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In this work, a phase-field model is established to capture the void migration behavior under a tem-

perature gradient within a crystal matrix, with an appropriate consideration of the surface diffusion

mechanism and the vapor transport mechanism. The interfacial energy and the coupling between

the vacancy concentration field and the crystal order parameter field are carefully modeled.

Simulations are performed on UO2. The result shows that for small voids (with an area� plm2),

the well-known characteristics of void migration, in consistence with the analytical model, can be

recovered. The migration is manifested by a constant velocity and a minor change of the void

shape. In contrast, for large voids (with an area of �10 lm2) initially in circular shapes, significant

deformation of the void from a circular to cashew-like shape is observed. After long-time migra-

tion, the deformed void would split into smaller voids. The size-dependent behavior of void migra-

tion is due to the combined effect of the interfacial energy (which tends to keep the void in circular

shape) and the surface diffusion flow (which tends to deform the void due to the nonuniform

diffusion along the surface). Moreover, the initial shape of the void modifies the migration velocity

and the time point when splitting occurs (for large voids) at the beginning of migration due to the

shape relaxation of the void. However, it has a minor effect on the long-time migration. Our work

reveals novel void migration behaviors in conditions where the surface-diffusion mechanism is

dominant over the vapor transport mechanism; meanwhile, the size of the void lies at a mediate

size range. Published by AIP Publishing. https://doi.org/10.1063/1.4996692

I. INTRODUCTION

Microstructure evolutions, such as the formation of

point defects and defect clusters caused by displacement

collision cascades,1–3 growth, migration, and coalescence of

voids and bubbles driven by the diffusion and redistribution

of vacancies, interstitials and gas atoms,4–9 grain growth

due to the high temperature sintering effect,10–12 as well as

phase-separation and precipitation,13–15 etc., are commonly

observed in nuclear materials during irradiation. Occurring

at length scales spanning from the atomistic scale to the con-

tinuum scale and at time scales spanning from several pico-

seconds to dozen of years, these microstructure evolutions

together play crucial roles in determining the overall perfor-

mance of the nuclear fuels and cladding materials. In particu-

lar, it is well-known that the microstructures strongly affect

the material properties such as the thermo-mechanical prop-

erties (e.g., thermal conductivity, ductility, and creep proper-

ties) and can lead to structural instabilities such as swelling

and cracking as well as product gas release.16–20 It is of both

fundamental and engineering significance to first gain an in-

depth understanding of the characteristics of microstructural

changes in irradiated materials, for further modeling and

optimizing the performance of nuclear reactor components.

At normal working conditions, there is a large tempera-

ture gradient in the nuclear fuel rods. In particular, in fuel

materials with a low thermal conductivity, e.g., uranium

dioxide UO2, the center region temperature is above 2000 �C
whereas the edge region temperature is about 400–500 �C.

This great temperature gradient drives the voids to migrate

towards the center of the fuel rod, and causes the formation

of a central cavity and the densification of the fuel mate-

rial.21,22 During their migration, voids can capture the reac-

tion product gas, and bring it to large cracks or to the central

cavity. Thus, void migration plays an important role in gas

release. Nonuniform grain coarsening in the fuel rods also

happens due to the large temperature gradient. Due to the

interaction between voids and grains, void migration can

play an important role in grain coarsening, and conversely,

the crystalline structure also affects the void migration

behavior.12,23–26 With the deepening of fuel consumption,

deformation of the fuel rods and gas release become more

and more serious under the combined effects of void
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migration, grain coarsening, and cracking due to the large

thermal stress. The gas release further raises the fuel rod

internal pressure and causes volume swelling problem.

Migration of voids through a solid essentially requires

the transfer of atoms from the leading surface to the trailing

surface. It is now known that three mechanisms are possible

to cause void migration: bulk diffusion where atoms or

vacancies nearby the void surface diffuse in the solid matrix,

surface diffusion where atoms or vacancies diffuse along the

surface of voids, and vaporization/condensation in which the

matrix material vaporizes at the leading surface and con-

denses at the trailing surface via the vapor phase. In general,

the contributions of different mechanisms to the void migra-

tion are strong functions of the void size and shape.

Migration velocity of voids in regular shapes (e.g., flat,

cubic, and spherical shapes) as a function of void size can be

captured by analytical models.27–31 Nevertheless, during the

migration, the size and shape of the void can be changed sig-

nificantly, for example, due to the capture of defect clusters,

the initially unstable size and shape caused by the insuffi-

cient sintering, and the nonuniform feature of the diffusion

flow. At present, a comprehensive understanding of the void

migration behavior, especially the size/shape changes of the

void during migration, and how such size/shape changes

affect the void migration velocity, is still lacking.

From the basic picture of void deformation during ther-

mal migration, there are two important factors that determine

the void deformation: the diffusion flow (which tends to

deform the void) and the interfacial energy (which tends to

keep the void in circular shape). On one hand, the impor-

tance of interfacial energy decreases with the increase of

void size; thus, voids can deform into non-circular shapes by

diffusion flow when the size of the void is above a critical

value. On the other hand, the contributions of different

mechanisms to the diffusion flow vary with the size of the

void. Considering the different spatial features of the diffu-

sion flow caused by different mechanisms, various void

deformation behaviors are expected during thermal migra-

tion at different size ranges. In the literature, so far only

those small enough voids (which would remain in circular

shape during migration and the migration is caused by bulk/

surface diffusion mechanisms) and large enough voids

(which tend to remain in lenticular shape during migration

and the migration is dominated by the vapor transport mech-

anism) have been revealed.9,26–36 We postulate that there

might be a mediate size range where the void can be

deformed into non-circular shapes during migration by the

surface-diffusion mechanism rather than the vapor transport

mechanism. At this mediate size range, there might be inter-

esting but overlooked void deformation behaviors during

thermal migration. This postulation should be generally plau-

sible for materials that possess a not too large interfacial

energy so that the critical size of void deformation is smaller

than the critical size between surface-diffusion and vapor

transport mechanisms.

The phase-field method has been proved to be a power-

ful simulation tool in the mesoscale. Based on a diffuse inter-

face model, the phase-field method has been extensively

applied to predict microstructures and their evolution

kinetics in various materials processes.37,38 Recently, phase-

field models have also been developed to capture gas bubble

and void evolution in nuclear materials.6–9,12,23,24,26,34–36

The major objective of this work is to develop a phase-field

model to make quantitative predictions on the void migration

behavior under a temperature gradient in a crystal matrix,

and apply it to a realistic system UO2. To achieve this, we

appropriately consider the surface diffusion mechanism and

the vapor transport mechanism. The interfacial energy and

the coupling between the vacancy concentration field and the

crystal order parameter field are carefully modeled. It would

be shown that the significant shape change and even splitting

behavior can be involved in the migration of the void, which

would consequently modify the void migration velocity.

Such behaviors depend on the size and initial shape of the

void, and are attributed to the combined effect of the interfa-

cial energy and the surface diffusion flow. Similarity

between the void migration in the solid and the air bubble

rising in the fluid caused by the incompressible two-phase

flow is also discussed.

II. MODEL AND METHODOLOGY

A. Phase-field model

In the phase-field model, the conserved vacancy concen-

tration field, cv, which is in the range of zero to one, is cho-

sen to represent the voids within a solid matrix. It is equal to

one in the voids and equals to zero in the matrix. The grains

are represented by non-conserved order parameters, ga, with

index a ranging from one to P, and P being the number of

grain orientations. ga are also in the range of zero to one, and

take the value of one within a designed grain and zero in

other grains or in the voids. By taking into account the bulk

free energy and the gradient energy, the free energy func-

tional of the system has the form

F ¼
ð

f ðcv; gaÞ þ
1

2
jvjrcvj2 þ

1

2

XP

a¼1

jgajrgaj2
" #

d3r; (1)

where the first term is the bulk free energy density, and the

latter two terms are the gradient energy densities for the

vacancy concentration field and the grain order parameters.

jv and jga are the gradient energy coefficients for cv and ga,

respectively. The coupling between the vacancy concentra-

tion field and the grain order parameter field modifies not

only the free energy of the system but also affects the evolu-

tion equations of the two fields. The form of the bulk free

energy density needs to be cautiously chosen. Based on the

idea of previous studies,23,24,39,40 we constructed the follow-

ing Landau-type of the bulk free energy density

f ðcv; gaÞ ¼ Bcv
2 1� cvð Þ2 þ C 3

X
a

g2
a þ cv

2
� �2

"(

�4
X

a

g3
a þ cv

3
� �

þ 1

#)
; (2)

where B and C are constants with positive values. Using a

similar procedure of previous studies,23,24,39,40 that is by
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investigating the equilibrium profiles of the phase fields

across flat interfaces, one can derive that B, C, together with

jv and jga are directly related to material properties as

follows:

cgb ¼ 2ffiffiffi
3
p

ffiffiffiffiffiffiffiffi
Cjg

p
; (3a)

cs ¼ 1

6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðjv þ jgÞ Bþ 12Cð Þ

q
; (3b)

l ¼
ffiffiffiffiffiffiffi
4jg

3C

r
¼ d; (3c)

Bþ 6C

jv
¼ 6C

jg
; (3d)

where cgb, cs, and d are the grain boundary energy, void sur-

face energy, and grain boundary width, respectively, and l is

the diffuse interface width. Note that the form of this bulk

free energy density is the same with that used in previous

studies,23,24,39,40 but with a slightly different coupling term

between the concentration field and the grain order parame-

ter fields. It can be readily seen that when cv equals to one,

namely in the void phase, the equilibrium values of ga must

be zero. This guarantees the free energy density of Eq. (2)

suitable to capture the growth and migration behaviors of

voids within the crystal matrix, where the concentration field

dominates the overall microstructure evolution.

The evolution of the vacancy concentration field obeys

the continuity equation

@cv

@t
¼ �r � J; (4)

where t is the time and J is the total vacancy flow density.

Taking into account the flow of atomic species caused by the

temperature gradient, J is composed of three terms,

J ¼ �Mrwþ JT þ JP; (5)

where M is the chemical mobility tensor, w is the general-

ized chemical potential, JT is the atomic flow density caused

by the thermal transport (i.e., Soret effect) due to the temper-

ature gradient, and JP is the flow density of UO2 molecule

vapor caused by the vapor transport mechanism due to the

temperature gradient. The generalized chemical potential is

given by

w ¼ dF

dcv
¼ @f

@cv
� jvr2cv: (6)

For a system that comprises of different species, e.g.,

vacancies and matrix atoms, the temperature gradient can

lead to a material transport flow due to the different

responses of species to the temperature gradient force. Based

on the irreversible thermodynamics, the thermal transport

flow density JT is given by31

JT ¼ �
MQcv

T
rT; (7)

where T is the temperature and Q is the transport heat.

The temperature gradient also causes a nonuniform

vapor pressure distribution at the void surface. As a result,

the vaporization/condensation processes of the matrix mate-

rial at the void surface are also nonuniform, which leads to a

nonzero transport flow of the matrix material in the void.

The vapor transport flow density JP is given by30

JP ¼ �
Dgvm

RT
rPvap; (8)

where Pvap is the vapor pressure, Dg is the gaseous diffusion

coefficient of matrix species in the void, vm is the molar vol-

ume, and R is the universal gas constant.

The gaseous diffusion coefficient Dg is a function of the

temperature and the total pressure.33 Assume that the gas in

the void is sintering gas (e.g., Helium). Taking the condition

T¼ 2000 K and P¼ 1 atm as the reference state, Dg can be

estimated by the following equation:

Dg ¼ D�g
T

2000

� �3=2
1

P

� �
; (9)

where D�g is the value of the gaseous diffusion coefficient of

UO2 molecule vapor at condition T¼ 2000 K and P¼ 1 atm.

The total pressure in the void can be related to the sintering

temperature Tsint and the sintering pressure Psint as

P ¼ T

Tsint

Psint: (10)

Note that the mean free path of UO2 molecules in He

gas at P¼ 1 atm and T¼ 2000 K is estimated to be about

700 nm, which is smaller but not too far from the smallest

void size we investigated. There is a chance that the vapor

transport of UO2 molecules is ballistic rather than diffusive,

especially considering the curvature of the surface.

Nevertheless, at this void size range we investigated, the

void migration is mainly caused by the surface-diffusion

flow rather than the vapor transport flow. Considering the

fact that the role of vapor transport becomes less important

at small voids, a rough estimation of the vapor transport flow

by the use of formulas for the diffusive regime for small

voids would not alter the major features of void migration.

The chemical mobility tensor is given by

M ¼ vmD

RT
; (11)

where D is the diffusion coefficient tensor.

Note that surface diffusion is tangential to the surface;

the diffusion coefficient must be expressed as a tensor pro-

jecting mass transport onto the surface. This diffusion coeffi-

cient tensor can be constructed in a way that is consistent

with the sharp interface limit. The expression for the surface

diffusion coefficient tensor has the form23,24,39,40

DS ¼ DS cv � 1ð Þ2c2
vTS; (12)

where DS is the surface diffusivity and TS is the surface pro-

jection tensor to guarantee that the surface diffusion is con-

fined along the surface. TS is related to the dyadic product of

the unit normal to the surface nS ¼ rcv=jrcvj as
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TS ¼ I� nS � nS; (13)

with I being the identity tensor. The function ðcv � 1Þ2c2
v

confines that mechanism to the (diffuse) surface region. It

would be shown that the surface diffusion tensor DS thus

constructed projects the diffusion flow along the void sur-

face, and can cause significant geometry change of the voids

during migration.

Moreover, the lattice diffusion tensor is constructed as

Db ¼ DbnðcvÞI; (14)

where Db is the bulk diffusion tensor, Db is the bulk diffusion

coefficient of the matrix material, and nðcvÞ is a function that

confines nontrivial values of diffusivity in the solid region

and zero values in the voids.23 The total diffusion tensor is

D ¼ Db1DS: (15)

Note that, in this work, we consider the void migration

within a single crystal matrix. For void migration in a poly-

crystalline matrix, the grain diffusion tensor can be readily

added to the total diffusion tensor.

The kinetic equations of grain order parameters are

@ga

@t
¼ �L

dF

dga
¼ �L

@f

@ga
� jgr2ga

� �
; (16)

where L is the kinetic coefficient related to the grain

mobility24

L ¼ cgbMb=jg; (17)

with Mb being the grain mobility.

B. Equations of temperature and pressure fields

The voids, which are usually filled with sintering gas

(e.g., He) and product gas (e.g., Xe), generally have a much

lower thermal conductivity than that of the matrix.9,30 Such a

difference between the thermal conductivity of the matrix

and the voids can strongly modify the temperature field dis-

tribution. To take into account this effect, we need to solve

the temperature field according to the heat conduction equa-

tion. Assume that the system immediately reaches a steady

heat conduction state once the concentration field and the

grain order fields change. The following steady-state heat

conduction equation is used:9

r � j cvð ÞrT
� �

þ q 1� c2
v

� �
¼ 0; (18)

where q is the heat source constant and jðcvÞ is the thermal

conductivity which varies spatially according to different

phases. The term, ð1� c2
vÞ, in the heat source term guaran-

tees that no heat is generated within the void. The thermal

conductivity jðcvÞ is assumed to have the following form:

j cvð Þ ¼ jvoid � jmatrixð Þcv þ jmatrix: (19)

That is, the thermal conductivity in the interfacial zone is lin-

early interpolated based on the thermal conductivity of the

matrix material jmatrix and that of the voids jvoid.

Under steady state conditions, the flow density JP

caused by the vapor transport mechanism in Eq. (8) satisfies

the continuity equation,30 that is

r � Dgvm

RT
rPvap

� �
¼ 0: (20)

This elliptical differential equation is similar to the steady

heat conduction equation, and it is solved within the void for

a given boundary condition of the vapor pressure at the void

surface.

The vapor pressure at the void surface is given by41

P0
vap ¼ 105 exp

DSvap

k

� �
exp �DHvap

kT

� �
; (21)

with DSvap and DHvap being the vaporization heat and enthalpy,

respectively.

C. Numerical implementation

In this work, we focus on the void migration behavior

driven by a temperature gradient within a UO2 single crystal

matrix although the model itself is suitable to capture the

void migration behavior within a polycrystalline matrix.

Void migration in a polycrystalline matrix will be shown in a

later work. Simulations are performed on two-dimensional

mesh grids. As shown later, the model captures well the

basic features of void migration, in consistence with those

predicted by three dimensional analytical models. The major

conclusions found in our two-dimensional simulations could

be extended to real migration of three dimensional voids. In

solving the kinetic equations of the concentration field and

grain order fields, i.e., Eqs. (4) and (16), a second-order cen-

tered finite difference approximation is utilized for all spatial

derivatives and an explicit Euler scheme is used for time

derivatives. At each time step, the temperature and vapor

pressure fields are updated by solving the steady state heat

conduction equation and the vapor pressure equation, i.e.,

Eqs. (18) and (20), via a Gauss–Seidel iteration scheme. The

vapor pressure is solved within the void. A contour line with

cv¼ 0.8 is used to define the void surface.

For UO2 with a surface energy of 0.6 J/m2, a grain bound-

ary energy of 0.3 J/m2 and a grain boundary width of about

nanometers,24,42 the free energy parameters take on the follow-

ing values: B ¼ 1:3585	 109 J=m3, C ¼ 1:128	 108 J=m3,

jg ¼ 6	 10�10 J=m, and jv ¼ 1:8	 10�9 J=m. To make

mesoscale simulations, we adopt a diffuse interface which has

a width l0 of about 500 nm instead of the sharp interface while

keeping the surface and grain boundary energies invariant.24

This is achieved by decreasing the values of B and C and

decreasing the values of jg and jv by a factor N¼ 187. In all

cases, a 200	 100 finite difference grid is used. The grid size is

taken to be 0.2l0 for large voids and 0.1l0 for small voids, so

that the interface includes at least five mesh points. The values

of the diffusion coefficients are taken to be D�g ¼ 1:1

	10�3 m2=s,43 Ds ¼ 50 exp ð�450; 000=RTÞm2=s,42 and Db

¼ 4	 10�7 exp ð�290; 000=RTÞm2=s.44 For vaporization of

UO2 molecules, values of the vaporization heat and enthalpy
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are taken to be: DSvap ¼ 150 J mol�1 K�1 and DHvap

¼ 567 kJ=mol.41 The value of transport heat is Q ¼ 1:8367

	1010 J=m3.9 Moreover, the sintering temperature Tsint and the

sintering pressure Psint are taken to be Tsint¼ 2000 K and

Psint¼ 1 atm. In defaulted simulations, the void is assumed to

be filled with helium gas. The conductivity of the void is taken

to be 1/5th of that of the UO2 matrix.30 The discrete time step is

taken to be 6.3	 10�5 s, and a maximum number of step is set

to be 4	 107 steps; thus, a time period over 2520 s can be

simulated.

III. RESULTS AND DISCUSSION

A. Basic characteristic of a void during migration

To better understand the void migration behavior, we

would like to first reveal the features of some physical quan-

tities that are relevant to void migration. In Fig. 1, we depict

the spatial distributions of the concentration field cv, the

mobility tensor component M11, the temperature field T, and

the vapor pressure Pvap at the beginning of migration of a cir-

cular void. The void is subjected to an unperturbed tempera-

ture gradient field along the horizontal x direction, with dT/

dx¼ 0.4 K/lm. The simulation cell size is 10 lm	 5 lm and

the void has a radius of 1 lm. To obtain the quantities, the

void is initially set with a sharp interface, and then an evolu-

tion over a time period of 6.3 s (i.e., 105 steps) is performed

to recover the diffusive interface. Note that for such a short

time period, the void migration is not significant. Moreover,

due to the isotropic gradient energy and the short time

period, the void maintains a circular shape, as can be clearly

seen from the vacancy concentration field cv shown in Fig.

1(a). The distribution of the mobility tensor component M11,

which is mainly relevant to the vacancy diffusion along the

temperature gradient direction, clearly indicates that the dif-

fusion is mainly confined to the void surface (i.e., the surface

diffusion mechanism is dominant) and importantly, the diffu-

sion is nonuniform along the surface. The tensor formula of

surface diffusion has been included in the model in previous

phase-field studies.23,24 However, its effect on void migra-

tion behavior subjected to a temperature field, has not yet

been revealed to the best of our knowledge. It is shown in

this work that for a proper void size, such a surface diffusion

flow can cause significant shape change and even interesting

splitting behavior for voids under long time migration.

Distributions of the temperature field T and the vapor

pressure Pvap inside the void are shown in Figs. 1(c) and

1(d), respectively. The profiles of temperature and vapor

pressure along the center of line of the void are also shown

FIG. 1. Field distributions of a circular void (with a radius of 1 lm) in the UO2 matrix subjected to a temperature gradient field of 0.4 K/lm. (a) Vacancy con-

centration field cv, (b) vacancy mobility component M11, (c) temperature field T, and (d) vapor pressure Pvap. Profiles of the (e) temperature field and (f) vapor

pressure along the center of line of the void.

154102-5 Chen et al. J. Appl. Phys. 122, 154102 (2017)



in Figs. 1(e) and 1(f), respectively. It can be seen that there

is an enhanced temperature gradient field inside the void due

to the thermal conductivity difference between the void and

the matrix. It is expected that the void has a larger migration

velocity due to the enhanced temperature gradient field. The

temperature gradient also causes a gradient of vapor pressure

Pvap in the void [Figs. 1(d) and 1(f)]. One can see that the

vapor pressure gradient is of about 2 Pa/lm. Although its

value seems small, it is this vapor pressure gradient that

drives void migration via the vapor transport mechanism, in

which matrix species vaporize at the leading surface and

condense at the trailing surface in the void.

Both the thermal transport mechanism and the vapor

transport mechanism can contribute to void migration. To

better see their importance, Figs. 2(a) and 2(b) respectively

depict the atom flow density patterns caused by the two

mechanisms, i.e., the thermal transport flow density JT, and

the vapor transport flow density JP, at the beginning of

migration of a circular void (with a radius of 1 lm) in the

UO2 matrix subjected to a temperature gradient field dT/dx
¼ 0.4 K/lm. It can be seen that the thermal transport mecha-

nism is mainly caused by the surface diffusion and the flow

density JT is along the void surface. Therefore, it can be

regarded as an incompressible two phase flow along the

interface between the void phase and the solid phase. It is

worth noting that the flow density JT is nonuniform along the

void surface. JT takes on much larger values at the top and

bottom regions than at the left and right regions of the void

surface. This is a result of the combined effect of the temper-

ature gradient and the surface-dependent mobility tensor M.

In contrast with the thermal transport flow density JT, the

vapor transport flow density JP is along the temperature gra-

dient direction and is rather uniform in the void due to the

conservation of flow in the gas phase. Importantly, the maxi-

mum magnitude of the thermal transport flow density JT is

about two orders larger than that of the vapor transport flow

density JP. It is expected that the thermal transport mecha-

nism plays a much more important role than the vapor trans-

port mechanism for small voids which have large surface-to-

volume ratios. Only for voids with a typical width larger

than 10 lm along the temperature gradient and an area larger

than 100 lm2, the vapor transport mechanism can be over-

whelmed. The size of voids in this work lies in the regime

where the thermal transport mechanism is dominant.

Now we investigate the long-time migration of circular

voids. For a void of radius 0.5 lm and subjected to a temper-

ature gradient field of �0.2 K/lm, the displacement of the

void center as a function of time is depicted in Fig. 3(a). The

insets also depict the distribution of the concentration field at

t¼ 0 s and 252 s. The simulation cell size is taken to be

10 lm	 5 lm. It can be seen that the void migrates about

1.1 lm, and it maintains a circular shape during the migra-

tion. Except at the beginning due to the relaxation, the void

migrates almost in a constant velocity of about 4.6 nm/s. The

conservation of the concentration field is verified as shown

in Fig. 3(b), where the lattice summation of the concentration

field is traced as a function of time. The profiles of concen-

tration field across the center of the void at t¼ 0 s and at

t¼ 252 s are further shown in Figs. 3(c) and 3(d), respec-

tively. It can be seen that the profile of concentration field is

symmetric at the beginning, and it becomes asymmetric dur-

ing the migration. Interestingly, a “tail” region, with a small

but nonzero value of vacancy concentration, is left behind

the void. Such a tail region is believed to be caused by the

local unbalance between the flow caused by the temperature

gradient (i.e., JT þ JP), which drives the void surface to

move, and the flow caused by the chemical potential

�Mrw, which tends to keep the vacancies inside the void.

The appearance of a tail region indicates that the void trail-

ing surface moves too fast to keep all the vacancies inside

the void.

The effect of temperature gradient on the long-time

migration of a circular void of radius 0.5 lm is further inves-

tigated. In Fig. 4, we depict the displacement of the void cen-

ter as a function of time for a void subjected to an

unperturbed temperature gradient of 0.2 K/lm or 0.4 K/lm.

For comparison, besides the cases in which the matrix and

the void have different thermal conductivities (i.e., jvoid

¼ 0.2 jmatrix), we also present the cases in which the matrix

and the void have the same thermal conductivity (i.e., jvoid

¼ jmatrix). The void migration velocity is almost proportional

to the unperturbed temperature gradient. For example, the

migration velocity is about 1.85 nm/s for the case dT/

dx¼ 0.2 K/lm and jvoid ¼jmatrix, whereas it increases to be

3.82 nm/s when the temperature gradient doubles. Moreover,

the void migrates much faster (with almost two times the

velocity) in the cases jvoid ¼ 0.2 jmatrix than that in the cases

jvoid ¼jmatrix.

B. Size-dependent void migration behavior

Now, we turn to the size effect on void migration. The

migration of circular voids with different sizes in the UO2

matrix subjected to the same temperature gradient field (i.e.,

0.2 K/lm) is further simulated. The initial void radius is

taken to be 0.5 lm, 0.75 lm, and 1.0 lm. Assume that the

matrix and the void have different thermal conductivities

(i.e., jvoid ¼ 0.2 jmatrix). The snapshots of the concentration

field during migration and displacement curves of the void

center for various voids as a function of time are shown in

Figs. 5(a) and 5(b), respectively. It can be seen that there is a

slight change of shape for all the voids after migration. The

final shape of the voids is slightly elliptical with a shorter

FIG. 2. Atom flow patterns of the voids (with a radius of 1 lm) in the UO2

matrix subjected to a temperature gradient field of 0.4 K/lm. (a) Thermal

transport flow density JT and (b) vapor transport flow density JP.
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width along the temperature gradient, indicating a larger

velocity of the trailing surface than that of the leading sur-

face at the beginning of migration. The larger the size of the

void, the change of shape is more significant. Moreover, the

void migration velocity decreases as the void radius

increases. The migration velocity is about 4.6 nm/s, 3.5 nm/s,

and 2.8 nm/s, for the voids with a radius of 0.5 lm, 0.75 lm,

and 1.0 lm, respectively. That is, the void migration velocity

is almost inversely proportional to the void size. According

to analytical models,29,31 the surface diffusion mechanism

leads to an inversely proportional relation between the void

migration velocity and the void size. Our result clearly indi-

cates that the surface diffusion mechanism is dominant in the

void migration. This result, together with those depicted in

Figs. 3 and 4, shows that for small voids (�1 lm), the well-

known characteristics of void migration (i.e., constant veloc-

ity, small change of shape, proportional to temperature gradi-

ent and inversely proportional to the void size) in

consistence with analytical models can be recovered.

The situation of large voids, however, is quite different.

The long-time migration of a circular void (with a radius of

2 lm) subjected to a temperature gradient field of 0.4 K/lm

is further simulated and the result is depicted in Fig. 6. From

the snapshots of the concentration field distribution during

the void migration, one can see that the void changes its

shape significantly during the migration: first deforms into a

cashew-like shape and eventually splits into two small voids.

FIG. 3. Migration of a circular void (with a radius of 0.5 lm) in the UO2 matrix subjected to a temperature gradient field of �0.2 K/lm. (a) Displacement of

the void center as a function of time with the insets depicting the distribution of concentration field at t¼ 0 and 252 s, (b) lattice summation of the concentration

field as a function of time, (c) concentration field profile across the center of the void (as indicated by the dash line in the inset) at t¼ 0 s, (d) concentration field

profile across the center of the void (as indicated by the dash line in the inset) at t¼ 252 s.

FIG. 4. Displacement of the void center as a function of time during the

migration of (a) a circular void (with a radius of 0.5 lm) subjected to various

temperature gradient fields.
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This is not found in the previous cases of migration behavior

of small void sizes (�1 lm). As already mentioned, the ther-

mal transport flow density JT is nonuniform along the void

surface due to the combined effect of the temperature gradi-

ent and the surface-dependent mobility tensor M. There are

much larger values at the top and bottom regions than at the

left and right regions of the void surface. Such a nonuniform

flow density JT leads to more significant material transport at

the top and bottom region of the void than the middle region.

As a consequence, the top and bottom regions of the void

move ahead, and the middle region is left behind.

Eventually, the void adopts a cashew-like shape, and finally

even splits into two voids. For small voids, although the non-

uniform flow density JT also changes the shape of the void a

little bit during the migration, the void can remain stable,

due to the balance between the gradient energy (which tends

to keep the void in circular shape) and the deformation

brought by the surface diffusion. For voids with large enough

sizes, the nonuniform flow density JT changes the shape of

the void significantly during the migration, and the void can-

not remain stable, as the gradient energy is not enough to

fight against the deformation brought by the surface diffu-

sion. Note that the competitive effect between the gradient

energy and the surface diffusion is not only a function of

size but also a function of temperature gradient. The critical

size of void splitting should be also dependent on the temper-

ature gradient. Actually, even for small voids (�1 lm), our

simulation shows that by exerting a large enough tempera-

ture gradient (e.g., 1.5 K/lm, which may be unrealistic in

practice), splitting can also be observed.

It is interesting to ask how the migration velocity of the

void changes during the above complicated migration behav-

ior shown in Fig. 6(a). To see this, in Fig. 6(b) we trace the

displacement of the void as a function of time. Different

from the previous cases, here, the displacement is repre-

sented by the rightmost edge point of the void(s) due to the

shape change and splitting of the initial void. As labeled by

capitals A to I, the snapshots shown in Fig. 6(a) have been

indicated in the displacement curves. It can be seen that the

migration velocity of the rightmost edge point of the void(s)

exhibits a nonlinear feature. This might be mainly due to the

fact that the rightmost edge point of the void(s) is not fixed

FIG. 5. (a) Snapshots during the

migration of circular voids of radius

0.5 lm, 0.75 lm, and 1.0 lm subjected

to a temperature gradient field of

0.2 K/lm. (b) Displacement of the void

center as a function of time during the

migration of the circular voids.
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but changes during time. Anyway, after splitting, the void

migration should be faster as the void size decreases. For

comparison, we also depict the displacement of the void as a

function of time in the case where the matrix and the void

have the same thermal conductivity (i.e., jvoid ¼jmatrix). In

this case, as the temperature gradient experienced by the

void is much smaller, the void does not split into two small

voids after a migration time of 2520 s, and the displacement

curve also exhibits a much more linear behavior than the pre-

vious case. Nevertheless, the deformation of the void into a

cashew-like shape is also clearly seen, indicating it would

also split into two small voids after a sufficiently long migra-

tion time. Our result thus shows that large voids subjected to

a temperature gradient field are likely to exhibit significant

shape change and even splitting after long-time migration.

C. Shape-dependent void migration behavior

It should be noted that, at equilibrium, the void should

have a stable size and shape. Nevertheless, there are situations

where the void initially has an unstable size and shape, for

example, in fresh UO2 samples under insufficient sintering

treatment, or the working conditions of the UO2 samples have

been changed. After having an insight into the size-dependent

void migration behavior, in the following, we explore how the

initial shape of the void modifies the void migration.

In Fig. 7, we first depict the profiles of (a) the tempera-

ture field T and (b) the vapor pressure Pvap across the center

line of three elliptical voids with different shapes in the UO2

matrix subjected to an unperturbed temperature gradient of

dT/dx¼ 0.4 K/lm. As indicated in the insets of Figs. 7(a)

and 7(b), the elliptical voids have different values of the two

elliptical axes, i.e., (a, b)¼ (0.4 lm, 2.5 lm), (1 lm, 1 lm),

and (2.5 lm, 0.4 lm). Similar to the previous case of the cir-

cular void shown in Fig. 1, the voids are initially set with a

sharp interface, and then an evolution over a time period of

6.3 s (i.e., 105 steps) is performed to recover the diffusive

interface. The void migration and shape change are not sig-

nificant over such a short time period. It can be seen that the

void shape affects the distributions of the temperature field

FIG. 6. (a) Snapshots during the

migration of a circular void (with a

radius of 2 lm) subjected to a tempera-

ture gradient field of 0.4 K/lm. The

matrix and the void have different ther-

mal conductivities (i.e., jvoid ¼ 0.2

jmatrix). (b) The displacement of void

as a function of time. For comparison,

the case where the matrix and the void

have the same thermal conductivity

(i.e., jvoid ¼jmatrix) is also depicted.

The displacement is denoted by the

rightmost edge of the void(s) due to

the shape change and splitting of the

void.
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and the vapor pressure. As the void width along the tempera-

ture gradient i.e., a decreases, the temperature gradient

increases remarkably inside the void while it decreases

slightly in the matrix. The vapor pressure gradient inside the

void also increases with the decrease of the void width along

the temperature gradient.

The shape-dependent temperature field and vapor pres-

sure profiles should modify the void migration. The shape-

modifying effect on void migration is clearly indicated in the

flow patterns at the beginning of migration for the three ellip-

tical voids as shown in Fig. 8, where the thermal transport

flow density JT and the vapor transport flow density JP are

shown in Figs. 8(a) and 8(b), respectively. With the decrease

of the void width, both the maximum magnitudes of JT and

JP increase. Note that the area of surface that is parallel along

the temperature gradient decreases with the decrease of the

void width along the temperature gradient. The thermal trans-

port becomes more localized and more significant change of

the void shape during migration can be expected. Also due to

the increase of the volume to surface ratio, the vapor transport

mechanism could be more important with the decrease width

of the void along the temperature gradient.

Having gained an insight into the relevant field distribu-

tions, now we simulate the long-time migration behavior of

elliptical voids subjected to a temperature gradient field of

0.4 K/lm. We first consider three elliptical voids with the

following values of the two elliptical axes: (a, b)¼ (0.4 lm,

2.5 lm), (1 lm, 1 lm), and (2.5 lm, 0.4 lm). That is, the size

of the void is fixed to be p lm2. Figure 9(a) depicts the snap-

shots of the concentration field cv during the long-time

migration of the three elliptical voids. It is found that the

voids exhibit quite different shape relaxation behaviors at

FIG. 7. Profiles of (a) temperature and (b) vapor pressure field across the

center line of elliptical voids with different shapes subjected to an unper-

turbed temperature gradient of 0.4 K/lm. The elliptical voids have different

values of the two elliptical axes, i.e., (a, b)¼ (0.4 lm, 2.5 lm), (1 lm, 1 lm),

and (2.5 lm, 0.4 lm).

FIG. 8. Atom flow patterns of elliptical voids with different shapes subjected to an unperturbed temperature gradient of 0.4 K/lm. The voids have different val-

ues of the two elliptical axes, i.e., (a, b)¼ (0.4 lm, 2.5 lm), (1 lm, 1 lm), and (2.5 lm, 0.4 lm). (a) Thermal transport flow density JT and (b) vapor transport

flow density JP.

154102-10 Chen et al. J. Appl. Phys. 122, 154102 (2017)



the beginning of migration. A significant shape change is

observed for the void with (a, b)¼ (0.4 lm, 2.5 lm) and for

the void with (a, b)¼ (2.5 lm, 0.4 lm). The former deforms

into a cashew-like shape, whereas the latter contracts along

the temperature gradient. Despite the different shape relaxa-

tion, all the voids eventually adopt the same shape, which is

slightly elliptical with a< b. No splitting of the voids is

observed. The displacement curves of the voids as a function

of time can be found in Fig. 9(b). Similar to the previous

case, we trace the rightmost edge of the void(s) due to the

shape change and splitting of the void. One can see that

the void shape affects the void migration velocity. Due to the

shape deformation at the beginning of migration, the migra-

tion velocity increases with the decrease of a. After the shape

deformation, all the voids adopt the same shape, and they

migrate with a similar velocity.

The result shown in Fig. 9 indicates that the size of the

voids is not sufficiently large to cause splitting behavior, and

the effect of the initial shape on void migration is gentle. The

case is quite different for larger voids. To see this, we double

the size of the three elliptical voids into (a, b) ¼ (0.8 lm,

5 lm), (2 lm, 2 lm) and (5lm, 0.8 lm), that is, the size of the

void is fixed to be 4p lm2, and simulate their long-time migra-

tion behavior subjected to a temperature gradient field of

0.4 K/lm. The result is shown in Fig. 10, with Figs. 10(a) and

10(b) corresponding to the snapshots of the concentration field

during the migration of voids, and the displacement curves of

the voids as a function of time, respectively. At the beginning,

the deformation behavior of each of the voids is quite similar

to that found in small voids of the same shape shown in Fig.

9(a). However, the shape deformation is much slower for the

large voids, and importantly, void splitting occurs after a suffi-

ciently long time. For the void with (a, b)¼ (0.8 lm, 5 lm), it

first deforms into a cashew-like shape and finally splits into

two small voids at a time of about 2000 s. For the void with

(a, b)¼ (1lm, 1 lm), it also deforms into a cashew-like shape,

FIG. 9. (a) Snapshots during the

migration of elliptical voids with dif-

ferent shapes subjected to a tempera-

ture gradient field of 0.4 K/lm. The

voids have different values of the two

elliptical axes, i.e., (a, b)¼ (0.4 lm,

2.5 lm), (1 lm, 1 lm), and (2.5 lm,

0.4 lm). (b) The displacement curves

of the voids as a function of time. The

displacement is denoted by the right-

most edge of the void(s) due to the

shape change and splitting of the void.
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but occurs in a much slow way. For void with (a, b)¼ (5lm,

0.8 lm), it first contracts along the temperature gradient direc-

tion. Void splitting can be expected in the latter two voids but

at a much longer of time than the first case, which is beyond

the maximum time period of our simulation. After splitting,

the small voids can maintain a stable size and shape, and even-

tually have a similar migration velocity, as that shown in Fig.

9. Therefore, the initial shape of the void modifies the migra-

tion velocity and the time point when splitting occurs (for large

voids) at the beginning of migration due to the shape relaxation

of the void. However, its effect on the long-time migration is

minor.

D. Discussion

It is worth noting that lenticular voids with a typical

width larger than 10 lm along the temperature gradient and

an area larger than 100 lm2 are often observed in UO2 fuel

rods in experiments.30,32 While it is still not very clear on the

exact picture of how a void evolves into a lenticular shape

during its migration under the temperature gradient, it is gen-

erally accepted that lenticular voids are formed when the

vapor transport mechanism is dominant. Actually, to capture

the lenticular voids is also one of our motivations for devel-

oping a phase-field model with incorporating the vapor trans-

port mechanism. Nevertheless, lenticular voids are not the

focus points of this work. In this work, we aim to reveal

novel void migration behaviors in conditions where the

surface-diffusion mechanism is dominant over the vapor

transport mechanism meanwhile the size of the void is large

enough to overcome the interfacial energy to deform into

non-circular shapes. The size of “large” voids we investi-

gated (with an area of �10 lm2) is still not large enough to

show lenticular shapes. At this mediate size range, the void

FIG. 10. (a) Snapshots during the

migration of elliptical voids with dif-

ferent shapes subjected to a tempera-

ture gradient field of 0.4 K/lm. The

voids have different values of the two

elliptical axes, i.e., (a, b)¼ (0.8 lm,

5 lm), (2 lm, 2 lm), and (5 lm,

0.8 lm). (b) The displacement curves

of the voids as a function of time. The

displacement is denoted by the right-

most edge of the void(s) due to the

shape change and splitting of the void.
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can be deformed during migration by the thermal diffusion

flow rather than remaining in circular shape, however the

flow is mainly caused by the surface-diffusion flow rather

than the vapor transport flow. Below this mediate size range,

the void migration is mainly caused by the surface-diffusion

flow, but the void would tend to remain in the circular shape

due to the large interfacial energy. Above this mediate size

range, the diffusion flow is mainly caused by the vapor trans-

port flow rather than the surface-diffusion flow and the void

would be deformed into lenticular shapes.

For the void size range and at the temperature condition

we investigated, the void deformation caused by the vapor

transport flow is found to be much less important than that

caused by the surface diffusion flow. The relatively weak

effect of vapor transport flow density is not enough to cause

the void to deform into lenticular shapes. Nevertheless, len-

ticular voids can indeed form when the void size is large

enough as verified by our further simulation (not shown

here). The lenticular shape is caused by the relative larger

moving speed of the trailing surface than the leading surface

due to the difference of vapor transport flow density at the

two surfaces. This result is consistent with what has been

found in a recent phase-field simulation work by Vance and

Millett.36

It should be pointed out that our prediction is semi-

qualitative. The simulations in this work are performed on a

two dimensional mesh and based on the diffuse interface

model. This might overestimate the surface-volume ratio and

the importance of the surface diffusion mechanism, although

the surface diffusion coefficient has been scaled [see, Eq.

(12)]. We have examined that void splitting can still occur

and the cashew-shaped voids can still appear if we keep the

size of the void but decrease the surface diffusion flow den-

sity JT by a factor of ten, or if we decrease the size of the

void but increase the temperature gradient. This indicates

that, once the surface diffusion is dominant and the void size

is large enough to deform, this effect is quite universal.

Moreover, useful information on the migration behavior of

real three dimensional voids driven by a temperature gradi-

ent field can be inferred from our two dimensional simula-

tion by geometry analysis. For example, similar shape

change and splitting behavior can be expected along the

transverse plane for cylindrical voids at a large size if their

axis is perpendicular to the temperature gradient direction,

whereas for spherical voids at a large size, the shape of the

void would turn into a bowl-like shape and eventually into a

toroidal shape with a hollow in the center. Note also that the

migration behavior of voids in a solid found in this work is

very alike to the migration behavior of an air bubble rising in

water.45 Actually, both these two phenomena belong to the

migration behavior caused by incompressible two-phase

flows. For an air bubble rising in a fluid, the two-phase flow

is the air/fluid flow, where buoyancy and viscidity of the

fluid play an important role. For the void migration in the

solid, it is the atom flow along the interface of the void phase

and the matrix phase that mainly causes the migration.

Considering the similarity of the two phenomena, we believe

that the novel void migration behavior revealed in this work

can be found in porous solids at suitable conditions in

experiment, especially in materials with a large temperature

gradient (whose effect is analogous to buoyancy) and small

interfacial energy (whose effect is analogous to viscidity).

IV. CONCLUSIONS

Based on an established phase-field model, simulations

have been performed to reveal the effects of size and shape

on the void migration behavior in a single crystal matrix sub-

jected to a temperature gradient field. Several points have

been improved in our phase-field model in comparison with

the existing models in previous studies. First, it incorporates

both the thermal transport flow and the vapor transport flow,

with the temperature field and the vapor pressure appropri-

ately solved. Second, the surface diffusion effect is treated

by a tensorial formulation. Moreover, the interfacial energy

and the coupling between the vacancy concentration field

and the crystal order parameter field are carefully modeled.

Simulations are applied to the UO2 system. For small voids

(with an area� plm2), the well-known characteristics of

void migration (i.e., constant velocity, small change of

shape, proportional to the temperature gradient and inversely

proportional to the void size) in consistence with analytical

models can be recovered. In contrast, for large voids (with

an area of �10 lm2), the voids change their shape signifi-

cantly during migration, and eventually split into small

voids, indicating that there is a size limit of the void below

which it can remain stable under a temperature gradient field.

Such a size-dependent behavior of void migration originates

from the competitive effect of the interfacial energy and the

surface diffusion flow. Moreover, the initial shape of the

void modifies the migration velocity and the time point when

splitting occurs at the beginning of migration due to the

shape relaxation of the void, but has a minor effect on the

long time migration. The migration behavior of voids found

in this work is very alike to the other migration behaviors

caused by incompressible two-phase flows.

ACKNOWLEDGMENTS

Helpful discussion with H. H. Wen is acknowledged.

This work was supported by the National Key Basic

Research Program of China (No. 2015CB351905) and the

NSFC (Nos. 11474363, 11672339, 11602310, and

11232015). Yue Zheng also thanks support from the Special

Program for Applied Research on Super Computation of the

NSFC-Guangdong Joint Fund (the second phase), the Fok

Ying Tung Foundation, the Guangdong Natural Science

Funds for Distinguished Young Scholars, and the China

Scholarship Council.

1C. S. Becquart, A. Souidi, C. Domain, M. Hou, L. Malerba, and R. E.

Stoller, J. Nucl. Mater. 351, 39–46 (2006).
2Y. Satoh, Y. Matsuda, T. Yoshiie, M. Kawai, H. Matsumura, H. Iwase, H.

Abe, S. W. Kim, and T. Matsunaga, J. Nucl. Mater. 442, S768–S772

(2013).
3B. Q. Fu, S. P. Fitzgerald, Q. Hou, J. Wang, and M. Li, Nucl. Instrum.

Methods Phys. Res., Sect. B 393, 169–173 (2017).
4R. E. Voskoboinikov and A. E. Volkov, J. Nucl. Mater. 297, 262–270

(2001).
5H. Trinkaus and B. N. Singh, J. Nucl. Mater. 307, 900–906 (2002).

154102-13 Chen et al. J. Appl. Phys. 122, 154102 (2017)

https://doi.org/10.1016/j.jnucmat.2006.02.022
https://doi.org/10.1016/j.jnucmat.2013.01.319
https://doi.org/10.1016/j.nimb.2016.10.028
https://doi.org/10.1016/j.nimb.2016.10.028
https://doi.org/10.1016/S0022-3115(01)00642-0
https://doi.org/10.1016/S0022-3115(02)01120-0


6P. C. Millett, A. El-Azab, S. Rokkam, M. Tonks, and D. Wolf, Comput.

Mater. Sci. 50, 949–959 (2011).
7P. C. Millett, A. El-Azab, and D. Wolf, Comput. Mater. Sci. 50, 960–970

(2011).
8Z. H. Xiao, A. A. Semenov, C. H. Woo, and S. Q. Shi, J. Nucl. Mater. 439,

25–32 (2013).
9L. Zhang, M. R. Tonks, P. C. Millett, Y. Zhang, K. Chockalingam, and B.

Biner, Comput. Mater. Sci. 56, 161–165 (2012).
10J. B. Ainscough, F. Rigby, and S. C. Osborn, J. Nucl. Mater. 52, 191–203

(1974).
11M. R. Tonks, Y. Zhang, X. Bai, and P. C. Millett, Mater. Res. Lett. 2,

23–28 (2014).
12J. R. MacEwan and V. B. Lawson, J. Am. Ceram. Soc. 45, 42–46 (1962).
13Y. F. Yin, R. G. Faulkner, and Z. Lu, J. Nucl. Mater. 389, 225–232 (2009).
14C. Y. Yu, X. D. Xu, M. W. Chen, and C. T. Liu, J. Alloys Compd. 663,

340–344 (2016).
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