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a b s t r a c t

The three-dimensional constitutive relations are constructed, respectively, for the fuel particles, the
metal matrix and the cladding of dispersion nuclear fuel elements, allowing for the effects of large defor-
mation and thermal-elastoplasticity. According to the constitutive relations, the method of modeling
their irradiation behaviors in ABAQUS is developed and validated. Numerical simulations of the interfa-
cial performances between the fuel meat and the cladding are implemented with the developed finite
element models for different micro-structures of the fuel meat. The research results indicate that: (1)
the interfacial tensile stresses and shear stresses for some cases will increase with burnup, but the rela-
tive stresses will decrease with burnup for some micro-structures; (2) at the lower burnups, the interfa-
cial stresses increase with the particle sizes and the particle volume fractions; however, it is not the case
at the higher burnups; (3) the particle distribution characteristics distinctly affect the interfacial stresses,
and the face-centered cubic case has the best interfacial performance of the three considered cases.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Dispersion nuclear fuel elements are widely used in the re-
search and test nuclear reactors because of their high thermal con-
ductivity and high burnup, and they consist of fuel meat and
cladding [1]. The fuel meats are similar to particle-reinforced com-
posites in the configurations, distinguished by having a fissile
material (such as compounds of uranium or plutonium) dispersed
as small particles through a non-fissile matrix of metal, ceramic or
graphite. The cladding is made of metal alloy [2,3], such as the alu-
minum alloy, the zircaloy or the stainless steel.

In the nuclear reactors, the dispersion nuclear fuel elements are
subjected to complex loadings: (1) nuclear fissions in the fuel par-
ticles lead to heat generation within them, the generated heat is ta-
ken away by the flowing coolant water through heat exchanges
mainly at the two plate surfaces and the steady-state temperature
of the coolant water keeps about 573 K in pressurized-water reac-
tors; (2) solid and gaseous fission products will induce fuel particle
swelling; (3) the fission gases would migrate to the free volumes
with rise of burnup, and they would form the bubble nucleus if
caught by flaws, dislocation, and cavity on the grain boundary,
then the bubbles would grow with absorption of the liberated fis-
sion gas [4]. The nuclear experiment [5] showed that the mini-
flaws which were formed at the interface between the fuel meat
and the cladding in the production of the nuclear fuel element
would develop with the fuel swelling and fission gas release. Con-
sequently, the interfacial facture or delamination between the fuel
ll rights reserved.
meat and the cladding is a typical damage form of the dispersion
fuel element, in which the irradiation swelling and the fission
gas release are the important factors. Furthermore, it was obtained
by the nuclear experiment [6] that the interfacial mechanical per-
formance of dispersion nuclear elements were intensely affected
by the sizes, the volume fractions and the distribution forms of
the fuel particles. Adding to the complexities mentioned above,
the fuel particles might not be evenly distributed, which makes
the structures of dispersion fuels very complicated and further in-
creases the research difficulty.

Besides the experimental research, numerical simulation is
becoming an important tool to explain the experimental results
and carry out optimal design. Recently, the relative researches on
the dispersion fuel plate with the finite element method (FEM)
came forth and some specific codes for the thermal and thermal–
mechanical analysis were developed and were being upgraded,
including FASTDART [7,8], PLATE [9,10], MAIA [11,12] and DART-
TM [13] and so on. In these studies, the dispersion fuel meat was
generally treated as homogeneous and the modeling was two-
dimensional, that is, the mutual actions between the fuel particles
and the matrix, and the mutual actions among fuel particles were
not taken into account. Van Duyn [14] studied the PuO2–Zr disper-
sion rod-like fuel element with FEM, taking account of the distribu-
tion of the fuel particles more actually, while the simulation was
relatively simple. Shurong Ding [15,16] studied the thermal and
mechanical behaviors of the plate-type dispersion nuclear fuel ele-
ment, but did not draw the actual cladding structure into consider-
ation. And the study of the effects of the micro-structures on the
thermal–mechanical behaviors and the interfacial behaviors is
limited.

http://dx.doi.org/10.1016/j.jnucmat.2010.01.001
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For the dispersion nuclear fuel plates, the thermal–mechanical
behaviors of the fuel elements are induced by the high tempera-
ture differences between the steady-state temperature and the
room temperature at the initial stage of burnup; and with increas-
ing burnup, the irradiation swelling of the fuel particles will result
in intense mechanical interaction between the fuel particles and
the matrix. Thus, in numerical simulation of the in-pile mechanical
behaviors of dispersion nuclear fuel elements, the effects of large
deformation and thermal-elastoplasticity should be introduced in
the used three-dimensional constitutive relations.

In this study, the three-dimensional constitutive relations are
constructed, respectively, for the fuel particles, the metal matrix
and the cladding, allowing for the effects of large deformation
and thermal-elastoplasticity. According to the constitutive rela-
tions, the method of modeling the irradiation behaviors of disper-
sion nuclear fuel elements in ABAQUS is developed and it is
validated through comparison of the obtained numerical results
with the theoretical ones. Besides, considering the micro-struc-
tures of plate-type dispersion nuclear fuel elements, the three-
dimensional Representative Volume Element is chosen to act as
the research object, which might simulate not only the micro stress
and strain fields but also the macro deformation along the thick-
ness and the interfacial stresses between the fuel meat and the
cladding. In order to clarify the cracking mechanism of the inter-
face and carry out optimal design, numerical simulations of the
interfacial mechanical behaviors induced by the irradiation swell-
ing together with the thermal effects are performed with the
developed finite element models for different micro-structures of
the fuel meat (such as the particle size, the particle volume fraction
and the particle distribution forms). And the effects of the micro-
structures of the fuel meat on the interfacial stresses are
investigated.
2. Development of the three-dimensional constitutive relations

At the initial stage of burnup, the thermal–mechanical behav-
iors are mainly induced by the high temperature differences. This
will result in existence of plastic deformations at the metal matrix
and cladding, however, the total deformations remain small. So, at
this stage the thermal-elastoplastic constitutive behaviors for
small deformation can be adopted for the metal matrix and the
cladding, while the thermal-elastic constitutive relation is suitable
for the fuel particles.

With increasing burnup, at higher burnups the relative volu-
metric variations of the particles due to the fission products can
reach 20%. Then the mechanical interactions between the fuel par-
ticles and the matrix will be enhanced and large deformation can
appear. In the three-dimensional constitutive relations for the fuel
particles, the matrix and the cladding, finite strain forms should be
considered. Besides, when the volumes of the fuel particles enlarge,
the configuration of the fuel element will also change accordingly,
for example, the plate thickness will increase. This will lead to vari-
ations of the heat transfer coefficient between the plate surface
and the coolant water and variations of the temperatures within
the fuel element. Based on the above reasons, the thermal strain
component should be involved in the large-deformation constitu-
tive relations.

For the fuel particles, the internal large strain is mainly induced
by the swelling strain and the thermal strain; for the metal matrix
or the cladding, their internal large strains mainly result from the
plastic component and the thermal component. Therefore, the
Prantle–Reuss theory [17] can still be used here. The total deforma-
tion rate within the fuel particle is assumed to be the sum of the
elastic one, the swelling one and the thermal one; and the defor-
mation rate within the metal matrix or the cladding is supposed
to consist of the elastic one, the plastic one and the thermal one.
The three-dimensional constitutive relations at higher burnups
are deduced in this section; besides, the material parameters
needed in the thermal–mechanical analysis are also given. Firstly,
the empirical formulas for the particle swellings are given as
follows.

2.1. The empirical formula for irradiation swelling of the fuel particles

The fuel particle swelling is usually characterized by the relative
volume variations. A kind of swelling coefficient bV can be intro-
duced as the volumetric swelling rate by

SWðBUÞ ¼ DV
V0
¼
Z BU

0
bV dðBUÞ ð1Þ

where V0 is the reference volume, DV is the volume variation mea-
sured after a period of fission reactions. BU is called burnup with the
unit % FIMA which is defined as the ratio of the number of the fis-
sioned U atoms to the original number of U atoms, being widely
used to characterize the extent of the fission reactions in the nucle-
ar fuel.

The swelling rate bV (swelling per % FIMA) has three contribu-
tions from the fission gas-bubbles bgs

V , the solid fission products
bss

V and the fission densification bds
V . Namely,

bV ¼ bgs
V þ bss

V þ bds
V ð2Þ

All the swelling rates have been studied extensively in the litera-
tures and are generally rather complicated. For our FEM calcula-
tions, the following simplified relations [18–20] for UO2 in PWRs
will be used.

bgs
V ¼ 1:122� 103 expð�1:645� 104=ðT � 100ÞÞ ð3Þ

bss
V ¼ 6:4� 10�3 ð4Þ

bds
V ¼ �½0:51 expð�59:9� BUÞ þ 4:76� 10�2 expð�10:07� BUÞ�

ð5Þ

where T is the temperature in Kelvin. Note that bgs
V is temperature-

dependent and bds
V is burnup-dependent.

2.2. The three-dimensional constitutive relation for the fuel particles

Considering the temperature variation, the total deformation
rate within the fuel particle is assumed to be the sum of the elastic
one, the swelling one and the thermal one as

dkl ¼ de
kl þ dsw

kl þ dth
kl ð6Þ

where dsw
kl is the swelling deformation rate. In fact, it is the instan-

taneous variation rate of the swelling true strain at the current con-
figuration. Because the irradiation swelling only brings volumetric
variation without shape changes, the swelling strain is similar to
the thermal expansion strain for the isotropic material. That is, only
the normal strain esw which is the same along all directions exists
without the shear strain.

According to the definition of irradiation swelling as Eq. (1), the
swelling at time t can be expressed as

SWðtÞ ¼ SW½BUðtÞ� ¼ DVt

V0
¼ Vt � V0

V0
ð7Þ

Then the volume at time t is obtained as

Vt ¼ ½1þ SWðtÞ�V0 ð8Þ

The variation rate of the absolute volume is

_Vt ¼
dVt

dt
¼ dSWðtÞV0

dt
¼ @SWðBUÞ

@ðBUÞ
dBUðtÞ

dt
V0 ¼ bV ðBUÞ � B _U � V0

ð9Þ
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where B _U is the burnup rate, that is the burnup per time, which can
be obtained by the fission rate. The relative volume variation rate
with respect to the volume at time t becomes

_Vt

Vt
¼ dVt

Vtdt
¼ bV ðBUÞ

1þ SWðBUÞ B
_U ð10Þ

Under the condition of small deformation, we have

dVt

Vt
¼ 3desw ð11Þ

where deSW is the increment of the swelling true strain from time t
to time t + dt. Then the swelling deformation rate with respect to
the current configuration can be acquired as

dsw
kl ¼ dkl

desw

dt
¼ dkl

bV ðBUÞ
3½1þ SWðBUÞ�B

_U ð12Þ

In practice, the thermal expansion deformation rate is the instanta-
neous variation rate of the thermal true strain at time t. And the ac-
tual expression of true strain can be gained according to the relation
between the true strain and the engineering strain, which is given
as

e ¼ lnð1þ eÞ ¼ ln½1þ aTðT � T0Þ� ð13Þ

Then the thermal deformation rate at time t can be obtained as

dth
kl ¼ dkl _e ¼ dkl

_aTðT � T0Þ þ aT
_T

1þ aTðT � T0Þ
ð14Þ

In Eqs. (13) and (14), aT is the secant thermal expansion coefficient
for time t (with temperature T), which is defined according to the
deformation with respect to the original configuration; T0 is the ref-
erence temperature.

The elastic deformation rate satisfies the following relation [17]

rrij ¼ Dijkld
e
kl ð15Þ

where rrJ
ij is the Jaumann rate of the Cauchy stress tensor, Dijkl is the

tangent stiffness tensor of the Jaumann rate [17].
According to Eqs. (6), (12), (13), and (15), the three-dimensional

constitutive relation for the fuel particles can be deduced as

rrij ¼ Dijkl dkl � dkl
bV ðBUÞ

3½1þ SWðBUÞ�B
_U � dkl

_aTðT � T0Þ þ aT
_T

1þ aTðT � T0Þ

 !

ð16Þ
2.3. The three-dimensional constitutive relations for the metal matrix
or the cladding

At the increasing stage of burnup, allowing for the temperature
variation, the deformation rate within the metal matrix or the clad-
ding is supposed to consist of the elastic one, the plastic one and
the thermal one, that is

dkl ¼ de
kl þ dp

kl þ dth
kl ð17Þ

where the thermal deformation rate is

dth
kl ¼ dkl _e ¼ dkl

_aTðT � T0Þ þ aT
_T

1þ aTðT � T0Þ
ð18Þ

The elastic deformation rate and the Jaumann rate of the Cauchy
stress obey the hypo-elastic relation [17]:

rrij ¼ Dijkld
e
kl ð19Þ

The plastic flow rule is as follows

dp
kl ¼ _k

@w
@rkl

ð20Þ
where _k is the scalar plastic flow rate, w is the plastic flow potential.
If the plastic flow potential is associated, the plastic flow potential w
is the same to the equation of the yield surface. For the strain-hard-
ening material, Eq. (20) demonstrates that the vector of the plastic
deformation rate is along the outer normal direction of the yield
surface.

The Mises isotropic yield rule can be expressed as

�r ¼ Hð�ep; TÞ ð21Þ

The corresponding yield surface equation becomes

F ¼ f ð�r; �ep; TÞ ¼ �r� Hð�ep; TÞ ð22Þ

where �r is the Mises equivalent true stress, �ep is the equivalent
plastic true strain. For the large-deformation analysis, the yield sur-
face equation must be expressed with the true stress and the true
strain. �r ¼

ffiffiffiffiffiffiffiffiffiffiffi
3
2 sijsij

q
, sij are the components of the deviatoric tensor

of the Cauthy stress.
According to the associated flow rule, the plastic deformation

rate is given as

dp
ij ¼ _k

@F
@rij
¼ _k

@�r
@rij

ð23Þ

According to the plastic work rate as

_Wp ¼ rijd
p
ij ¼ �r _�ep ð24Þ

together with �r ¼
ffiffiffiffiffiffiffiffiffiffiffi
3
2 sijsij

q
, sij ¼ rij � dijrm and rm ¼ 1

3 rii, it can be
obtained that _k ¼ �ep.

Thus, the plastic deformation rate (23) can also be expressed as

dp
ij ¼ _ep

@�r
@rij

ð25Þ

According to the yield surface equation as Eq. (22) and the consis-
tent condition (that is, the point located at the yield surface will re-
main at the yield surface through the plastic loading.), we have

_F ¼ @�r
@rij

_rij �
@H
@�ep

_�ep �
@H
@T

_T ¼ 0 ð26Þ

Using Eqs. (17), (18), (23), and (25) yields

rrij ¼ Dijkl dkl � _�ep
@�r
@rkl

� dkl
_aTðT � T0Þ þ aT

_T
1þ aTðT � T0Þ

 !
ð27Þ

The Mises yield function is the isotropic function of the stresses,
thereby it is the function of the invariant of the stresses. So, the fol-
lowing relation is obeyed [17]

@�r
@rij

_rij ¼
@�r
@rij

rrij ð28Þ

Substituting Eqs. (28) into (26) gets

@�r
@rij

rrij �
@H
@�ep

_�ep �
@H
@T

_T ¼ 0 ð29Þ

Substitution of Eqs. (27) into (29) yields

_k ¼ _�ep ¼
@�r
@rij

Dijkldkl � @�r
@rij

Dijkk
_aT ðT�T0ÞþaT

_T
1þaT ðT�T0Þ

� @H
@T

_T
@�r
@rij

Dijkl
@r
@rkl
þ @H

@�ep

ð30Þ

The three-dimensional constitutive relation for the metal matrix
can be deduced through substituting Eqs. (30) into (27),

rrij ¼ Dep
ijkldkl þ rr0

ij ð31Þ

where Dep
ijkl is the tangent elastoplastic stiffness tensor which can be

denoted as
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Dep
ijkl ¼ Dijkl � Dp

ijkl ¼ Dijkl �
Dijmn

@�r
@rmn

@�r
@rpq

Dpqkl

@�r
@rpq

Dpqmn
@r
@rmn
þ @H

@�ep

ð32Þ

rr0
ij ¼

Dijkl
@�r
@rkl

@�r
@rpq

Dpqmm
_aT ðT�T0ÞþaT

_T
1þaT ðT�T0Þ

þ Dijkl
@�r
@rkl

@H
@T

_T
@�r
@rpq

Dpqmn
@r
@rmn
þ @H

@�ep

� Dijkk
_aTðT � T0Þ þ aT

_T
1þ aTðT � T0Þ

ð33Þ

When the elastic loading or the unloading is carried out, Dep
ijkl ¼ Dijkl.

Based on the three-dimensional constitutive relations devel-
oped in this section, the finite element procedure can be developed
to simulate the irradiation behaviors of the dispersion nuclear fuel
element.

2.4. The material models

In this section, the material parameters needed in the thermal
analysis and structural analysis are given.

2.4.1. Heat conduction analysis parameters
As for the steady-state thermal analysis problems, the thermal

conductivities of the fuel particles, matrix and cladding, the fission
rates of the fuel particles, the temperature of the periphery fluid,
the heat transfer coefficient between the matrix and the periphery
fluid will all affect the temperature distributions of the fuel
elements.

2.4.1.1. The heat generation rates of fuel particles. The heat genera-
tion rate of the fuel particles corresponds to their fission rate. For
a certain fission rate, considering that one-time nuclear fission
emits 200 MeV of thermal energy and 1 eV = 1.602 � 10�19 J, the
corresponding heat generation rate can be calculated. The compu-
tation equation is obtained as Eq. (34)

_q ¼ c � _f ð34Þ

where c = 3.204 � 10�11 J/fission is the generated heat energy every
fissionning event and _f is the fission rate of the fuel particles, which
depicts the number of fissions per time per volume of the fuel
particles.

2.4.1.2. Thermal conductivities of fuel particles. The model of thermal
conductivities of fuel particles improved by Lucuta et al. [21] con-
sists of five contributions and can be expressed as

KUO2 ¼ K0 � FD � FP � FM � FR ð35Þ

where K0 is Harding’s expression for the thermal conductivity of
unirradiated UO2; FD quantifies the effect of dissolved fission prod-
ucts; FP describes the effect of precipitated solid fission products;
FM is the modified Maxwell factor for the effect of the pore and fis-
sion-gas bubbles; FR characterizes the effect of radiation damage.

2.4.1.3. Thermal conductivities of matrix and cladding. For the Zirca-
loy matrix and cladding, its thermal conductivity from the room
temperature to the melting point can be expressed by [22]:

k ¼ 7:51þ 2:09� 10�2T � 1:45� 10�5T2 þ 7:67� 10�9T3 ð36Þ

where T denotes the temperature in Kelvin.

2.4.2. The mechanical parameters of fuel particles
The thermal expansion of UO2 fuel particles relative to 300 K

can be expressed as [18]

Dl=l0 ¼ �3:0289� 10�4 þ 8:4217� 10�6ðT � 273Þ

þ 2:1481� 10�9ðT � 273Þ2 ð37Þ
where T denotes the temperature in Kelvin with the application
range from 300 K to 1530 K.

The elastic modulus of UO2 fuel particles can be described as
[19]

E ¼ 2:26� 1011½1� 1:131� 10�4ðT � 273:15Þ�½1� 2:62ð1� DÞ�
ð38Þ

where E is the elastic modulus, whose unit is Pa. T is the tempera-
ture in Kelvin and D is the theoretical density (92–98%). In addition,
Poisson ratio m is set to be 0.316.

The Misses hardening rule of UO2 fuel particles is as the follow-
ing [22]

�r ¼
66:9� 0:0397T þ ð520:0� 0:0386TÞ�ep T 6 1200 �C
36:6� 0:0144T þ ð139:5� 0:0688TÞ�ep T > 1200 �C

(

ð39Þ

where �r is the Misses equivalent stress, whose unit is kg/mm2; �ep is
the equivalent plastic strain.

2.4.3. The mechanical parameters of the matrix and cladding
The matrix and cladding adopt the same material Zircaloy. The

thermal expansion coefficient [22] is 5.58 � 10�6/K. The Young’s
modulus and Poisson’s ratio adopt Fisher Model [23]:

E ¼ 9:9� 105 � 566:9� ðT � 273:15Þ � 9:8067� 104 ð40Þ

m ¼ 0:3303þ 8:376� 10�5ðT � 273:15Þ ð41Þ

where E is Young’s modulus (Pa), T is temperature in Kelvin and m is
Poisson’s ratio.

The strain-hardening curve is described as [24]:

r ¼ Ken �
_e

10�3

� �m

ð42Þ

where r is the true stress, e is the true strain, n is the strain-hard-
ening exponent, K is strength coefficient and m is strain rate sensi-
tivity exponent. _e is true strain rate. If _e < 10�5=s, set _e ¼ 10�5=s.

K ¼ 1:0884� 109 � 1:0571� 106T ð43Þ

n ¼ �1:86� 10�2 þ Tð7:11� 10�4 � 7:721� 10�7TÞ ð44Þ

m ¼ 0:02 ð45Þ

where T is temperature in Kelvin with the application range from
300 K to 730 K.

3. Finite element model

3.1. Selection of the Representative Volume Element and the finite
element model

Since dispersion nuclear fuels are similar to particle composites
in the configuration, the meso-mechanics research thought [25] of
particle-reinforced composites can be used for reference. In the
particle composite, the method of Representative Volume Element
(RVE) [25] is usually adopted. Assuming that the fuel particles are
periodically distributed along the length and width directions, a
specific RVE is proposed, as illustrated in Fig. 1, where the selected
RVE adopts periodical sizes (meso-scale) at the length and width
direction and makes use of the actual size (macro-scale) along
the thickness direction. Thus, this kind of RVE model might be
called a two-scale model.

In the actual modeling, the corresponding RVE should be devel-
oped according to the volume fraction, the particle diameter and
the distribution patterns of the fuel particles.



Fig. 1. Dispersion fuel plate and the Representative Volume Element.

Fig. 3. Finite element models for different volume fractions: (a) 10%, (b) 20% and (c)
30%.

Fig. 2. (a) The sketch map, (b) RVE, (c) finite element model of the dispersion fuel plate.
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According to the research thought presented above, the relative
simple case is first considered. Assuming that the spherical parti-
cles are cubically arranged in the matrix illustrated as Fig. 2a,
based on the periodicity and the actual geometry shape that the
sizes along the length direction and the width direction are much
larger than the one along the thickness, the Representative Volume
Element (RVE) is selected as Fig. 2b. For the sake of calculation effi-
ciency, the finite element model is selected according to the sym-
metry of the RVE to be 1/8 fraction of the RVE, shown as Fig. 2c. The
plane Z = 0 expresses the midplane of the fuel plate and the plane
with Z = H/2 denotes the upside surface which is the contact sur-
face with the coolant water. The developed finite element models
vary with the micro-structures such as the particle volume frac-
tions, the particle diameters and the particle distribution forms
of the fuel meat.

3.2. Mesh grid for the finite element models developed

The meat thickness is set as 1.27 mm and the cladding thickness
maintains 0.4 mm. The finite element models for different volume
fractions, particle diameters and particle distribution patterns are
developed according to the method proposed in the above Section
3.1, supposing that the bonding between the fuel particles and the
metal matrix, and the one between the cladding and the fuel meat
are perfect. The thermal–mechanical coupling element C3D8RT in
the commercial software ABAQUS is used to discretize the finite
element models, and the meshes are determined to satisfy the de-
mand of precision.

3.2.1. Finite element models for different volume fractions
The respective finite element models are developed for different

particle volume fractions (10%, 20% and 30%) of the fuel meat, with
the particle diameter d = 100 lm and with the same simple cubic
distribution form. The mesh grids, element patterns and the num-
bers of the nodes and elements are depicted in Fig. 3 and Table 1.
3.2.2. Finite element models for different particle diameters
To evaluate the effect of the particle sizes on the interfacial

mechanical behaviors of the dispersion nuclear fuel plate, the fi-
nite element models for different particle diameters (50 lm,
100 lm and 200 lm) are developed, with the particle volume
fraction being 20% and the particle distribution form being sim-
ple cubic. And their mesh information is presented in Fig. 4 and
Table 2.



Table 1
Element information for finite element models with different volume fractions.

Volume fraction
(%)

Element
pattern

Number of
elements

Number of
nodes

10 C3D8RT 18155 21334
20 C3D8RT 23448 27727
30 C3D8RT 28515 32847

Fig. 4. Finite element models for different particle diameters: (a) 50 lm, (b)
100 lm and (c) 200 lm.

Table 2
Element information for finite element models with different particle diameters.

Particle diameter
(um)

Element
pattern

Number of
elements

Number of
nodes

50 C3D8RT 27007 31752
100 C3D8RT 23448 27727
200 C3D8RT 18408 21592

ig. 6. Finite element models for different particle distributions: (a) SC, (b) BCC and
) FCC.

Table 3
Element information for finite element models with different particle distribution.

Particle distribution
pattern

Element
pattern

Number of
elements

Number of
nodes

SC C3D8RT 28515 32847
BCC C3D8RT 26971 30489
FCC C3D8RT 24400 28683
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3.2.3. Finite element models for different particle distribution patterns
In order to examine the effect of the particle distribution forms,

three distribution patterns (simple cubic (SC), body-centered cubic
(BCC) and face-centered cubic (FCC)) are considered, whose distri-
bution patterns are similar to the characteristic crystal cell struc-
tures. The finite element models are displayed in Figs. 5 and 6,
respectively, with the particle volume fraction being 30% and the
particle diameter being 100 lm, and the element information is
shown in Table 3.
3.3. Boundary conditions

Since the mechanical analysis in this work is coupled with the
thermal analysis, two sets of boundary conditions should be taken
Fig. 5. Several typical crystal cell struc
F
(c
into account at the same time. The boundary conditions to deter-
mine the temperature field are given as

(1) Except the upside surface Z = H/2, the other surfaces of the
finite element models all satisfy: �k @T

@n ¼ 0.
(2) The upside surface Z = H/2 satisfy the convection boundary

condition: �k @T
@n ¼ hðT � Tf Þ, where the temperature of the

periphery fluid Tf is 573 K and the heat transfer coefficient
used is 2 � 10�2 W/mm2 K.

The used boundary condition to determine the stress field is as
follows:

(1) The symmetric boundary condition is applied at all the sur-
faces of the finite element models, except the upside surface
Z = H/2.

(2) The continuous displacement conditions are met at the
interfaces between the fuel particles and the matrix and
the one between the meat and the cladding.
4. A Simulation method of the in-pile behaviors

4.1. Development of the simulation method in ABAQUS

As mentioned above in Section 2, the total burnup can be
divided into two stages: the initial stage of burnup and the
tures: (a) SC, (b) BCC and (c) FCC.
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increasing stage of burnup. At the initial stage of burnup, the
mechanical behavior is mainly induced by the temperature differ-
ence between the steady-state one and the room one. And with
increasing burnup, the irradiation swelling is the main factor to re-
sult in variation of the mechanical behaviors. Thus, the loadings
should be separated into two steps. It is easy to model the mechan-
ical behaviors at the initial stage of burnup. Firstly, the steady-state
temperature field is solved, and then the displacement field, the
strain field and the thermal stress field resulting from the temper-
ature differences can be calculated. In ABAQUS, the thermal–
mechanical element C3D8RT can be chosen, the thermal and ther-
mal–mechanical behaviors can be solved directly. However, the
irradiation-swelling simulation with increasing burnup becomes
a key problem at the second stage. As is mentioned in the above
section, the complexity consists in that: (1) the particle swelling
will lead to appearance of large strains in the metal matrix and var-
iation of the configuration of the fuel plate; (2) the changed config-
uration will bring the temperature variations within the fuel plate.

The emphasis and difficulty were transferred to the introduc-
tion of the irradiation swelling of the fuel particles. According to
Eqs. (1)–(5) and Eq. (12), the irradiation swellings and the corre-
sponding swelling deformation rates are theoretically worked out
as Fig. 7 under the temperature around 600 K. Through computa-
tion, it can be found that: (1) when the burnup is less than 2%
FIMA, the swelling is less than zero; this is for the reason that
the fission densification plays the main role; (2) with increasing
burnup to 30% FIMA, the irradiation swelling will reach 17.2%. It
can be obtained from the swelling model expressed as Eqs. (1)–
(5) that the fission densification has an exponent attenuation with
burnup; besides, the gaseous swelling under lower temperatures is
a small contribution and the dominant swelling from the solid fis-
sion products is a constant. Thus the irradiation swelling depicted
in Fig. 5a takes on a nearly linear relation with the burnup. And it
can be observed that the swelling deformation rate calculated
through Eq. (12) decrease with burnup and it is burnup-dependent
or time-dependent.

In ABAQUS, introduction of the irradiation swelling can be imple-
mented by inputting a constant volumetric swelling strain rate of the
fuel particle. It is difficult to simulate the real-time swelling strain
rate. Since the strength and stiffness issues are mostly concerned
at the higher burnups and the other effects are needed to be known
about, this problem is simplified through the method of introducing
the virtual volumetric swelling strain rate.

Firstly, the irradiation swelling at a certain burnup SW(BU) is
calculated out, then the relation between the irradiation swelling
and the virtual volumetric swelling strain rate is developed as
the following.
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Fig. 7. (a) The irradiation volumetric swelling rate and (b) th
The irradiation swelling of the fuel particles at a certain burnup
is defined as the relative volumetric change:

SWðBUÞ ¼ DV
V0

ð46Þ

where BU denotes burnup (% FIMA), which depicts the ratio of the
fissioned atoms to the total fissionable atoms, DV is the absolute
volumetric change, V0 is the initial volume.

Owing to the intense mechanical interactions between the fuel
particles and the metal matrix induced by the irradiation swelling,
the large deformation finite element method is adopted and the
Updated Lagrange Method is used. The calculation at a certain bur-
nup should be divided into several time steps and the configura-
tions of the finite element models are updated after every time
step. Thus, the volumetric swelling strain rate at every time step
is corresponding to the updated configuration. As a result, the sim-
ulation method is proposed as follows.

The total calculation process is divided into n virtual time steps,
ensuring that the strain increment and deformation at every time
step are small. At an arbitrary time step from time t � 1 to time
t, the ratio of the volume at time t to the volume at time t � 1 is
set to be constant. That is,

Vt

Vt�1
¼ Vt�1 þ DVt

Vt�1
¼ 1þ h ð47Þ

where h denotes the average volumetric strain induced by the irra-
diation swelling at every virtual time step. Then

Vn

V0
¼ V1

V0
� V2

V1
� � � Vn

Vn�1
¼ ð1þ hÞn ð48Þ

SWðBUÞ ¼ Vn � V0

V0
¼ ð1þ hÞn � 1 ð49Þ

Eq. (49) expresses the relationship between the average volumetric
strain of every time step and the irradiation swelling at a certain
burnup. In order to keep the small strain increment, the total num-
ber of the virtual time steps n should be set large enough. In the
practical calculation, n is set to a limit value in order that h tends
to be a stable value. Consequently, the average volumetric swelling
rate could be introduced

_h ¼ h=1 ð50Þ

where 1 denotes a virtual time step size.
In view of usage of the thermal–mechanical coupling element,

the updated steady-state temperature fields are calculated under
the updated configuration of the fuel plate; and the thermal defor-
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Fig. 9. The interfacial coordinate and the export path CA of the finite element
model.
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mation rates in Eqs. (14) and (18) can be considered according to
the temperature variations.

As a whole, the total computation of the in-pile behaviors is di-
vided into two analysis steps: (1) the first analysis step considered
only the thermal effects; this analysis step is further divided into
several time steps to calculate the thermal-elastoplastic behavior
precisely; (2) the second loading step allows for the contribution
of the irradiation swelling. The volumetric swelling strain rate ob-
tained according to Eqs. (47)–(50) is introduced into ABAQUS and
enough time steps are divided.

4.2. Validation of the irradiation-swelling simulation

The numerical simulation results of the actual volumetric
expansions of the fuel particles (for the case as Fig. 2) at different
burnups are compared with the theoretical ones (obtained accord-
ing to Eqs. (1)–(5)), as denoted in Fig. 8. It can be discovered that
the actual volumetric expansion values are slightly higher than
the theoretical computation ones; and after eliminating the ther-
mal expansion effect, the obtained volumetric expansion values
are very close to and briefly lower than the theoretical ones. This
simulation result is reasonable in respect that: (1) the total defor-
mation consists of four parts: the elastic one, the plastic one, the
thermal expansion and the irradiation swelling, in which only
the elastic deformation, the thermal expansion and the irradiation
swelling contribute to the volumetric variation of the fuel particle;
(2) the elastic compressive deformation is very small, thus the
main contributors of the volumetric variation are the thermal
expansion and the irradiation swelling; (3) the volumetric expan-
sion results without the effect of the thermal expansion are lower
than the theoretical ones of the irradiation swelling and the differ-
ences seem to increase with the burnup, this is for the reason that:
(1) the fuel particles are restrained by the metal matrix around to
result in the elastic compressive strains within the fuel particles;
(2) and the compressive strains increase with burnup.

Based on the above analysis, it can be obtained that the irradi-
ation-swelling simulation with ABAQUS is validated.
5. Results and discussions on the interfacial behaviors

The thermal–mechanical calculations within the burnups ran-
ged from 3% FIMA to 30% FIMA were carried out for the finite ele-
ment models as displayed in Section 3. The method given in
Section 4 is adopted.
In order to investigate the interfacial mechanical behaviors, the
interfacial stresses between the fuel meat and the cladding are fo-
cused on, which consist of the interfacial normal stress rzz and

interfacial shear stress s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2

xz þ s2
yz

q
. The interfacial coordinate

and the export path are shown in Fig. 9.
First of all, a simple case is considered (20% volume fraction,

fuel particle diameter d = 100 lm, and particle distribution pattern
is simple cubic), of which the interfacial stresses at different burn-
ups are shown in Figs. 10 and 11. As depicted in Figs. 10 and 11, the
maximum interfacial stresses and its locations all vary with bur-
nup. It can be found that the maximum interfacial normal stresses
locate at the two corner points C or A, while the maximum interfa-
cial shear stresses exist between the above two corner points and
at high burnups they occur at the middle point between C and A. As
a result, the export path from point C to point A is chosen, as shown
in Fig. 9.
5.1. Effect of the particle volume fractions

The respective finite element models for different particle vol-
ume fractions are developed in Section 3.2.1. The stress fields
due to both the thermal effect and the irradiation swelling effect
at different burnups are calculated and obtained. The interfacial
normal stresses and shear stresses along Export Path CA are shown
as Figs. 12 and 13, in which the results corresponding to the ther-
mal effect could be viewed as the ones in the beginning of burnup
without considering the irradiation swelling and the relative stres-
ses are only induced by the temperature variations.

Fig. 12 denotes variation of the interfacial normal stress distri-
butions along Path CA for different volume fractions with increas-
ing burnup. It can be found from Fig. 12a that for the 10% volume
fraction case the interfacial normal stresses at the location near the
point C increase with burnup, while the ones at the location near
the point A decrease with burnup. The interfacial normal stresses
at point C increase with burnup, while the ones at point A decrease
with burnup; and the location of the maximum interfacial normal
stresses shift from point A to point C with increasing burnup. Espe-
cially, the maximum interfacial normal stress at 30% FIMA in-
creases 50 MPa more than that induced by the thermal effect,
and the value is about 3.7 times of the latter.

From Fig. 12b, it can be observed that for the 20% volume frac-
tion case the interfacial normal stresses near Point A increase
slightly in the beginning of burnup and then decrease with burnup,
and the tensile stresses at the lower burnups become the compres-
sive ones at the higher burnups; however, the interlaminar normal
stresses near point C decrease firstly and then increase with bur-
nup, the original compressive stresses change to the tensile ones.
At lower burnups, the maximum interfacial normal stresses locate
at point A, but when the burnup is higher than 10% FIMA, the max-
imum points migrate to point C.



Fig. 10. The interfacial normal stress distributions for the Simple Cubic case at: (a) 3% FIMA, (b) 10% FIMA, (c) 20% FIMA and (d) 30% FIMA.

Fig. 11. The interfacial shear stress distributions for the simple cubic case at: (a) 3% FIMA, (b) 10% FIMA, (c) 20% FIMA and (d) 30% FIMA.
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Fig. 12. The interfacial normal stress distributions along Path CA for different volume fractions: (a) 10%, (b) 20% and (c) 30%.
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Fig. 13. The interfacial shear stress distributions along Path CA for different volume fractions: (a) 10%, (b) 20% and (c) 30%.
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If the particle volume fraction reaches 30% as depicted in
Fig. 12c, the interfacial normal stresses near point A increase
monotonously with burnup, and the interlaminar normal stresses
near point C decrease with burnup; the maximum points always
locate at point A. Comparing the maximum interlaminar tensile
stress with the result induced by the thermal effect, the maximum
interfacial normal stress at 30% FIMA increases by 198 MPa, it is
about 1.67 times more than the maximum value due to the ther-
mal effects. As for the three cases in Fig. 12a–c, the intersection
points of the curves always locate at the midpoint of Path CA and
denote the zero normal stress.

Fig. 13 reveals variation of the interfacial shear stress distribu-
tions along Path CA for different volume fractions. As shown in
Fig. 13a, it can be found that for the 10% volume fraction case
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the interfacial shear stresses first increase and then decrease along
Path CA, in which the maximum stress value locates nearby the
midpoint. With rise of burnup, the maximum shear stresses along
the path decrease first then increase with burnup and approach to
the midpoint at higher burnups. Especially, the maximum interfa-
cial shear stress at 30% FIMA increase by 81 MPa more than that at
5% FIMA. From Fig. 13b, it can be observed fundamentally that the
similar phenomenon as that of the 10% volume fraction case exists
for the 20% volume fraction case. However, if the volume fraction
reaches 30% as depicted in Fig. 13c, the maximum interfacial shear
stresses increase with burnup, and the maximum points shift
slightly toward point A.

As discussed above, the values and locations of the interfacial
normal stresses and shear stresses along path CA are presented.
In order to evaluate the influence of the fuel volume fraction and
burnup on the interfacial stresses clearly, the variation trends of
the maximum interfacial normal stresses and shear stresses for dif-
ferent particle volume fractions with rise of burnup are shown in
Fig. 14. Since the interfacial tensile strength is generally weaker
than the compressive strength for an interface, thus the special
concern is drawn to the interfacial tensile stresses between the
meat and the cladding, that is, the attention is mainly paid to the
maximum interfacial tensile stresses and shear stresses.

Fig. 14a manifests variations of the maximum interfacial normal
stresses with the burnup for three volume fraction cases (10%, 20%
and 30%). For the 10% volume fraction case, the maximum interfa-
cial normal stresses decrease before 5% FIMA, then increase there-
after despite a smaller increasing rate. Nevertheless, the 20%
volume fraction case is different; it is obvious that the maximum
interfacial normal stresses increase before 5% FIMA, then decrease
with the point of 5% FIMA having the maximum value. At the same
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Fig. 15. The interfacial normal stress distributions along path CA for d
time, the 30% volume fraction case presents a monotonously
increasing trend although the increasing rate decreases with bur-
nup. Analyzing the effect of the volume fractions, it can be found
that before 15% FIMA maximum interfacial normal stresses in-
crease with the volume fractions, whereas after 15% FIMA the max-
imum interfacial normal stresses follow this ascending order: 20%
volume fraction, 10% volume fraction and 30% volume fraction.
Particularly, the maximum interfacial normal stress of the 30% vol-
ume fraction case is 316.5 MPa, 28.8 times of that of the 20% vol-
ume fraction case.

Fig. 14b depicts variation of the maximum interfacial shear
stresses with the burnup for three particle volume fraction cases
(10%, 20% and 30%). The interfacial shear stresses of the three cases
all first decrease then increase with burnup, despite different turn-
ing points: the 10% volume fraction case occurs at 5% FIMA, at 10%
FIMA for 20% volume fraction and at 3% FIMA for 30% volume frac-
tion. The increasing rates after the turning points of the three cases
are also dissimilar: the highest case is the 10% volume fraction one,
while the lowest one is the 30% volume fraction case. It can be
found from Fig. 14b that: (1) before 7% FIMA, the maximum inter-
facial shear stresses increase with the particle volume fractions; (2)
from 7% FIMA to 17% FIMA, the 30% volume fraction case still has
the largest shear stresses, while the second one is the 10% volume
fraction case; (3) thereafter, the one of the 10% volume fraction
case holds the maximum value which is twice as much as the low-
est case the 20% volume fraction case.

5.2. Effect of the particle diameter

The finite element models for the cases with the spherical par-
ticle diameters being 50 lm, 100 lm and 200 lm, respectively, are
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developed in Section 3.2.2. The stress fields induced by the thermal
effect and the particle swelling at different burnups are worked
out. The interfacial normal stresses and shear stresses along Export
Path CA are shown in Figs. 15 and 16.

Fig. 15 denotes variations of the interfacial normal stress distri-
butions along Path CA for different particle diameters. For the
50 lm diameter case, the interfacial normal stresses near point C
increases with burnup, while those near point A deceases with bur-
nup; the maximum interfacial normal stress locate at point A at
lower burnups, whereas the relative maximum values occur at
point C at high burnups. The case with the diameter being
100 lm is the same as the 20% volume fraction case discussed in
Section 5.1. Fig. 15c displays the 200 lm diameter case, which re-
veals that the interfacial normal stresses increase monotonously
along path CA, and the maximum values at point A increase with
burnup. Particularly, the maximum interfacial normal stress at
30% FIMA is 2.5 times of the relative value induced by the thermal
effect.

Fig. 16 shows variations of the interfacial shear stress distribu-
tions with increasing burnup along Path CA for different particle
diameters. It can be found that high interfacial shear stresses lo-
cate near the midpoint of the path, and the stress values at the
two end points are very low. As for the case shown in Fig. 16a
with the particle diameter being 50 lm, the maximum interfacial
shear stresses along the path CA increase with burnup, and espe-
cially the maximum shear stress at 30% FIMA is about 8 times of
the value at 5% FIMA. Similarly, the maximum shear stresses of
the 200 lm diameter case increase with burnup, however the re-
gion with larger stress values is narrowed and the maximum
stress at 30% FIMA is just 1.6 times as large as that under the
thermal effect.
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Fig. 16. The interfacial shear stress distributions along path CA for dif
Fig. 17 illustrates variations of the maximum interfacial normal
stresses and shear stresses with the burnup for different particle
diameters. As depicted in Fig. 17a, with increasing burnup, the
maximum interfacial normal stresses of the 50 lm diameter case
decrease first and then increase smoothly, but for the case with
the 100 lm diameter the maximum normal stresses first increase
and then decrease. Different from the above cases, the maximum
interfacial stresses of the 200 lm diameter case monotonously in-
crease and the maximum stress value at a certain burnup is much
larger than the other two cases. Before 15% FIMA, the interfacial
normal stresses increase with the fuel particle diameters; while
after 15% FIMA the 100 lm diameter case holds a relatively low
value.

It can be discovered from Fig. 17b that with increasing burnup
the maximum interfacial shear stresses of the three cases all de-
crease in the beginning and then increase though the variation
rates differ. As a result, the effect of the particle diameters on the
maximum shear stresses is different at different burnup ranges:
before 7% FIMA, the shear stresses increase with the particle diam-
eters; whereas from 7% FIMA to 12% FIMA, the order from having
high stress value to holding low value transforms to the 200 lm
case, the 50 lm case and the 100 lm case; after 12% FIMA, the
50 lm diameter case transcend the 200 lm diameter case, becom-
ing the case with the maximum interfacial shear stress.
5.3. Effect of the fuel particle distribution

The finite element models for three distribution patterns (sim-
ple cubic (SC), body-centered cubic (BCC) and face-centered cubic
(FCC)) are considered in Section 3.2.3. The interfacial normal stres-
ses and shear stresses with increasing burnup are presented as
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Fig. 18. The interfacial normal stress distributions of the body-centered cubic case at: (a) 3% FIMA, (b) 10% FIMA, (c) 20% FIMA and (d) 30% FIMA.

Fig. 19. The interfacial shear stress distributions of the body-centered cubic case at: (a) 3% FIMA, (b) 10% FIMA, (c) 20% FIMA and (d) 30% FIMA.

Fig. 20. The interfacial normal stress distributions of the face-centered cubic case at: (a) 3% FIMA, (b) 10% FIMA, (c) 20% FIMA and (d) 30% FIMA.
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Figs. 18–21. The effect of the particle distribution forms will be
discussed.

It can be found from Figs. 18–21 that the interfacial stress dis-
tribution trends of the BCC case and the FCC one all remain funda-
mentally the same with increasing burnup. As for the BCC case
larger interfacial normal stresses are near point A and larger shear
stresses are near point C. However, the FCC case takes on a dissim-
ilar distribution: the normal and shear stress distributions are
symmetrical against line BD (referred to Fig. 9); the maximum
interfacial normal stresses occur nearby the corner point C and
A; the three-dimensional plots of the interfacial shear stresses at
the interface display certain shapes like cranes.

Fig. 22 depicts the maximum interfacial normal stresses and
shear stresses for different particle distribution patterns with
Fig. 21. The interfacial shear stress distributions of the face-centered cubi
increasing burnup. As shown in Fig. 22a, the interfacial normal
stresses fundamentally increase with burnup. After 3% FIMA, the
maximum interfacial normal stresses and their increasing rates
are in the following descending order: the SC pattern, the BCC pat-
tern and the FCC pattern, and the higher the burnup is, the larger
the difference exists; especially, when the burnup reaches 30%
FIMA, the maximum normal stress of the SC case is about 2.4 times
as large as that of the BCC case and about 14 times as large as that
of the FCC case. It can be found from Fig. 22b that with increasing
burnup, 1) the maximum interfacial shear stresses of the SC case
increase smoothly and reach a stable value about 70 MPa; 2) in
the beginning, the BCC case has lower interfacial shear stress, but
the stress magnitude even becomes 141 MPa at 10% FIMA
after the sharp increase from 3% to 10% FIMA; 3) as far as the
c case at: (a) 3% FIMA, (b) 10% FIMA, (c) 20% FIMA and (d) 30% FIMA.
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Fig. 22. The maximum interfacial: (a) normal stresses and (b) shear stresses for different fuel particle distribution forms.
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FCC case is concerned, it can be observed that the relative stresses
remain round 17 MPa till the high burnup. It can also be examined
that at the initial stage of burnup the maximum interfacial shear
stresses for the considered distribution forms follow the ascending
order as: the FCC case, the BCC case and the SC case, while the
ascending order is modified to the FCC case, the SC case and the
BCC case at higher burnups.

As discussed above, it can be obtained that among the three
particle distribution patterns the FCC case has the best interfacial
performance.

6. Conclusion

Based on the constructed three-dimensional constitutive rela-
tions, a method of modeling the in-pile behaviors of the disper-
sion fuel element in ABAQUS is developed and validated. Since
delamination between the fuel meat and the cladding is a charac-
teristic damage form of the dispersion fuel plates, the interfacial
stresses between them are investigated. The effects of the fuel
volume fractions, the particle diameters and the particle distribu-
tions on the interfacial mechanical performances are evaluated to
supply the numerical basis for the fuel element design and oper-
ation. The main conclusions can be drawn for the considered
parameters:

(1) As for the simple cubic cases with different fuel volume
fractions, the regions having the maximum interfacial nor-
mal stresses are different from the ones with the maxi-
mum interfacial shear stresses. The maximum interfacial
normal stresses of the 10% and 30% volume fraction cases
increase with burnup, whereas the ones of the 20% volume
fraction case decrease with burnup; and the maximum
interfacial shear stresses of the three cases all increase
with burnup except the ones at the initial stage. Especially,
at higher burnups, the maximum normal stresses consist in
the case with the highest particle volume fraction; never-
theless the high shear stresses occur in the lowest volume
fraction one.

(2) For the simple cubic cases with different particle diameters,
the interface locations with the maximum interfacial normal
stresses differ from the region with the maximum interfacial
shear stresses. The maximum interfacial normal stresses of
the 50 lm and 200 lm particle diameter cases increase with
burnup, whereas the ones of the 100 lm cases decrease with
burnup, and the maximum interfacial shear stresses increase
with burnup as a whole. Especially at higher burnups, the
highest normal stresses locate in the cases with big particle
diameters, while the largest shear stresses exist in the case
with the smallest diameter.

(3) Different interfacial stress distributions happen for different
particle distribution pattern, and the regions with the max-
imum interfacial stresses are dissimilar.

(4) For the three considered particle distribution forms, the max-
imum interfacial normal stresses and shear stresses funda-
mentally increase with burnup except for the ones at the
initial stage. At higher burnups, the maximum interfacial nor-
mal stresses are in the ascending order: the simple cubic case,
the body-centered cubic case and the face-centered cubic
case, whereas the relative order for the shear stresses transfer
to: the body-centered cubic case, the simple cubic case and
the face-centered case. And according to the results of both
the maximum interlaminar normal stresses and the maxi-
mum shear stresses, it can be obtained that the face-centered
cubic case presents the best interfacial performance.

(5) In order to prevent the interfacial delamination, fracture and
the cladding bubbling, the proper parameters such as the
fuel volume fractions, the particle diameters and the particle
distribution patterns should be chosen to optimize the dis-
persion fuel element.
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