBs. UO2 with a
small initial grain size, has more bubbles and recrystallized
grains because of the larger grain boundary area, which pro-
vides precipitation sites for bubbles and recrystallized grains.
A previous study indicated that grain size affects bubble evo-
lution, with larger grains resulting in a lower porosity rate.[56]

(a)

(c) (d)

(b)

Fig. 9. Morphology of microstructure at 60 GWd/tU with different
grain sizes: (a)12.80 µm, (b) 8.53 µm, (c) 6.40 µm, and (d) 4.53 µm.

The recrystallization fraction and porosity of UO2 with
different grain sizes under different burn up are plotted in
Fig. 10. The burn up required for the formation of recrys-
tallized grains and gas bubbles in UO2 with different grain
sizes was the same. Furthermore, UO2, with a smaller grain
size, exhibited a rapid increase in both the recrystallization rate
and porosity with increasing burn up. By fitting the obtained
kinetic curves of the recrystallization fraction under different
grain sizes according to the KJMA equation, the variation in
the Avrami constant n with grain size is plotted in Fig. 11. The
dynamic constant k is fixed as 2.7× 10−7. The Avrami con-
stant is almost linearly related to the grain size, as shown in
the figure. Therefore, a small grain size promotes the evolu-
tion of a high burnup structure. The deduction predicted from

the present simulation is in good agreement with the experi-
mental measurements.[18,57,58]
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4. Conclusions

In summary, we developed a phase-field model to simu-
late the evolution of the high-burn-up structure in UO2. The
nucleation and growth of recrystallized grains and bubbles
were simultaneously simulated. We also discussed in detail the
impact of grain size on recrystallization kinetics and porosity.
The main findings are summarized as follows.

(i) Refined grains grow only if they meet the conditions
of the critical radius and dislocation density simultaneously.
A larger dislocation density provides a greater driving force
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for refined grain growth, and the variation in growth rate with
dislocation density is approximately linear.

(ii) The kinetics of recrystallization in polycrystalline
UO2 is divided into three stages, which conform to the KJMA
equation. As burn up increases, recrystallized grains first form
at the grain boundaries and then gradually fill the whole re-
gion.

(iii) The morphology of the high-burn-up structure in the
simulation was in good agreement with the experimental re-
sults. It has been demonstrated that gas bubbles and recrys-
tallized grains mutually promote their evolution. In addition,
a smaller grain size enhances the kinetics of recrystallization
and gas bubble because of the larger GB area and shorter dif-
fusion distance.

This article provides basic insights into the influence of
grain size on HBS, but owing to the limited amount of exper-
imental data, there is still much room for improvement in the
model. In the future, the phase-field model can be further op-
timized by introducing more microscopic mechanisms to en-
hance its accuracy and applicability. This will help more accu-
rately study the microstructural evolution of uranium dioxide
in complex irradiation environments.
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