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In this work, we developed a recrystallization model to study the effect of
microstructures and radiation conditions on recrystallization kinetics in UMo
fuels. The model integrates the rate theory of intragranular gas bubble and
interstitial loop evolutions and a phase-field model of recrystallization zone
evolution. A first passage method is employed to describe one-dimensional
diffusion of interstitials with a diffusivity value several orders of magnitude
larger than that of fission gas xenons. With the model, the effect of grain sizes
on recrystallization kinetics is simulated. The results show that (1) recrys-
tallization in large grains starts earlier than that in small grains, (2) the
recrystallization kinetics (recrystallization volume fraction) decrease as the
grain size increases, (3) the predicted recrystallization kinetics are consistent
with the experimental results, and (4) the recrystallization kinetics can be
described by the modified Avrami equation, but the parameters of the Avrami
equation strongly depend on the grain size.

INTRODUCTION

Irradiation-induced recrystallization is a general
phenomenon that is often observed in nuclear fuels
such as UO2 and U-xMo dispersion and monolithic
fuels.1–5 The recrystallization process results in
submicron size grains that increase the grain
boundary area per unit volume, shorten the diffu-
sion distance of fission gas atoms and radiation
defects, and destabilize intragranular gas bubbles
inside recrystallized grains. As a result, it acceler-
ates intergranular gas bubble growth rate and
swelling kinetics.1,6 Several types of materials pro-
cesses, such as casting, mechanical rolling and
thermal treatment, and hot isostatic pressure are
used in fuel fabrication.7,8 The resulting microstruc-
tural features, such as grain size, porosity, and
second-phase morphology, strongly depend on the
material processes and process parameters. There-
fore, a fundamental understanding how microstruc-
tures produced during fuel fabrication and
irradiation conditions affect recrystallization and
swelling kinetics is critical for optimizing material
processes to obtain desired microstructures and fuel
performance.

Experiments have revealed that (1) recrystalliza-
tion primarily starts on grain boundaries (and/or
free surfaces), and then the recrystallization front
moves toward the grain center eventually consum-
ing the entire grain;1–5,9–15 and (2) recrystallization
occurs at locations with a high dislocation den-
sity.3,9 In irradiated nuclear fuels, the cascades of
high-energy fission fragments continuously gener-
ate defects. Grain boundaries are strong sinks for
these irradiation-generated defects. An accumula-
tion of interstitials at grain boundaries may lead to
interstitial loop nucleation and growth. In addition,
over-pressured inter- and intragranular gas bubbles
might emit dislocations.14,16–18 Therefore, it is rea-
sonable to assume that the recrystallization is
driven by the deformation energy associated with
the accumulation of dislocations and interstitial
loops on grain boundaries.

A rate theory model has been extensively used to
study defect evolution and recrystallization kinetics
in irradiated nuclear fuels.11,13,15 Analytical expres-
sions of the critical fission density at which irradi-
ation-induced recrystallization occurs, and
recrystallization kinetics in terms of critical fission
density for recrystallization initiation, fission
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density, and recrystallized grain size were derived.
Nevertheless, the rate theory models cannot con-
sider the effect of heterogeneous microstructures
(such as grain morphology) and the evolving
microstructure (such as dislocation loop distribu-
tion) on recrystallization initiation and recrystal-
lization kinetics because all the variables of defect
concentrations and size distributions were assumed
to be spatially independent.

In this work, a recrystallization model in irradi-
ated UMo fuels was developed by integrating
spatially dependent rate theory and a phase-field
approach.19,20 The rate theory model, which was
developed in our previous work to study the effect of
heterogeneous microstructures and inhomogeneous
thermodynamic properties of defects on fission gas
diffusion, intra- and intergranular gas bubble evo-
lution, and swelling kinetics prior to recrystalliza-
tion,21 was extended to take into account the
interstitial and interstitial loop evolutions. With
the assumption that the coarse grain becomes
unstable when the local dislocation loop density is
larger than a critical value, a phase-field model was
developed to describe the transition from coarse
grains to recrystallized grains. An integration of
these two models enables us to study the effect of
initial microstructures on dislocation loop density
evolution, recrystallization initiation, and recrystal-
lization kinetics.

MICROSTRUCTURE EVOLUTION MODELS
IN POLYCRYSTALLINE UMo FUELS UNDER

IRRADIATION

We consider a polycrystalline UMo fuel. The
fission reaction and high-energy fission fragment
cascade continuously produce Xe gas atoms and
defects such as interstitials, vacancies, and their
clusters. Migration, recombination, and aggregation
of these defects result in the formation of intra- and
intergranular gas bubbles and interstitial loops that
cause volumetric swelling. The gas bubble and
interstitial loops might cause lattice distortion that
leads to recrystallization or grain refinement. In
turn, recrystallization may affect the evolution of
intra- and intergranular gas bubbles and, hence, the
gas bubble swelling kinetics. In this section, we
describe the thermodynamic and kinetic models of
microstructure evolution, including gas bubbles,
interstitial loops, and recrystallization zone.

Evolution of Intra- and Intergranular Gas
Bubbles

Gas bubbles inside large grains often form a face-
centered cubic (fcc) superlattice while the gas
bubble superlattice structure is unstable inside
small grains.4,5 Therefore, grain size, grain aspect
ratio, and structural defects might result in a
heterogeneous gas bubble structure that affects
gas bubble swelling kinetics. A set of variables—fis-
sion gas Xe concentration, c(r,t); interstitial

concentration, cint(r,t); intragranular gas bubble
density, cb(r,t); intragranular gas bubble radius,
rb(r,t); fission gas content per gas bubble, nb(r,t);
and interstitial loop density—are used to describe
the defect microstructure in irradiated UMo fuels.
Unlike traditional rate theory, all field variables are
assumed to be space- and time-dependent functions
so the effect of the heterogeneous microstructure on
microstructure evolution can be studied. The driv-
ing force of fission gas diffusion is generalized to be
the local chemical potential gradient. Thus, the
effect of local stress fields and structural defects
such as grain boundaries on diffusion driving force
could be naturally taken into account.22,23 The
evolution equations of Xe concentration, intra- and
intergranular gas bubbles, have been described in
the supplementary data file.

Evolution of Interstitials and Interstitial Loop
Density

For interstitials and interstitial loop evolution,
the following assumptions have been made to
simplify the problem while retaining the physics.
Because intragranular gas bubbles have a high
density and internal pressure, the bubbles will be
strong sinks for vacancies. It is speculated that
radiation-generated vacancies are quickly elimi-
nated in the matrix via annihilation between inter-
stitials and vacancies and the absorption by
overpressured and dense intragranular gas bubbles.
Therefore, the vacancy concentration is assumed to
be zero in the matrix. Nevertheless, the radiation
and defect reactions produce a net generation of
interstitials in the matrix. The net interstitial
generation rate should be equal to the vacancy
absorption rate by evolving intragranular gas
bubbles and can be calculated by

_gIntðr; tÞ ¼ g0
dðcbðr;tÞnbðr;tÞÞ

dt
, where g0 is the ratio of

gas atom volume inside the intragranular gas
bubble and average atom volume (vacancy volume)
of UMo alloys. For instance, if one gas atom occupies
two vacancy sites, the ratio g0 = 2.0. It is assumed
that the interstitial loops are unstable in the matrix
because of the compressive stress caused by the
presence of overpressured gas bubbles. For simplic-
ity, generated interstitials are distributed through-
out the entire polycrystalline structure while the
effect of intragranular gas bubble occupation on
interstitial migration is ignored. Molecular dynam-
ics simulations showed that emitted dislocations
from the gas bubbles are captured by neighboring
gas bubbles so the interstitials are assumed to exist
in the most stable form, i.e., the [110] dumbbell
according to density functional theory calcula-
tions.18 The interstitial usually is much more mobile
than the fission gas atom Xe. It is further assumed
that the interstitial migrates along the h110i direc-
tion in body-centered cubic (bcc) UMo alloys. Dislo-
cations and grain boundaries are sinks for
interstitials. Nucleation and growth of interstitial
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loops result from accumulations of interstitials near
grain boundaries that diffuse from interior grains
and/or are emitted by the intergranular gas bubbles.
We assumed that the nucleus density of interstitial
loops near grain boundaries is constant.

Rate theory is used to describe the evolution of
interstitials and interstitial loops. Interstitial con-
centration cint(r,t) and interstitial loop density
qloopðr; tÞ are used to describe the spatial distribu-
tion of defects. With these assumptions, the evolu-
tion of interstitials can be described by:

@cintðr; tÞ
@t

¼ rDintrcint þ _gintðr; tÞ �DintZiI1qloop

ðr; tÞcintðr; tÞ �DintZiI2qdislocationcintðr; tÞ
ð1Þ

where Dint is the diffusivity of interstitials, _gintðr; tÞ
is the generation rate of interstitials, qloopðr; tÞ is the
density of interstitial loops, qdislocation is the disloca-
tion density, and ZiI1 and ZiI2 are sink coefficients of
interstitials at interstitial loops and dislocations,
respectively. The evolution of interstitial loops for
constant density of interstitial loop nuclei can be
described by the following equation24:

@qloopðr; tÞ
@t

¼ 2pDintZiI1Ncintðr; tÞ
bj j ð2Þ

where N is the density of interstitial loop nucleus at
r and b is the Burgers vector of the interstitial loop.

By solving the evolution equations of defects, Xe
atom concentration, the intragranular gas bubble
morphology, the average flux of Xe atoms to grain
boundaries, interstitial concentration, and interstitial
loop density can be obtained. The time step solving the
diffusion equations of interstitials and Xe atoms can be
estimated by Dt = min(Dx2/Dint, Dx

2/Dg), where Dx is
the simulation cell grid size. It is believed that the
diffusion rate the interstitials is usually several orders
of magnitude faster than the diffusion rate of Xe atoms.
Therefore, the interstitial diffusivity will determine the
time step in the simulations. A very small time step is
required to solve the diffusion equations because of the
large diffusivity of interstitials, which significantly
affects the numerical efficiency in simulations. In
addition, the one-dimensional (1D) diffusion of inter-
stitials along [110] direction in bcc UMo alloys and the
huge difference between interstitial and Xe diffusivity
increases the difficulty of solving the diffusion (Eq. 1).
In this work, the 1D migration of interstitials is viewed
as a random walk along specific directions. The first
passage method25–27 is used to solve Eq. 1 (see the
supplementary data file). Thus, large time steps deter-
mined by the Xe diffusivity can be used to enhance the
numerical efficiency.

Evolution of Recrystallization Zone

A phase-field model of radiation-induced recrys-
tallization has been developed.28 The model
assumes that the dislocation density is uniform in

the polycrystalline structure; recrystallization
grains nucleate on grain boundaries; and the dislo-
cation density and nucleation rate and critical grain
shape are determined by the fission rate. In this
work, we proposed a phase-field model of recrystal-
lization with spatial evolution of dislocation loop
density. The following assumptions were used in the
model: (1) recrystallization from coarse grains to
fine grains is viewed as a second-order phase
transition at locations where interstitial loop den-
sity or lattice distortion is larger than a critical
value; (2) the recrystallized grains have uniform
radius Rrx; (3) fine-grained material inside the
recrystallization zone is treated as a new phase;
(4) recrystallization creates a new interface between
the recrystallization zone and coarse grains where
the interstitial loop accumulates with the increase
of fission density; and (5) recrystallization kinetics
are determined by the propagation of the interface
between the recrystallization zone and coarse
grains. Only one order parameter g(r,t) is needed
to describe the coarse grains and the recrystalliza-
tion zone, which makes the simulation numerically
efficient. With these assumptions, the evolution of
the recrystallization zone can be described by:

@gðr; tÞ
@t

¼ �L
dGðg; qloopÞ

dg
ð3Þ

where G(r,t) is the total free energy of the system
and j is the gradient energy coefficient. The total
free energy is calculated by:

Gðg; qloopÞ ¼
Z

V

½f ðg; qloopÞ þ
j
2
rgj j2�dV ð4Þ

where f ðg; qloopÞ is the free energy density. For the
transition from coarse grains to recrystallized
grains, the following free energy density is used:

f ¼ 4g2ð1 � gÞ2 � q�0
15

4
g� 2

3
g3 þ 0:2g5

� �
ð5Þ

q�0 ¼ 0:3

exp �20
qloop
qcrit

� 0:7
� �

þ 1:0
� � ð6Þ

where qcrit is the critical interstitial loop density.
Atomistic simulations showed that the pressured
intragranular gas bubbles continuously emit dislo-
cations.18 The dislocation density inside the coarse
grain increases as the fission density increases.
Therefore, qcrit should decrease as the fission density
increases. In this work, the fission density depen-
dence of critical interstitial loop density is expressed

by qcrit ¼ q0
crit þ Dq0

crit= exp �20 FD
FDcrit

��
�0:7Þ þ 1:0Þ,

where FD is the fission density, FDcrit is the critical
fission density, and Dq0

crit is the critical density of
dislocations associated with the accumulation of
emitted dislocations from gas bubbles. The free
energy function f is plotted (see Fig. S2 in the
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supplementary file). The free energy indicates that
(1) the coarse grain phase and recrystallized grain
phase coexist when the interstitial loop density is
small (q�0< 0.5), and (2) the matrix phase becomes
unstable when the interstitial loop density
approaches the critical value of interstitial loop
density. Therefore, recrystallized grains form where
the dislocation loop density is larger than the critical
value. The introduction of nuclei, which is often
needed in previous phase-field models,22,28–32 is not
necessary in the simulations.

Integrating Eqs. S1 to S8 and 1 to 3, we have the
microstructure-dependent, rate-theory–phase-field
model of irradiation-induced recrystallization in
UMo alloys. In the simulations, total Xe atoms
inside the matrix of coarse grains, intra- and
intergranular gas bubbles, and recrystallization
zone increases as the fission density increases, and
satisfy the mass conservation. The intragranular
gas bubble is assumed to be unstable once the
recrystallization zone front sweeps coarse grains. Xe
atoms inside the intragranular gas bubbles dissolve
and diffuse to the gas bubbles inside the recrystal-
lization zone. The gas bubble evolution inside the
recrystallization zone was not considered in this
work. But the development of gas bubble evolution
model is under way.

RESULTS AND DISCUSSION

The initial polycrystalline structures used in the
simulations are created by a phase-field model of
grain growth.33 The phase-field modeling outputs
the order parameters that describe the grain
orientations. The order parameter fields yi(r),
(i = 1.2, …, m), which is 1.0 inside grain i and
0.0 outside grain i and varies smoothly from 1.0 to
zero across the grain boundaries, are used to set up
the initial structure. A variable g0(r,t) is defined to
describe the grain boundary region, which is
defined as:

g0ðr; tÞjt¼0 ¼
Xm
i¼1

½1 � yiðrÞ�2 ð7Þ

The value of g0(r,t) is zero inside the grains and
larger than zero inside the grain boundary region
where interstitial loops nucleate and grow. For the
phase-field model of recrystallization, the initial
value of the order parameter g(r,t), which describes
the coarse grains and recrystallization zone, is set
to zero (i.e., the initial structure only consists of
coarse grains). The value of g(r,t) becomes 1 when
the local interstitial loop density is larger than the
critical value. Then, the grain boundaries include
the initial coarse grain boundaries and the inter-
face between the recrystallization zone and the
coarse grains. The grain boundary region g0(r,t) is
updated by:

g0ðr; tÞ

¼

Pm
i¼1

½1 � yiðrÞ�2; if gðr; tÞ ¼ 0:0

Pm
i¼1

½1 � ðyiðrÞ � gðr; tÞÞ�2þð1 � gðr; tÞÞ2; if gðr; tÞ>0:0

8>>><
>>>:

ð8Þ

In the simulation, the nucleus density of intersti-
tial loops is assumed to be a constant of N when
g0(r,t)> 0 (i.e., inside the grain boundaries). Prior
to recrystallization, the evolution of both intra- and
intergranular gas bubbles are simulated. Once the
recrystallization takes place, only intragranular gas
bubble evolution is considered because there is no
gas bubble evolution model available inside the
recrystallization zone. But the total Xe atoms inside
the recrystallization zone are calculated, which
includes Xe atoms in intergranular gas bubbles,
Xe atoms generated by U fission, and the dissolved
Xe atoms when the recrystallization zone front
sweeps the intragranular gas bubbles. The Xe atom
accumulation can be used to simulate the gas
bubble evolution and swelling inside the recrystal-
lization zone in future. The model parameters are
listed in Table SI in the supplementary data file. All
the model parameters on defect evolution are cho-
sen by assessing the parameters used in the rate
theory models.1,13,15 This phase-field model
describes the phase stability, while the recrystal-
lization kinetics are controlled by interstitial loop
accumulation kinetics. Therefore, phase-field model
parameters such as interface mobility and interfa-
cial energy can be chosen to ensure numerical
convergence and efficiency. It should be pointed
out that the model parameters (critical densities of
interstitial loops, dislocations, and fission density)
of free energy functions in Eqs. 5 and 6 are not well
known because of the lack of experimental data. In
addition, the value of a gradient coefficient may
affect the recrystallization kinetics at the earlier
recrystallization stage that is discussed in the
supplementary data file.

Recrystallization Kinetics in Bi-Crystalline
Structures

First we consider irradiation-induced recrystal-
lization in a bi-crystalline structure with different
grain sizes. The simulation cell has dimensions of
nxl0 9 nyl0 9 nzl0. The terms nx, ny, and nz are grid
numbers in the x, y, and z directions, respectively.
Periodic boundary conditions are applied in three
directions. Grain 1 is placed at the center of the
simulation cell, while grain 2 is placed at both ends
of the simulation cell to satisfy the periodic bound-
ary condition in the x direction. The two grains have
the same diameter of nxl0/2. The values of ny and nz

are set to 4 and 8, respectively. The values of nx are

A Rate-Theory–Phase-Field Model of Irradiation-Induced Recrystallization in UMo Nuclear
Fuels

2557



set to be 128, 256, 512, 1024, 2048, and 4096 to
study the effect of grain sizes on recrystallization
kinetics. In the simulations, the diffusivity of the
interstitials is five orders of magnitude larger than
the diffusivity of Xe. Such a setup of simulation
conditions degenerate the problem to a one-dimen-
sional (1D) problem.

Two parameters are used to describe the recrys-
tallization kinetics. One is the normalized thickness
of recrystallization zone, which is defined as:

H�
Rx ¼ VRx

VGB
ð9Þ

where VGB is the volume of grain boundaries at
zero fission density (VGB = 2SGB 9 l0, SGB is the
total area of the grain boundaries), and VRx is the
volume of recrystallization zone at a given fission
density. For bi-crystalline structures, H�

Rx actu-
ally defines the recrystallization zone thickness
normalized by the grain boundary thickness. For
polycrystalline structures, H�

Rx presents an effec-
tive recrystallization zone thickness because the
radius of coarse grains change with time.
Another parameter is the volume fraction of the
recrystallization zone that is commonly used and
defined as:

V�
Rx ¼ VRx

V0
ð10Þ

where V0 is the volume of the simulation cell
(V0 ¼ nx � ny � nzl

3
0).

The effect of grain sizes on H�
Rx and V�

Rx is plotted
in Fig. 1. Figure 1a clearly illustrates the tendency
of the growth rate H�

Rx, with respect to the fission
density, to increase as the grain size increases. The
growth rate H�

Rx approaches a constant with the
grain size increase. This kinetic phenomenon can be
explained by the net interstitial concentration
inside the grains and the interstitial mobility. A
large grain has more interstitials available, which
speeds up the formation and accumulation of inter-
stitial loops at grain boundaries and, hence, the
recrystallization kinetics. On the other hand, the
interstitial diffusivity also affects the interstitial
accumulation kinetics at the grain boundary. The
diffusion distance of interstitials can be estimated
by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DintDt

p
. This implies that if the grain radius is

larger than
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DintDt

p
, the interstitials inside the

central region of grains could not reach the grain
boundary during the time increment Dt. As a
consequence, grains with radii larger than a critical
radius depending on Dint should have the same
growth rate of H�

Rx as shown in Fig. 1a. An opposite
tendency is observed in Fig. 1b; that is, the recrys-
tallization kinetic rate V�

Rx decreases as the grain
size increases. This finding is consistent with the
growth rate of H�

Rx.

Recrystallization Kinetics in Two-Dimen-
sional (2D) Polycrystalline Structures

With the same model parameters and radiation
conditions, we simulated the effect of grain sizes on
recrystallization kinetics in polycrystalline struc-
tures. The simulation cell has dimensions of
nxl0 9 4l0 9 nxl0. Three initial grain structures with
different average grain diameters D = 1.34 lm,
4.36 lm, and 8.72 lm were generated in simulation
cells with nx = 200, 200, and 400 by the phase-field
model of grain growth. The grain structure is
identical along the y direction so it is a 2D problem.
The grain boundary in the rate-theory–phase-field
model of recrystallization kinetics is treated as a
sharp interface. In other words, the grain boundary
thickness is zero. So the polycrystalline structure
with diffusive grain boundaries obtained from the
phase-field simulation of grain growth is converted
to have sharp grain boundaries before recrystalliza-
tion modeling. In the simulations, the interstitials
diffuse along h101i directions with D� ¼ 1:0 � 105,
while Xe diffuses isotopically. Figure 2 shows the
time evolution of the intragranular gas bubble
density in a polycrystalline structure with an
average grain diameter of 4.36 lm. The blue regions
are grain boundaries and the evolving recrystalliza-
tion zone, which starts at the grain boundaries and
propagates to the center of grains. Some features on
the evolution of the gas bubble density were
observed: (1) gas bubble density increases as fission
density increases, (2) gas bubble density is not
uniform (i.e., it is higher at the grain center than
near grain boundaries) and higher inside large
grains than that inside small grains, and (3) recrys-
tallization in small grains completes earlier than
that in large grains. The temporal evolution of the
interstitial loop density, intra-granular gas bubble
density, Xe content per gas bubble, and gas bubble
radius on the line A–A¢ shown in Fig. 2a are plotted
in Fig. S4 in the supplementary data files.

Figure 3 shows the effect of average grain sizes on
intragranular gas bubble structures at fission den-
sity of 2.25 9 1027 fissions/m3. The average grain
sizes in Fig. 3a, b, and c are 1.34 lm, 4.36 lm, and
8.72 lm, respectively. Since the same color bar is
used for different grain structures, it can be clearly
seen that intragranular gas bubble structures
strongly depend on the average grain size. As the
average grain size increases, the gas bubble density,
Xe content per bubble and gas bubble radius
increases. The effects of average grain sizes on
recrystallization kinetics are shown in Fig. S3 in the
supplementary data file. The fission density depen-
dence of H�

Rx and V�
Rx is the same as that shown in

Fig. 1 for bi-crystalline and polycrystalline struc-
tures. The results confirm the conclusions that (1)
the growth rate of H�

Rx increases as the grain size
increases and (2) the recrystallization kinetic rate
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V�
Rx decreases as the grain size increases. All of

these results are consistent with experimental
observations.4

Discussion

The recrystallization kinetics are described by a
modified Avrami equation as follows34,35:

V�
Rx ¼ 1 � expð�kðFD � FD0Þn ð11Þ

where k is the recrystallization reaction constant
and FD is the fission density (1027 fissions/m3). FD0

is the incubation fission density above which recrys-
tallization occurs, and n is the Avrami exponent
that depends on nucleation and growth mecha-
nisms. Kim et al.1 developed an empirical formula of
recrystallization kinetics with experimental data for
UMo fuel under fission rates in the 2.4–
6.8 9 1020 fissions/m3s range. One set of the param-
eters for k, FD0, and n in Eq. 11 was suggested as

Fig. 1. Effect of grain sizes on recrystallization kinetics: (a) recrystallization zone thickness and (b) recrystallization kinetics.

Fig. 2. Snapshots of the intragranular gas bubble density distribution on the central plane (y = 2l0) of the simulation cell 200l0 9 4l0 9 200l0 at
different fission densities (a) 1.87 9 1026, (b) 7.5 9 1026, (c) 2.25 9 1027, (d) 3.01 9 1027, (e) 5.05 9 1027, and (f) 7.5 9 1027 fissions/m3 in a
polycrystalline structure with an average grain diameter of 4.36 lm under a fission rate of 8.2 9 1020 fissions/m3s. The color bar denotes the gas
bubble density in units of 1024/m3.
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k = 0.1 9 [0.75(10 � cMo) + 1], where cMo is the Mo
content in wt.%; FD0 = 1.67 for atomized powder
fuel; and n = 2.6. Figure 4 presents the recrystal-
lization kinetics obtained from experiments, theo-
retical models (empirical formula)1 and simulations.
Simulation results in 1D (bi-crystalline) and 2D
(polycrystalline) grain structures show that the
recrystallization kinetics decrease as the grain size
increases from 1.34 lm, 3.20 lm, 4.36 lm, and
6.40 lm. We found that the predicted recrystalliza-
tion kinetics for grain sizes from 3.2 lm to 6.4 lm
falls into the region of experimental points if
experimental error is taken into account. Noting
that the average grain size in experimental samples
is about 4–5 lm,36 we concluded that the recrystal-
lization kinetics predicted from simulations is con-
sistent with experimental results.1 The results
calculated by the empirical formula of Eq. 11 agree
well with the recrystallization kinetics predicted by
the simulations for the fuel with a grain diameter of
3.2 lm. It also indicates that the recrystallization
kinetics can be described by the modified Avrami
equation. Nevertheless, the strong grain size depen-
dence of the recrystallization kinetics shown in
Figs. 1b, 4, and Fig. S3b (see the supplementary

materials) suggested that the parameters k, FD0,
and n in Eq. 11 should strongly depend on the grain
size.

Fig. 3. Effect of average grain sizes on intragranular gas bubble microstructures at a fission density of 2.25 9 1027 fissions/m3 under a fission
rate of 8.2 9 1020 fissions/m3s. Average grain sizes: (a) 1.34 lm, (b) 4.36 lm, and (c) 8.72 lm. The color bars for gas bubble density cb(r,t), Xe
content nb(r,t), and gas bubble radius rb(r,t) have the units of 1024/m3, Xe atom numbers per bubble, and nm, respectively.

Fig. 4. Effect of average grain sizes on recrystallization kinetics.
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Both 1D and 2D simulation results show a
consistent tendency that recrystallization kinetics
decrease as grain size increases. Simulations in
three-dimensional (3D) polycrystalline structures,
however, are desired to more quantitatively under-
stand the effect of grain size on recrystallization
kinetics. Although the first passage method greatly
improved numerical efficiency in solving the diffu-
sion equations of Xe and interstitials, a 3D simula-
tion is still a computationally intensive process
because the interstitial diffusivity is several orders
of magnitude larger than the diffusivity of Xe.
Therefore, a highly scalable numerical method is
required for the application of the model in 3D
simulations.

The developed recrystallization model combining
rate theory and the phase-field method is able to
obtain the intragranular gas bubble structures and
Xe flux to grain boundaries as well as the recrys-
tallization zone. Prior to recrystallization, the Xe
flux to grain boundaries can be used to calculate the
intergranular gas bubble structures including inter-
granular gas bubble density and size. Therefore, the
effect of grain sizes on gas bubble swelling can be
assessed.21 After recrystallization occurs, intergran-
ular gas bubble evolution cannot be predicted with
Eqs. S7 and S8 because the grain boundary area
changes with time. Furthermore, at high fission
density, the intergranular gas bubble might trans-
fer to voids, which would greatly increase swelling
kinetics.37–39 To evaluate the effect of grain mor-
phology and recrystallization on gas bubble swel-
ling, it is important to correctly describe
intergranular gas bubble evolution in the recrystal-
lization zone as well as the gas bubble-to-void
transition.

CONCLUSION

In this work, we developed a rate-theory–phase-
field model of recrystallization kinetics in irradiated
UMo nuclear fuels. The model allows the effect of
grain size on recrystallization kinetics and intra-
granular gas bubble microstructure evolution to be
studied. The rate-theory model describes the evolu-
tion of gas bubbles, interstitials, and interstitial
loops while the phase-field model describes evolu-
tion of the recrystallization zone. From 1D simula-
tions in bi-crystalline structures and 2D simulations
in polycrystalline structures, we can conclude that
(1) recrystallization in large grains starts earlier
than that in small grains, (2) the recrystallization
kinetics (recrystallization volume fraction)
decreases as the grain size increases, (3) the pre-
dicted recrystallization kinetics is consistent with
the experimental results, and (4) the recrystalliza-
tion kinetics can be described by the modified
Avrami equation, but the parameters of the Avrami
equation strongly depend on the grain size. The
simulation results also showed that the gas bubble
density, Xe content per gas bubble, and gas bubble

radius increase as grain size increases. The devel-
oped model can describe the evolution of intragran-
ular gas bubble microstructures and the Xe flux to
the recrystallization zone after recrystallization
takes place. Nevertheless, it cannot calculate the
total swelling of gas bubbles because intergranular
gas bubble evolution in the recrystallization zone is
not known. The model needs further development to
include a capability for describing the intergranular
gas bubble evolution and gas bubble-to-void transi-
tion in the recrystallization zone to predict the effect
of recrystallization on swelling kinetics.
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