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Within plate-type dispersion nuclear fuel elements, besides irradiation swelling of fuel par-
ticles induced by nuclear fissions, the metal matrix and the cladding are attacked contin-
uously by the fast neutrons released from the fuel particles. As a consequence, the
matrix undergoes a bit irradiation swelling and the cladding takes on irradiation growth,
which both might have remarkable effects upon the mechanical behaviors within fuel ele-
ments. In this paper, the three-dimensional large-strain constitutive relations for the fuel
particles, the metal matrix and cladding are developed; based on them, the method of vir-
tual temperature increase proposed by Ding et al. (2008) is further developed to model the
irradiation swelling; the method of anisotropic thermal expansion is introduced to model
irradiation growth of the cladding; and a method of multi-temperature-loadstep is pro-
posed to simulate the coupling features of the irradiation swellings of both the metal
matrix and the fuel particles together with the irradiation growth of the cladding. In order
to clarify the critical factors that affect their mechanical performances and carry out
optimal design, with the aid of the research thoughts of particle-reinforced composites,
numerical simulations of the irradiation-induced mechanical behaviors are implemented
with the finite element method in consideration of the micro-structure of the fuel meat.
The obtained results indicate the effects of irradiation swelling of the matrix and irradia-
tion growth of the cladding as that: (1) they might weaken the in-pile mechanical perfor-
mances at the matrix to some extent; and (2) the former increases interfacial stresses
between the fuel meat and the cladding, while the latter relatively relieve those interfacial
stresses; and the interfacial mechanical strength might be improved by getting suitable
irradiation growth mode of the cladding.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The energy problem is becoming an urgent worldwide
problem. The main energy resources at present are fossil
fuel, including coal, petroleum and natural gas, which are
non-renewable, and also give birth to tremendous green-
house gases, such as CO2, oxysulfide and oxynitride, which
are responsible for the global warming and the acrid rain.
In order to maintain a sustainable development, the new
. All rights reserved.

x: +86 21 65642742.
alternative energies are in great demand. Owing to the
merit in environment friendliness and great power, the
nuclear energy becomes a kind of feasible alternative en-
ergy. However, a great deal of nuclear wastes with high
radioactivity will be generated in the nuclear reactors,
which stems from the insufficient combustion of the inter-
nal nuclear fuels. For one thing, it is an enormous waste of
energy; for another, great threats would be brought about.
In order to make full use of the nuclear fuels and ensure
nuclear safety, it is necessary to extend burnup of nuclear
fuels and dispose of the nuclear wastes, especially the
unirradiated U235 and Pu (e.g. Duyn, 2003) effectively.
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Dispersion nuclear fuel elements are composed of metal
cladding and fuel meat, which is similar to a sandwich
plate in the configuration; and the fuel meat is the same
to the particle composite with the fuel particles dispersed
within the metal matrix. As pointed out by Duyn (2003),
owing to their high conductivity, the in-pile temperatures
at the dispersion nuclear fuel elements are much lower
than those at the traditional rod-like fuel elements and
can achieve the high burnup goal. As a result, they are
studied as an alternative to dispose of nuclear wastes.
Moreover, the dispersion nuclear fuel elements have been
widely used in the research and test reactors especially
since the Reduced Enrichment for Research and Test Reac-
tors (RERTR) program started in 1970s. This program has
been tasked with the conversion of research reactors from
high-enriched uranium (HEU) to low-enriched uranium
(LEU) with a U235 content of less than 20%. In order to reach
the requisite power density of the fuel element with low-
enriched uranium, the needs to raise the density of the
exiting fuels should be met. On account of the high ura-
nium density (e.g. Duyn, 2003; Sinha et al., 2009), several
kinds of dispersion fuel elements, such as the U3Si2 disper-
sion fuel, etc., are formally qualified for reactor usage and a
good many research and test reactors have been converted
to LEU fuels. And the related researches keep all the while,
a number of irradiation tests (e.g. Huet et al., 2003, 2005;
Ryu et al., 2003; Leenaers et al., 2004) are being carried
out in order to improve performances of the current dis-
persion fuel elements.

The thermal and mechanical behaviors within disper-
sion nuclear fuel elements are very complex. At first, the
nuclear fissions of the fuel particles produce tremendous
fission heat resulting in the inhomogeneous temperature
field within the fuel element. Also, the fuel particles bring
about a lot of solid and gas fission products, which lead to
irradiation swelling of the fuel particles. At the same time,
irradiation experiment by Harbo-itle (1980) indicates that
the metal matrix of the fuel element continually attacked
by the fast neutrons released by the fuel particles under-
goes relative irradiation swelling. Other irradiation experi-
ments (e.g. Rogersom, 1988; Fidleris, 1988) show that the
cladding of the fuel element, which is also attacked by
the fast neutron, experiences obvious irradiation growth.
These properties might greatly influence the in-pile
mechanical performances of dispersion nuclear fuel ele-
ments, and thus lead to the bubbling, damage and fracture
of the elements. In order to assess the lifetime of the dis-
persion fuel elements and optimize their microstructures,
the effects of the above-mentioned irradiation effects on
their in-pile mechanical behaviors should be investigated
and evaluated.

It is a fact that the experimental researches of disper-
sion fuel elements are so time-consuming and costly that
it is impossible to carry out tests for all kinds of parameters
in optimal design. So, besides the relative experimental
researches, as revealed by Snelgrove et al. (1997), the
numerical simulations are playing a more and more impor-
tant role in explaining the experiment results and in the
optimal design. Recently, the relative researches on the
dispersion fuel plate with the finite element method
(FEM) appeared and some specific codes for the thermal
and thermal–mechanical analysis were developed and
were being upgraded, including FASTDART (e.g. Taboada
et al., 2002; Rest, 1995), PLATE (e.g. Hayes et al., 2002,
2003), MAIA (e.g. Marelle et al., 2004, 2007) and DART-
TM (e.g. Saliba et al., 2003) and so on. In these studies,
the dispersion fuel meats were generally treated as homo-
geneous and the modeling was two-dimensional, that is,
the interactions between the fuel particles and the matrix,
and the interactions among fuel particles are not taken into
account. Böning and Petry (2009) simulated the irradiation
swelling of the full-sized U3Si2–Al fuel plate, whose meat
was regarded as a homogeneous one, revealing that the
dispersion fuel plate with only about 20% volume fraction
presented a remarkable swelling ratio.

Furthermore, it was obtained by the nuclear experiment
of Oh et al. (2006) that the in-pile mechanical perfor-
mances of dispersion nuclear fuel elements were intensely
affected by the micro-structures of the fuel meat. And thus,
the interactions between the fuel particles and the metal
matrix should be considered in order to optimize the fuel
meat. Duyn (2003) studied the PuO2–Zr dispersion rod-like
fuel element with FEM, taking account of the distribution
of the fuel particles more actually, while the in-pile
mechanical behaviors were simplified. Ding et al. (2008,
2009) studied the thermal and mechanical behaviors of
the plate-type dispersion nuclear fuel elements with con-
sidering the interactions between the fuel particles and
the metal matrix, but the actual cladding structure is not
drawn into consideration. Ding et al. (2010), Wang et al.
(2010a,b,c) further studied the in-pile mechanical perfor-
mances with allowing for the mechanical interactions be-
tween the fuel meat and the cladding, while without
taking account of irradiation swelling of the metal matrix
and irradiation growth of the metal cladding.

In this study, with the aid of the research thoughts of
particle-reinforced composites, the three-dimensional rep-
resentative volume element (RVE) is chosen to act as the
research object, which could model the in-pile stress–
strain fields together with macro-deformation along the
thickness. Apart from the irradiation swelling of the fuel
particles, the irradiation swelling of the matrix together
with the irradiation growth of the cladding are taken into
account. Considering the above irradiation effects, the
large-strain constitutive relations for the fuel particle, the
metal matrix and cladding are developed, respectively.
Based on the deduced three-dimensional constitutive
relations, the flexible methods are put forward to model
simultaneously the multi-type irradiation effects in the
commercial software-ANSYS. The effects of irradiation
swelling of the matrix and irradiation growth of cladding
with burnup are investigated.

2. The material models

This study is conducted on one kind of typical disper-
sion fuel element, with an alloy cladding and a meat with
the fuel particles being dispersively embedded in a metal
matrix. Owing to the easy acquirement of the material
parameters of uranium dioxide (UO2) and zircalloy, UO2

and zircalloy are set as the materials for the fuel particles
and metal matrix (and the cladding), respectively.
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2.1. Material parameters of thermal analysis

The heat generated by nuclear fissions of the fuel parti-
cles can result in the temperature variations within the
dispersion fuel elements and lead to the relative thermo-
mechanical behaviors. Besides, with increasing burnup
the fission products will induce the volume swelling of
the fuel particles, and the irradiation swelling of the metal
matrix together with the irradiation growth of the metal
cladding will further result in the complex mechanical
interactions within the fuel elements. These irradiation ef-
fects depend on the temperatures. In addition, the
mechanical parameters of in-pile materials are tempera-
ture-dependent. So, it is of importance to determine the
temperature field at first.

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 temper-
ature of the coolant and so on will all affect the tempera-
ture distributions of the fuel elements. In this study, the
thermal conductivities of the in-pile materials are adopted
from the papers of Lucuta et al. (1996) and MacDonald and
Thompson (1976).

2.2. The mechanical and irradiation parameters of fuel
particles

The thermal expansion of UO2 fuel particles relative to
300 K can be expressed as (e.g. Chubb et al., 1973).

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

þ 2:1481� 10�9ðT � 273Þ2 ð2:1Þ

where T(K) denotes the temperature in Kelvin with the
application range from 300 K to 1530 K.

The elasto-plastic properties of the fuel particles are
adopted from the references (e.g. Nakajima et al., 1985;
MacDonald and Thompson, 1976).

The total irradiation swelling of the fuel particle in-
cludes three parts: gas-bubble swelling, the swelling of so-
lid fission product and the densification due to the
variation of the porosity (e.g. Chubb et al., 1973; Nakajima
et al., 1985; Wiesenack et al., 1996).

DV
V

� �gs

¼ 439:6 exp � 16450
T � 100

� �
ð2:2Þ

DV
V

� �ss

¼ 0:0025 ð2:3Þ

The above two expressions describe the volume variations
due to gas-bubble swelling and solid fission product swell-
ing per 1020 fissions/cm3 and T is temperature in Kelvin.

DV
V

� �ds

¼ 0:0142½1� expð�6:7943BUÞ�f

þ 0:00893½1� expð�1:1434BUÞ�g � ADST

ð2:4Þ

Expression (2.4) depicts densification of UO2, where BU is
burnup (MWD/kgUO2), and ADST is adjusting factor which
is set as 0.6.
2.3. The mechanical and irradiation parameters of the matrix
and cladding

Zircalloy is set as the materials of the matrix and clad-
ding. The thermal expansion coefficient (e.g. Saliba et al.,
2003) is 5.58 � 10�6/K. The temperature-dependent
elasto-plastic parameters of Zircalloy follow the relative
references (e.g. Fisher and Renken, 1954; Hagrman and
Reyman, 1979).

The metal matrix undergoes relative irradiation swell-
ing in the nuclear reactors according to the experimental
research (e.g. Harbo-itle, 1980). In order to fit the experi-
mental data, the square root model is simply introduced
(e.g. Suzuki and Saitou, 2005):

LEðtÞ ¼ DL
L0
¼ A �

ffiffiffiffiffiffiffiffiffi
/ � t

p
ð2:5Þ

where / � t denotes fast neutron fluence (n/cm2), and A is a
fitting parameter; according to experimental data in the
paper of Harbo-itle (1980), it is set as 7.45 � 10�15.

The irradiation growth of the cladding is anisotropic,
namely the cladding stretches in one direction while
shrinks in other two directions. In this study, the model
of the irradiation growth strain (e.g. Marino et al., 1996)
has been adopted

degr
i ¼ _egr

i dt ð2:6Þ
_egr

x ¼ 4:942� 10�24/ ð2:7Þ
_egr

z ¼ �0:059 _egr
x ð2:8Þ

_egr
y ¼ �0:941 _egr

x ð2:9Þ

where the growth strain rates _egr
x ; _egr

y ; _egr
z are the compo-

nents in the directions of length, width and thickness of
the fuel plate, respectively; / depicts the fast neutron flux
(n/cm2 � s).
3. The three-dimensional large-strain constitutive
relations and the simulation methods

At the initial stage of burnup, the thermal–mechanical
behaviors are mainly induced by the high temperature dif-
ferences. This will result in existence of plastic deforma-
tions at the metal matrix and cladding, however, the
total deformations remain small. So, at this stage the ther-
mal–elastoplastic constitutive behaviors for small defor-
mation 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
volumetric variations of the particles due to the fission
products can reach 20%. And irradiation-swelling of the
metal matrix and irradiation growth of the metal cladding
will be enhanced with increasing burnup. Then the
mechanical interactions between the fuel particles and
the matrix will be enhanced and large deformation can ap-
pear. 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
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plate thickness will increase. This will lead to variations 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 constitutive relations.

The large-deformation constitutive relations for the
materials at the increasing stage of burnup are developed
in this study, and two cases are considered. Besides the
thermal effects, one case only considers the coupling
behaviors of irradiation swelling of the fuel particles and
the metal matrix; another includes further irradiation
growth of the cladding based on the first case. Further-
more, the results of these two cases (case 1 and case 2)
and the case in the former studies (e.g. Wang et al.,
2010a,b; Ding et al., 2009) (case 3) which only considers
the irradiation swelling of the particles together with the
thermal effects, are compared to assess the effects of irra-
diation swelling of the matrix and irradiation growth of the
cladding. In this section, the constitutive relations of case 1
and case 2 for the fuel particles, the metal matrix and clad-
ding are developed. Based on the constructed constitutive
relations, the simulation methods of the complex irradia-
tion behaviors of nuclear fuel elements in ANSYS are
proposed.
3.1. Case 1: with considering the irradiation swelling of the
fuel particles and the matrix together with the thermal effects

According to our previous works (e.g. Wang et al.,
2010a,b; Ding et al., 2009), simulations of the irradiation
swelling of the fuel particles has been implemented with
the finite element method. While, in this section the irradi-
ation swelling of the matrix is also taken into account. In
consideration of large strains existing within the fuel ele-
ment due to the considered irradiation effects, the large-
deformation constitutive relations are needed to be devel-
oped in order to simulate the irradiation-induced
behaviors.
3.1.1. The three-dimensional constitutive relation of the fuel
particles

Following the method in previous work (e.g. Wang
et al., 2010a,b), the total deformation rate of the fuel parti-
cle is assumed to be the sum of the elastic one, the irradi-
ation swelling one, the thermal one and the plastic one.
Since the plastic deformation rate is relatively small, the
total deformation rate could be simply denoted as

dkl ¼ de
kl þ dsw

kl þ dth
kl ð3:1Þ

where de
kl and dth

kl are the elastic and thermal deformation
rate, respectively. dsw

kl is the swelling deformation rate for
the current configuration; it is the instantaneous variation
rate of the swelling true strain at the current configuration.
The irradiation swelling only brings the volumetric
variation without shape changes, which is quite similar
to the thermal expansion strain for the isotropic material.
So, only the linear strain esw which is the same along all
directions exists without the shear strain components.
The fuel particle swelling is usually characterized by the
relative volume variations. A kind of swelling coefficient bV

can be introduced as the volume swelling rate by

SWðBUÞ ¼ DV
V0
¼
Z BU

0
bV dðBUÞ ð3:2Þ

where V0 is the reference volume, DV is the volume varia-
tion measured after a period of fission reactions. BU is
called burnup with a unit % FIMA, which is defined as the
ratio of the number of the fissioned U atoms to the original
number of U atoms.

The swelling rate bV (swelling per %1 FIMA) has three
contributions from the fission gas-bubbles bgs

V , the solid fis-
sion products bss

V and the fission densification bds
V . Namely,

bV ¼ bgs
V þ bss

V þ bds
V ð3:3Þ

These three components are deduced from Eqs. (2.2)–(2.4).
According to the definition of the irradiation swelling as

Eq. (3.2), the particle swelling at time t can be expressed as

SWðtÞ ¼ SW½BUðtÞ� ¼ DVt

V0
¼ Vt � V0

V0
ð3:4Þ

Then the volume at time t is obtained as

Vt ¼ ½1þ SWðtÞ�V0 ð3:5Þ

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 ð3:6Þ

where B _U is the burnup rate, 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 ð3:7Þ

We assume the deformation from t to t + dt is small en-
ough. Under the condition of small deformation, we have

dVt

Vt
¼ 3desw ð3:8Þ

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 ð3:9Þ

The thermal expansion deformation rate is the instanta-
neous variation rate of the thermal true strain at time t.
According to the relation between the true strain and the
engineering strain, the thermal strain is given as

e ¼ lnð1þ eÞ ¼ ln½1þ aTðT � T0Þ� ð3:10Þ

Then the thermal deformation rate at time t can be ob-
tained as

dth
kl ¼ dkl _e ¼ dkl

_aTðT � T0Þ þ aT
_T

1þ aTðT � T0Þ
ð3:11Þ
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In Eqs. (3.10) and (3.11), aT is the secant thermal expansion
coefficient for time t (with temperature T), which is de-
fined according the deformation with respect to the origi-
nal configuration; T0 is the reference temperature.

The elastic deformation rate satisfies the following rela-
tion (e.g. Belytschko et al., 2000)

rrij ¼ Dijkld
e
kl ð3:12Þ

where rrij is the Jaumann rate of the Cauchy stress tensor,
Dijkl is the tangent stiffness tensor of the Jaumann rate (e.g.
Belytschko et al., 2000).

According to Eqs. (3.1), (3.9), (3.11), and (3.12), the
three-dimensional constitutive relation for the fuel parti-
cles can be deduced as

rrij ¼Dijkl dkl� dkl
bV ðBUÞ

3½1þ SWðBUÞ�B
_U� dkl

_aTðT�T0ÞþaT
_T

1þaTðT�T0Þ

 !

ð3:13Þ
3.1.2. The three-dimensional constitutive relation of the metal
matrix

In case 1, the deformation rate within the metal matrix
is supposed to consist of the elastic one, the plastic one, the
thermal one and the swelling one, that is

dkl ¼ de
kl þ dp

kl þ dth
kl þ dsw

kl ð3:14Þ

where dp
kl denotes the plastic deformation. The thermal

deformation rate dth
kl is given in Eq. (3.11).

As for the matrix, the irradiation swelling is assumed to
obey the model in Eq. (2.5). The length at the time t can
thus be obtained,

Lt ¼ ð1þ LEðtÞÞL0 ð3:15Þ

The variation rate of the length is

_Lt ¼
dLt

dt
¼ dLEðtÞ

dt
L0 ð3:16Þ

We assume the deformation from t to t + dt is small en-
ough. The increment of the true strain from time t to time
t + dt is

desw ¼ dLt

Lt
ð3:17Þ

Then, the swelling deformation rate with respect to the
current configuration can be deduced as

dsw
kl ¼ dkl

Að/þ _/tÞ
2
ffiffiffiffiffiffi
/t
p

1þ A
ffiffiffiffiffiffi
/t
p� � ð3:18Þ

The elastic deformation rate and the Jaumann rate of the
Cauchy stress obey the hypo-elastic relation (e.g. Bely-
tschko et al., 2000):

rrij ¼ Dijkld
e
kl ð3:19Þ

The plastic flow rule is as follows

dp
kl ¼ _k

@w
@rkl

ð3:20Þ

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-hardening material, Eq.
(3.20) demonstrates that the vector of the plastic deforma-
tion 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 ð3:21Þ

The corresponding yield surface equation becomes

F ¼ f ð�r; �ep; TÞ ¼ �r� Hð�ep; TÞ ¼ 0 ð3:22Þ

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

ffiffiffiffiffiffiffiffi
3=2

p
sijsij, where sij are

the components of the deviatoric tensor of the Cauthy
stress.

According to the associated flow rule, the plastic defor-
mation rate is given as

dp
ij ¼ _k

@F
@rij
¼ _k

@�r
@rij

ð3:23Þ

According to the plastic work rate as

_Wp ¼ rijd
p
ij ¼ �r _�ep ð3:24Þ

Together with �r ¼
ffiffiffiffiffiffiffiffiffiffiffi
3
2 sijsij

q
, sij = rij � dijrm, and rm ¼ 1

3 rij, it

can be obtained that _k ¼ _�ep.
Thus, the plastic deformation rate (3.23) can also be ex-

pressed as

dp
ij ¼ _�ep

@�r
@rij

ð3:25Þ

According to the yield surface equation as Eq. (3.25) and
the consistent condition (that is, the point located at the
yield surface will remain at the yield surface through the
plastic loading), we have

_F ¼ @�r
@rij

_rij �
@H
@�ep

_�ep �
@H
@T

_T ¼ 0 ð3:26Þ

Using Eqs. (3.14), (3.11), (3.18), and (3.25) yields

rrij ¼Dijkl dkl� _�ep
@�r
@rkl
� dkl

_aTðT� T0ÞþaT
_T

1þaTðT �T0Þ
� dkl

Að/þ _/tÞ
2
ffiffiffiffiffiffi
/t
p

1þA
ffiffiffiffiffiffi
/t
p� �

 !

ð3:27Þ

The Mises yield function is the isotropic function of the
stresses, and thereby it is the function of the invariant of
the stresses. So, the following relation is obeyed (e.g. Bely-
tschko et al., 2000)

@�r
@rij

_rij ¼
@�r
@rij

rrij ð3:28Þ

Substituting Eq. (3.28) into (3.26) gets

@�r
@rij

rrij �
@H
@�ep

_�ep �
@H
@T

_T ¼ 0 ð3:29Þ
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Substitution of Eq. (3.27) into (3.29) yields

_k¼ _�ep¼
@�r
@rij

Dijkldkl� @�r
@rij

Dijkk
_aT ðT�T0ÞþaT

_T
1þaT ðT�T0Þ

þ Að/þ _/tÞ
2
ffiffiffiffi
/t
p

½1þA
ffiffiffiffi
/t
p

�

� �
� @H

@T
_T

@�r
@rij

Dijkl
@r
@rkl
þ @H

@�ep

ð3:30Þ

The three-dimensional constitutive relation for the me-
tal matrix can be deduced through substituting Eq. (3.30)
into (3.27),

rrij ¼ Dep
ijkldkl þ rr0

ij ð3:31Þ

where Dep
ijkl is the tangent elastoplastic stiffness tensor

which can be denoted as

Dep
ijkl ¼ Dijkl � Dp

ijkl ¼ Dijkl �
Dijmn

@�r
@rmn

@�r
@rpq

Dpqkl

@�r
@rpq

Dpqmn
@r

@rmnþ @H
@�ep

ð3:32Þ
rr0
ij ¼

Dijkl
@�r
@rkl

@�r
@rpq

Dpqmm
_aT ðT�T0ÞþaT

_T
1þaT ðT�T0Þ

þ Að/þ _/tÞ
2
ffiffiffiffi
/t
p

1þA
ffiffiffiffi
/t
p� �� �

þDijkl
@�r
@rkl

@H
@T

_T

@�r
@rpq

Dpqmn
@r
@rmn
þ @H

@�ep

�Dijkk
_aT ðT �T0ÞþaT

_T
1þaT ðT�T0Þ

þ Að/þ _/tÞ
2
ffiffiffiffiffiffi
/t
p

1þA
ffiffiffiffiffiffi
/t
p� �

 !

ð3:33Þ

When the elastic loading or the unloading is carried out,
Dep

ijkl ¼ Dijkl .

3.1.3. The three-dimensional constitutive relation for the
cladding

As for the cladding, the total the deformation rate 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 ð3:34Þ

With the method depicted above, the incremental con-
stitutive relations of the cladding would be deduced

rrij ¼ Dep
ijkldkl þ rr0

ij ð3:35Þ

where Dep
ijkl is the tangent elastoplastic stiffness tensor

which can be denoted as

Dep
ijkl ¼ Dijkl � Dp

ijkl ¼ Dijkl �
Dijmn

@�r
@rmn

@�r
@rpq

Dpqkl

@�r
@rpq

Dpqmn
@r
@rmn
þ @H

@�ep

ð3:36Þ
rr0
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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

ð3:37Þ

When the elastic loading or the unloading is carried out,
Dep

ijkl ¼ Dijkl .
3.2. Case 2: with considering the coupling features of the
irradiation swelling of the fuel particles and the matrix
together with the irradiation growth of the cladding and the
thermal effects

Based on case 1, the irradiation growth of the cladding
is further incorporated in case 2. The three-dimensional
constitutive relations of the particles and the matrix are
the same as the respective ones in Section 3.1. While, the
total the deformation rate of the cladding is supposed to
consist of the elastic one, the plastic one, the thermal one
and the irradiation growth one, that is

dkl ¼ de
kl þ dp

kl þ dth
kl þ dgr

kl ð3:38Þ

According to the definition of the irradiation growth
rate of the cladding as Eqs. (2.7)–(2.9),

dgr
kl

� �
¼

_egr
x 0 0
0 _egr

y 0
0 0 _egr

z

2
64

3
75 ð3:39Þ

In the same way as the matrix in Section 3.1, the three-
dimensional constitutive relation for the cladding can be
deduced as

rrij ¼ Dep
ijkldkl þ rr0

ij ð3:40Þ

where Dep
ijkl is the tangent elastoplastic stiffness tensor

which can be expressed as

Dep
ijkl ¼ Dijkl � Dp

ijkl ¼ Dijkl �
Dijmn

@�r
@rmn

@�r
@rpq

Dpqkl

@�r
@rpq

Dpqmn
@r
@rmn
þ @H

@�ep

ð3:41Þ
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When the elastic loading or the unloading is carried out,
Dep

ijkl ¼ Dijkl .

3.3. The simulation methods in ANSYS

Based on the developed constitutive relations in Sec-
tions 3.1 and 3.2, the finite element procedure can be
developed through the virtual principle using the Updated
Lagrange Method. It can be found from the constitutive
relations that the irradiation-swelling of the fuel particles
and metal matrix and irradiation growth of the metal clad-
ding are the initial strains for every time step; and their ef-
fects are similar to the ones of thermal expansions. From
our previous work (e.g. Ding et al., 2009), it can be obtained
the thermal effects at the increasing stage of burnup are
relatively weak in normal operation, so in this study the
thermal effects at the increasing stage of burnup are ig-
nored. And the irradiation-swelling of the fuel particles
and metal matrix and the irradiation growth are modeled
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by the virtual thermal expansions as the initial strains at
every time step. In this section, the simulation methods
in ANSYS are established.

In the previous studies (e.g. Ding et al., 2008, 2009), in
considering the similarity between the irradiation swelling
and the thermal expansion, the irradiation swelling of the
fuel particles could be simulated with the method of vir-
tual temperature increase, namely making use of expan-
sion induced by the virtual temperature increase to
depict the irradiation swelling behaviors. In this section,
this method will be further developed to better simulate
the mechanical behaviors of irradiation swelling and the
coupling behaviors with other irradiation effects.

3.3.1. The simulation methods of case 1
3.3.1.1. The simulation method of the irradiation swelling of
the fuel particles. In case 1, the fuel particles and the ma-
trixes all undergo irradiation swelling. In this process,
the variable of irradiation swelling of the metal matrix
is expressed as the fast neutron fluence with time. It is
quite difficult to simulate this property in FEA software.
Considering the similarity between the thermal expan-
sion and the irradiation swelling, that they all only bring
the volumetric variation without shape changes, the vir-
tual temperature increase can be used to simulate the
irradiation swelling behaviors. This method is validated
in our previous studies (e.g. Wang et al., 2010a,b; Ding
et al., 2009). The relations between the irradiation swell-
ing and the virtual temperature increase are developed
as the following.

Following the previous methods (e.g. Ding et al., 2008,
2009), the irradiation swelling of the fuel particles at a cer-
tain burnup is defined as Eq. (3.2). Firstly, the irradiation
swelling at a certain burnup SW(BU) is calculated out
according to Eqs. (2.2)–(2.4) (3.2), (3.3).

The total calculation process is divided into n virtual
time steps, ensuring that the strain increment and defor-
mation at every step are small enough. At an arbitrary time
step from time t � 1 to time t, the ratio of the volume is re-
lated to the small swelling strain. That is,

Vt

Vt�1
¼ Vt�1 þ DVt

Vt�1
¼ ð1þ DeÞ3 ð3:43Þ

where De denotes the initial strain induced by the irradia-
tion swelling, which actually is assumed as the same at
every virtual time step. Then

Vn

V0
¼ V1

V0
� V2

V1
� � � Vn

Vn�1
¼ ð1þ DeÞ3n ð3:44Þ

SWðBUÞ ¼ Vn � V0

V0
¼ ð1þ DeÞ3n � 1 ð3:45Þ

Eq. (3.45) illustrates the swelling strain of every time
step at a certain burnup BU for the updated configuration.
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 using the Updated Lagrange
Method, n is set to a limit value in order that De tends to
be a stable value.

For the determined virtual time steps n of certain bur-
nup BU, the virtual temperature increase DTvirtual can be
obtained to fit the swelling strain induced by the irradia-
tion, that is

nDe ¼ aDTv irtual ð3:46Þ

DTvirtual ¼ n
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SWðBUÞ þ 13n

p
� 1

h i
ð3:47Þ

where a denotes the thermal expansion coefficient, which
is, for the sake of implementation of the simulation, as-
sumed as an constant at the increasing stage of burnup;
and DTvirtual is the total virtual temperature increase at
the considered burnup. So, the total temperature loads
are denoted as

T ¼ Tbase þ DTvirtual ð3:48Þ

where Tbase is the temperature at the initial stage of
burnup.

It can be found from the above equations that the vir-
tual temperature increases vary with burnup and the tem-
perature loads should be applied according to the actual
load history, for example, at the initial stage of burnup Tbase

should be applied and with increasing burnup the virtual
temperature increases can be applied step by step. So, in
the practical calculation the temperature loads are applied
by multiple steps, the total temperature loads at the end of
certain time step agree with the actual ones at the corre-
sponding burnup; and the load history can be reflected.
This is the improvement based on our previous works.

3.3.1.2. The simulation method of the irradiation swelling of
the matrix. In the same way, the irradiation swelling of the
matrix could be simulated with the method of virtual tem-
perature increase. As presented previously, irradiation
swelling of the metal matrix-Zircally could be simply trea-
ted as Eq. (2.5).

On the condition of constant fissioning rate, the rela-
tionship between the real time and the certain burnup of
the fuel particle can be simply denoted as

t ¼ BU
_f

ð3:49Þ

where t is the real time and _f is the fission rate of the fuel
particles, which depicts the fission numbers per time per
volume of the fuel particles, and in this study the fission
rate is set as 1020 fissions/(m3 � s). In the above equation,
the scale of BU (% FIMA) and that of _f should be matched,
and the value of _f is deduced according to the reference
(Suzuki and Saitou, 2005) to be 4.04 � 10�7 %FIMA/s.

In this case, the total calculation process is divided into
n virtual time steps, the swelling strain can be denoted as:

eðBUÞ ¼ DL
L0
¼ Ln � L0

L0
¼ Ln

L0
� 1 ð3:50Þ

Ln

L0
¼ Ln

Ln�1
� Ln�1

Ln�2
� � � L1

L0
ð3:51Þ

Similar to the deduction of Eqs. (3.44)–(3.48), the total
virtual temperature increase can be conduced

DTvirtual ¼ n
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DL
L0
þ 1

n

s
� 1

" #
ð3:52Þ
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Fig. 1. The temperature loads with increasing burnup for case 1.
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where a denotes the thermal expansion coefficient of the
matrix at the increasing stage of burnup and n is the num-
ber of the virtual time steps which should be large enough.

3.3.1.3. The simulation method of case 1. At the initial stage
of burnup, the mechanical behavior is mainly induced by
the temperature difference between the steady state tem-
perature and the room one. And with increasing burnup,
the irradiation swelling of the fuel particles and the metal
matrix is the main factor to result in the variation of the
mechanical behaviors. Thus, the total burnup can be di-
vided into two stages: the initial stage of burnup and the
increasing stage of burnup. And the total analysis is di-
vided into two parts.

The first analysis part is to model the mechanical
behaviors at the initial stage of burnup. Firstly, the steady
temperature field is solved, and then the displacement
field, the strain field and the thermal-stress field resulting
from the temperature differences are calculated with the
thermo-elasto-plasticity method. In ANSYS, the thermal
element Solid90 and the corresponding mechanical ele-
ment Solid186 are used, whose finite element meshes are
the same and can be switched to each other in the respec-
tive thermal or mechanical analysis. In this analysis, the
method of sequential coupling is adopted, in which the re-
sults of the temperature fields will be applied as the loads
in the analysis of the mechanical behaviors. And all these
thermo-mechanical results will be taken as the initial stage
of burnup.

In the second analysis part, the irradiation swelling sim-
ulation with increasing burnup becomes a key problem.
The method of virtual temperature increase is introduced
as stated above. As depicted in Section 3.3.1.1, the total
burnups should be divided into plenty of steps to ensure
the small deformation at the interval of every time step.
In addition, the irradiation swelling will lead to large defor-
mation of the metal matrix, thus the configuration of the
fuel plate can be changed with burnup. The large deforma-
tion finite element method should be adopted and the Up-
dated Lagrange Method is used. As a result, the second
analysis part is divided into several time steps and the con-
figurations of the finite element models are updated after
each time step.

In case 1, the matrix and the fuel particles both undergo
irradiation swelling, thus the virtual temperature loads
should be applied after the initial stage of burnup. In
Fig. 1, the temperature loads at different burnups are pre-
sented, indicating that the virtual temperature increases
are not linearly changing with burnup; where 0% FIMA de-
notes the initial stage of burnup. So, it is beneficial to use
this method of multi-temperature-load in order that the
load history can be embodied more clearly.

In ANSYS, the calculation is divided into two sections.
The first one is to calculate the steady temperature field
of the finite element model. The second one turns to the
mechanical analysis. The method of multi-temperature-
load could be implemented by the method of load files.
For the sake of calculation time and cost, this section is di-
vided into seven load steps, matching the burnups of 0%
FIMA (namely initial stage of burnup), 5% FIMA, 10% FIMA,
15% FIMA, 20% FIMA, 25% FIMA and 30% FIMA. As for each
burnup, the temperature loads for each element could be
calculated based on the solved temperature results in sec-
tion one. Utilizing the APDL language in ANSYS, the com-
mands of temperature loads for total elements (including
fuel, matrix and cladding, respectively) for each step could
be written into a load file, which can be incorporated in the
finite element analysis program. And thus, seven load files
can be obtained, waiting to be used in the calculation. It
should be noted that the first load step, whose temperature
loads are purely the solved temperature field in Section 1,
indicates the thermo-mechanical behaviors which denote
the initial stage of burnup (0% FIMA).In the further calcula-
tion process, the commands of using the load files are
implemented step by step. In every load step, enough time
steps should be set to be enough for the implementation of
the large deformation calculation.

3.3.2. The simulation methods of case 2
In case 2, the irradiation growth of the cladding is fur-

ther incorporated. Since the irradiation growth takes on
an anisotropic feature that the cladding grows in the
length direction while shrinks in other two directions, this
phenomenon could be mimicked as anisotropic thermal
expansion which holds different thermal expansion coeffi-
cients in different directions. As a result, a method of
anisotropic thermal expansion with virtual temperature
increase is introduced. In this method, the thermal expan-
sion coefficient in the length direction is set positive to
model its growth phenomenon and the other ones negative
to show the shrinking properties.

On the condition of constant fission rate, the irradiation
growth strain is acquired from Eq. (2.6),

egr
i ¼ _egr

i t ð3:53Þ

Especially, the component of the length direction can de-
noted as (developed from Eq. (2.7))

DL
L0

� �
x

¼ egr
x ¼ 4:942� 10�24/t ð3:54Þ

where / is set as 2 � 1014 n/cm2 � s. According to Eq. (3.49),
the relationship between the real time and the certain bur-
nup of the fuel particle can be simply depicted. Thus, the
relationship between the respective components of the
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cladding growth strain and the burnup of the fuel element
is constructed.

In the same way as presented above, the virtual temper-
ature increase is deduced as

DTvirtual ¼ n
ax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
egr

x þ 1n
p

� 1
h i

ð3:55Þ

where the thermal expansion coefficient in the length
direction is set as 5.58 � 10�6/K. And n is the number of
the virtual time steps which should be large enough.

In other two directions, the relationship between the
virtual temperature increase and the virtual thermal
expansion coefficient can be expressed as

DTvirtual ¼ n
ay

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�0:059egr

x þ 1n
p

� 1
h i

ð3:56Þ

DTvirtual ¼ n
az

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�0:941egr

x þ 1n
p

� 1
h i

ð3:57Þ

Therefore, the thermal expansion coefficients in the width
and thickness directions can be obtained and input into the
finite element calculation program.

According to the analysis in Section 3.3.1, the method of
multi-temperature-loadstep is developed to simulate these
coupling behaviors of irradiation swelling of the fuel parti-
cles and the matrix together with the irradiation growth of
the cladding. As shown in Fig. 2, the temperature loads at
each burnup are presented respectively. In ANSYS, the
method of load files with APDL language is used to obtain
seven load files which are incorporated in the routine step
by step to reflect the loading history. It should be noted
that in the first load step, the thermal expansion coefficient
of the cladding is isotropic, the same as the matrix. While
after the first load step, the thermal expansion coefficient
of the cladding should be changed to be anisotropic,
namely positive at X direction and negative at Y and Z
directions as calculated from Eqs. (3.56) and (3.57).
4. The finite element methods

4.1. The representative volume element and the finite element
model

According to the previous works (e.g. Ding et al., 2008,
2009; Wang et al., 2010a,b,c), in considering that the dis-
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Fig. 2. The temperature loads with increasing the burnup for case 2.
persion nuclear fuel meat is similar to the particle-rein-
forced composite in the framework, the meso-mechanics
research thought of the particle reinforced composites
can be introduced. Assuming that the fuel particles are
periodically distributed along the length and width direc-
tions, a specific Representative Volume Element (RVE) is
proposed, as illustrated in Fig. 3, where the periodical sizes
(meso-scale) at the length and width direction and the ac-
tual size (macro-scale) along the thickness direction are
adopted.

A simple case is first considered here. The meat thick-
ness is set as 1.26 mm and the cladding thickness main-
tains 0.4 mm. Assuming that the spherical particles are
cubically arranged in the matrix illustrated as Fig. 4a,
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. 4b. For the sake of symmetry of RVE, the finite element
model is selected to be 1/8 fraction of the RVE, shown as
Fig. 4c. The plane Z = 0 expresses the mid-plane of the fuel
plate and the plane with Z = H/2 denotes the upside surface
which is the contact boundary with the coolant water.

4.2. Boundary conditions

The boundary conditions to determine the temperature
field are given as

(1) Except the upside surface Z = H/2, the other surfaces
of the finite element models all obey: �koT/on = 0.

(2) The upside surface Z = H/2 satisfy the convection
boundary condition: �koT/on = h(T � Tf), 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 conditions to determine the
mechanical fields are as follows:

(1) The symmetric boundary condition is applied at all
the surfaces of the finite element models, except
the upside surface Z = H/2, where the pressure of
coolant water 15 MPa is applied.

(2) The continuous displacement conditions are met at
the interfaces between the fuel particles and the
matrix and the ones between the meat and the
cladding.

4.3. Validation of mesh convergence

In consideration of the two analysis steps of thermal
and mechanical analysis discussed before, the elements
Fig. 3. Dispersion fuel plate and the representative volume element.



Fig. 4. (a) Sketch map, (b) RVE, and (c) finite element model of the dispersion fuel plate.

Fig. 5. Finite element models with increasing the mesh density.
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used to discrete the models consist of thermal and
mechanical ones, respectively, and the obtained results
could be switched to each other. The quadratic 20-node
element is used to discrete the finite element models, the
meshes are determined to satisfy the demand of the preci-
sion. The mesh grids, nodes and elements information of
the developed finite element models are presented as fol-
lows. Since the results of the finite element method greatly
depend on the mesh quality (such as density and shape), it
is of high importance to consider the mesh convergence
before the simulation.

In this section, in order to validate the mesh conver-
gence, a simple model with the particle volume fraction
being 20%, the particle diameter d = 100 lm and with the
simple cubic distribution form is considered. Its mesh is
gradually fined by six steps as shown in Table 1 and
Fig. 5. The thermo-elasto-plastic behaviors are calculated
with finite element method for these models, and the
results along Path 1 and Path 4 (depicted in Fig. 6) are
exported in Figs. 7 and 8. As shown in Fig. 7, the normal-
ized transverse coordinates are defined as

1 ¼ Z � ZA

ZB � ZA
ð4:1Þ

where ZA, ZB and Z are the z-coordinates of point A, point B
and the defined points along Path 1, respectively.

As shown in the figures, with increasing the mesh ele-
ments, the output results gradually tends to be of small dif-
ferences. The values of the fifth step and the sixth step are
close to each other; that is, the results at the fifth step have
converged to the limit values, which to some degree could
represent the real values. Considering the efficiency and
calculation time, the mesh of the case of 23,448 elements
Table 1
Element information for finite element models with increasing the mesh density.

Mesh serial number 1 2 3

Number of elements 2543 7639 1
Number of nodes 13,161 36,692 5
is selected to carry out the calculations in the following
sections.
5. Results and discussion

In this section, the simulation methods stated in Section
3.3 will firstly be validated based on the output results.
After that, the validated results of case 1 and case 2 will
4 5 6

2,277 18,750 23,448 32,292
7,298 86,225 1,06,415 1,45,211



Fig. 6. The output paths for mesh convergence validation.
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be presented to illustrate the effects of irradiation proper-
ties. Finally, the comparison among case 1, case 2 and the
case in previous works (case 3) will be given to assess
the respective influences of the irradiation swelling of the
matrix and the irradiation growth of the cladding on the
mechanical performance of the dispersion nuclear fuel
element.
5.1. Validation of the simulation methods

In the previous works (e.g. Ding et al., 2008, 2009;
Wang et al., 2010a,b,c), the simulation method of particle
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Fig. 8. The interfacial (a) normal stress and (b) shear stres
irradiation welling was validated utilizing the results of
swelling ratio. In this section, the simulation method of
matrix swelling and cladding growth will be validated
using the results of the thickness variations of the fuel ele-
ment plate.

In case 1, the fuel particles will undergo elastic defor-
mation, thermal expansion and irradiation swelling with
increasing burnup; besides the above deformations, there
will be plastic deformation in the metal matrix. However,
only the elastic deformation, irradiation swelling and ther-
mal expansion contribute to the volumetric variations.

Here, the relative volumetric changes of the fuel parti-
cles and metal matrix resulting from the irradiation swell-
ing are investigated, which are donated as

A � DVp

Vp0
¼ Vp � Vp0

Vp0
ð5:1Þ

B � DVm

Vm0
¼ Vm � Vm0

Vm0
ð5:2Þ

where Vp and Vm are the volume of the particle and the ma-
trix at current configuration respectively. Vp0 and Vm0 are
the ones at the original configuration. The relative volu-
metric changes A and B can deduced from Eqs. (3.2) and
(2.5), respectively.

In the original configuration, the volume fraction of the
fuel particles in the fuel meat is expressed as
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along Path 1 with increasing the mesh denseness.
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Fig. 9. The increment of the thickness of the meat.
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VF �
Vp0

Vp0 þ Vm0
ð5:3Þ

According to Eqs. (5.1)–(5.3), the total volume at the
current configuration is depicted as

Vm þ Vp ¼ ½1þ AVF þ Bð1� VFÞ�ðVp0 þ Vm0Þ ð5:4Þ

As shown in Fig. 4(c), all the boundaries are the sym-
metric ones except the upside one, and hence the volumet-
ric variations of the fuel meat are reflected by its thickness
variations with increasing burnup. That is,

Dh ¼ ½AVF þ Bð1� VFÞ�h0 ð5:5Þ

where h0 is the original thickness of the fuel meat as
0.63 mm. The theoretical value of the thickness variations
can be obtained from Eq. (5.5).

At the same time, the thickness variations also can be
obtained by the simulation results, which result from three
contributions: the irradiation swelling, thermal expansion
and elastic deformation of the fuel particles and metal ma-
trix. In order to eliminate the thermal contributions, the
similar equation also can be given as

Dhth ¼ ½AthVF þ Bthð1� VFÞ�h0 ð5:6Þ

where Dhth is the thickness increase induced by the ther-
mal contributions. And Ath, Bth are the thermal volumetric
change of the particles and the matrix respectively, which
can be calculated approximately by

Ath ¼
DVth

p

Vp0
� 3

Dl
l0

	 
th

ð5:7Þ

Bth ¼ DVth
m

Vm0
� 3amDTth ð5:8Þ

where [Dl/l0]th is depicted by Eq. (2.1). am is the secant
thermal expansion coefficient of the matrix. DTth is the
temperature of the matrix solved in the thermal analysis.
For simplicity, am and DTth could be set as the average va-
lue at the initial stage of burnup.

The thickness variations obtained from the theoretical
swelling calculation, the actual simulation and the simula-
tion results without contribution of thermal expansion are
depicted as Fig. 9. It can be found from Fig. 9, the simula-
tion results are higher than the theoretical ones, while
after eliminating the thermal contributions the simulation
results are a little lower than the theoretical values. This is
reasonable for the reasons that: (1) the contributions of
thermal expansion lead to the first result; (2) the mechan-
ical mutual actions between the fuel particle and the ma-
trix together with the ones between the fuel meat and
the cladding result in the small compressive elastic strains
with the fuel meat, thus the relative results without the
thermal contributions are lower than the theoretical swell-
ing ones and the differences are very small and increase
with burnup. As shown in Fig. 9, it can be demonstrated
that the simulation method of irradiation swelling of the
matrix and fuel particles is effective.

In case 2, the cladding experiences irradiation growth
which actually takes on no volume change with increasing
burnup, though the configuration might be changed due to
growth in one direction and shrinking in other two direc-
tions. For the cladding, the above method to check the
thickness of the cladding during the burnup can be used
to assess the simulation method in case 2.

In Fig. 10, the theoretical variations of the cladding
thickness remains zero, and the simulation results are
higher than the theoretical values because of the thermal
contributions. While, the simulation results without ther-
mal components show a little lower than the theoretical
values, namely taking on a compressive effects owing to
the boundary pressure and the mechanical mutual actions
between the fuel meat and the cladding.

Based on the above investigation and analysis, the sim-
ulation methods proposed in this paper to simulate the
irradiation swelling and irradiation growth and their cou-
pling behaviors are validated.
5.2. Results of case 1

According to the irradiation experiment by Leenaers
et al. (2004), the matrix is vulnerable in the fields between
the matrix and the fuel particle owing to the interaction of
them, especially after some voids occurring due to the fis-
sion gas release. In addition, other irradiation experiments
by Finlay et al. (2007) indicate that the other important
damage pattern is the delamination between the matrix
and the cladding, which is attributable to the relative high
interfacial stresses. As a result, the mechanical behaviors of



234 Q. Wang et al. / Mechanics of Materials 43 (2011) 222–241
the matrix especially at the field between the matrix and
the fuel particles together with the interfacial mechanical
behaviors between the matrix and the cladding are focused
on. In this section, the mechanical behaviors of case 1 will
be presented.

5.2.1. The in-pile mechanical behaviors of the matrix
The contour plots of the Mises stresses, the equivalent

plastic strains and the first principal stresses at 3% FIMA
are shown in Fig. 11.

From Fig. 11, it can be found that at 3% FIMA there are
two regions at the metal matrix with large Mises stresses
and the equivalent plastic strains: (1) the interfaces be-
tween the metal matrix and the fuel particles; (2) the loca-
tions between the two particles along the length or width
direction. Thus, Path 1 and Path 2 in Fig. 6 are chosen as the
export paths of the Mises stresses and the equivalent plas-
tic strains. In addition, it also can be found that the first
principal stresses take on relative large values at the ma-
trix between two particles along the thickness direction.
Therefore, Path 3 in Fig. 6 is treated as the export path
for the first principal stresses.

As shown in Fig. 12, the distributions of the Mises stress
along Path 1 and Path 2 are depicted. It can be found from
Fig. 12a that the distributions of the Mises stress along
Path1 present a shape of ‘M’, with two maximums in the
midst of the path. In Fig. 12b, the normalized transverse
coordinates are obtained from

1 ¼ X � XC

XD � XC
ð5:9Þ

where XC, XD and X are the x-coordinates of point C, point D
and the defined points along Path 2, respectively. From
Fig. 12b, at each burnup the Mises stress take on increasing
trend along Path 2. In Fig. 12c, the maximal Mises stresses
Fig. 11. The distributions of (a) the Mises stress (MPa), (b) the equivalen
with increasing burnup at two paths are depicted. The
maximal Mises stresses increase with burnup, while with
a decreasing rate. It is also seen that Path 1 occupies higher
Mises stresses.

As illustrated in Fig. 13, the distributions of the equiva-
lent plastic strain along Path 1 and Path 2 are presented. It
can be observed that the distributions of the equivalent
plastic strains along Path 1 at each burnup also present a
shape of ‘M’, and that the values increase along Path2 at
each burnup. From Fig. 13c, the maximum equivalent plas-
tic strains along the two paths both increase with burnup
with relatively constant increasing rate. Overall, the value
of maximal equivalent plastic strain along Path 1 at each
burnup is larger than that along Path 2, with increasing
disparity between them. Comparing the results in Fig. 13
with the ones in Fig. 12, it can be obtained that the points
at the two paths are all on a plastic loading state and the
deformation-resistances are weaker with increasing
burnup.

In Fig. 14, the distributions of the first principle stresses
along Path 3 with increasing burnup are shown. The nor-
malized transverse coordinates are obtained from

1 ¼ Z � ZB ð4:53Þ

where ZB and Z are the x-coordinates of point B and the de-
fined points along Path 3, respectively. The maximum first
principal stresses occur near the two ending points along
the path after 5% FIMA; and the maximum values increase
with burnup.

5.2.2. The interfacial mechanical behaviors between the meat
and the cladding

In order to investigate the interfacial mechanical behav-
iors, the interfacial stresses between the fuel meat and the
cladding are focused on, which consist of the interfacial
t plastic strain and (c) the first principal stress (MPa) at 30% FIMA.
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Fig. 12. The distributions of the Mises stress along (a) Path 1, (b) Path 2 and (c) the maximum Mises stress along the two paths with increasing burnup.
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Fig. 13. The distributions of the equivalent strain along (a) Path 1, (b) Path 2 and (c) the maximum equivalent plastic strain along the two paths with
increasing burnup.
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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. 6. As depicted in Figs. 15 and 16,
the three-dimensional distributions of the interfacial stres-
ses are presented. The maximal interfacial stresses vary
with burnup, while the maximal interfacial stresses exist
along the corner path from point F to point G, which should
be chosen as the export path (Path 4 in Fig. 6) for the inter-
facial stresses.

Fig. 17 denotes the variation of the distributions of the
interfacial (a) normal stress (b) shear stress along Path 4
with increasing burnup. It can be found that the interfacial
normal stresses decrease along Path 4 with the maximum
interfacial normal stresses been located at point F at each
burnup. And the maximum values at Path 4 increase with
burnup. The maximum interfacial shear stresses occur in
the midst of Path 4 near point F, and the maximum values
also increase with burnup.

5.3. Results of case 2

According to the irradiation experiments (e.g. Roger-
som, 1988; Fidleris, 1988), the cladding in the fuel element
undergoes a relative irradiation growth, which might have
influence upon the in-pile mechanical performance. As a
result, the irradiation growth component is introduced
into the analysis in order that the effects of the irradiation
Fig. 15. The distributions of the interfacial normal stress
growth on the mechanical performance at the matrix and
the interface are investigated.

From Figs. 18–20, the distributions of the Mises stres-
ses, the equivalent plastic strain, the first principal and
the interfacial stresses for case 2 are presented. All these
curves present the similar trends as those for case 1, with
the only differences existing in values which will be dis-
cussed in Section 5.4.

5.4. Discussion

In Sections 5.2 and 5.3, the results of case 1 (simulation
of the coupling features of irradiation swelling of the par-
ticles and the matrix) and case 2 (simulation of the cou-
pling features of irradiation swelling of the particles and
the matrix together with the irradiation growth of the
cladding) are presented. In this section, combining with
case 3 which just simulates the particle swelling in our
previous studies (e.g. Ding et al., 2008, 2009; Wang et al.,
2010a,b), the results of the three cases are compared to
evaluate the effects of the irradiation swelling of the ma-
trix and the irradiation growth of the cladding upon the
in-pile mechanical behaviors.

Fig. 21 depicts the variation of the maximum Mises
stresses, the maximum equivalent plastic strains and the
maximum first principal stresses at the matrix with
increasing burnup. In Fig. 21a, the maximum Mises stres-
ses of the three cases all increase with burnup holding
decreasing rates. It indicates that the irradiation swelling
of the matrix and the irradiation growth of the cladding
both enhance the Mises stress at the matrix. Comparing
case 1 with case 3, it can be found that the disparities be-
tween them increase with burnup; this is for the reason
that introducing of the matrix swelling strengthens the
mechanical actions between the fuel matrix and the fuel
particles. And yet as illustrated from case 2 and case 1
the disparities induced by the irradiation growth are rela-
tive constant with increasing burnup, this possibly results
from the location of the cladding that its outside surface
can deform freely and the irradiation growth type given
in this paper. Also, it can be observed that the effects in-
duced by irradiation swelling are the largest of the three
considered cases.

As shown in Fig. 21b, the maximum equivalent plastic
strains of the three cases all increase with burnup, with -
at (a) 20% FIMA, (b) 40% FIMA and (c) 60% FIMA.



Fig. 16. The distributions of the interfacial shear stress at (a) 20% FIMA, (b) 40% FIMA and (c) 60% FIMA.
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Fig. 17. The distributions of the interfacial (a) normal stress and (b) shear stress along Path 4 with increasing the burnup.
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Fig. 18. The distributions of the Mises stress along (a) Path 1 (b) and Path 2 with increasing burnup.
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relatively constant rates. Introducing irradiation swelling
of the matrix and the irradiation growth of the cladding
further into the simulation, it can be found that the maxi-
mum equivalent plastic strains become larger than that in
case 3. Also, it is discovered that the effects of the irradia-
tion growth of the cladding and the irradiation swelling of
the matrix increase with burnup. The former seems to have
larger influences on the equivalent plastic strain than that
of latter. With the Mises stresses considered, this phenom-
enon can be understood because introducing the irradia-
tion growth leads to existence of larger Mises stresses
and this further weakens the deformation-resistance of
the matrix material. Thus, the equivalent plastic strains
looks heavily affected by the irradiation growth of the
cladding.

Fig. 21(c) shows that the maximum first principal stres-
ses of the three cases all increase with burnup with almost
constant rates after 5% FIMA. The differences between the
values of case 1 and those of case 3 are distinct, indicating
that the irradiation swelling of the matrix have great ef-
fects upon the in-pile first principal stress. However, the
differences between the values of case 2 and case 1 are rel-
atively small, showing its inconspicuous influence upon
the in-pile first principal stress at the metal matrix; the
reasons have been clarified in the above.

Fig. 22 depicts the variation of the maximum interfacial
normal and shear stresses between the fuel meat and the
cladding with increasing burnup. From Fig. 22a, it can be
found that the maximum interfacial normal stresses of
case 1 and case 2 both ascend with burnup with decreasing
rates. The ascending order of the three cases is case 3, case
2 and case 1. It suggests that the irradiation swelling of the
matrix has great effects upon the interfacial normal stres-
ses while the irradiation growth of the cladding relieves
those values. It can be obtained that irradiation swelling
of the matrix and irradiation growth of the cladding can
remarkably affect the micro-mechanical mutual actions
between the fuel meat and the cladding. Of course, the re-
sults are calculated on the base of the relations given as
Eqs. (2.5) and (2.6), so the results might possibly be varied
if the different relations are given. However, it is certain
that they can have distinct effects on the interfacial
mechanical behaviors of the fuel plate; and the interfacial
mechanical behaviors might be improved by changing
the micro-structure of the cladding to get suitable irradia-
tion growth mode. The variations of the interfacial shear
stresses with the burnup are also depicted in Fig. 22(b). It
can be observed from Fig. 22(b) that the values of case 1
are larger than those of case 3 while the values of case 2
are lower than those of case 1, indicating that the irradia-
tion swelling of the matrix also enhances the interfacial
shear stresses and irradiation growth of the cladding can
relax their values evidently at higher burnups. Under the
given irradiation growth mode in this paper, it can be
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Fig. 21. The maximum (a) Mises stresses, (b) equivalent plastic strains and (c) first principal stresses at the matrix with increasing the burnup.
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concluded that irradiation growth is advantageous to the
integrity of the interface between the fuel meat and the
cladding; while irradiation swelling of the matrix shows
disadvantageous effects instead.

6. Conclusions

In this study, the irradiation swelling of the matrix and
the irradiation growth of the cladding together with the
irradiation swelling of the fuel particles are considered to
assess their effects upon the in-pile mechanical behaviors
of dispersion fuel elements. With considering different
contributions of irradiation effects, the three-dimensional
large-deformation constitutive models for the fuel parti-
cles, the metal matrix and cladding are developed, respec-
tively. Based on the developed constitutive relations, the
method of virtual temperature increase is further proposed
to model the irradiation swelling of the fuel particles and
metal matrix; and the method of anisotropic thermal
expansion is put forward to simulate irradiation growth
of the cladding; and a method of multi-temperature-load-
step is brought forward to simulate their coupling effects.
And the proposed methods are performed and validated
in ANSYS.



240 Q. Wang et al. / Mechanics of Materials 43 (2011) 222–241
Simulations of the irradiation mechanical behaviors of
the dispersion nuclear fuel elements in finite element pro-
gram are divided into two analysis steps, and every analy-
sis step contains a number of time steps and the load
history is reflected. At the first step, the thermal–mechan-
ical analysis induced by the thermal effects is mainly con-
sidered; while at the second step, the irradiation effects are
further introduced into the calculation with the investi-
gated burnups ranged from 0 and 30% FIMA. The following
conclusions could be obtained:

(1) The irradiation swelling of the matrix and the irradi-
ation growth of the cladding both increase the max-
imum values of the in-pile Mises stresses, equivalent
strains and the first principle stresses at the matrix.

(2) The interfacial stresses between the fuel meat and
the cladding are remarkably enhanced due to the
effects of the irradiation swelling of the matrix;
however the irradiation growth of the cladding can
relieve the interfacial stresses to some extent with
the considered growth mode. So, the interfacial per-
formance might be improved by changing the irradi-
ation growth mode of the cladding.

(3) As for the simulation of the plate-type dispersion
fuel element, the coupling features of the irradiation
swelling of the fuel particle and the matrix together
with the irradiation growth of the cladding should
be considered comprehensively.
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