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a b s t r a c t

Fracture near the Ue10Mo/cladding material interface impacts fuel service life. In this work, a mesoscale
stress model is developed with the fuel foil considered as a porous medium having gas bubbles and
bearing bubble pressure and surface tension. The models for the evolution of bubble volume fraction,
size and internal pressure are also obtained. For a Ue10Mo/Al monolithic fuel plate under location-
dependent irradiation, the finite element simulation of the thermo-mechanical coupling behavior is
implemented to obtain the bubble distribution and evolution behavior together with their effects on the
mesoscale stresses. The numerical simulation results indicate that higher macroscale tensile stresses
appear close to the locations with the maximum increments of fuel foil thickness, which is intensively
related to irradiation creep deformations. The maximum mesoscale tensile stress is more than 2 times of
the macroscale one on the irradiation time of 98 days, which results from the contributions of consid-
erable volume fraction and internal pressure of bubbles. This study lays a foundation for the fracture
mechanism analysis and development of a fracture criterion for Ue10Mo monolithic fuels.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

With the development of Reduced Enrichment for Research and
Test Reactors (RERTR) program, Ue10Mo alloys have been regarded
as the most potential candidates to replace the highly-enriched
nuclear fuels, due to their high uranium density, low neutron
capture cross sections, good irradiation stability and acceptable
swelling performance [1e3].

Monolithic Ue10Mo/Al fuel plates have a promising application
prospect in high flux research and test reactors. They are composed
of Ue10Mo fuel foil and aluminum alloy cladding. With a
manufacturing technology of Hot Isostatic Pressing (HIP), a good
interface bonding quality can be achieved [4]. In order to prevent
the chemical reaction of Ue10Mowith Al, the surface of the fuel foil
is bonded with a thin Zr layer. It was always believed that fracture
in mini-plates would not happen during irradiation, but fuel frac-
ture was frequently observed in the post-irradiation examinations
[5,6]. The fuel fracture occurred near the Ue10Mo/Zr interface, and
a porous structure could be observed [7]. Owing to the fact that this

fuel fracture is a critical factor to degrade the service life of UeMo/
Al monolithic fuel plates [7], the detailed fracture mechanism
needs to be captured. In order to implement optimal design for
monolithic fuel plates, a fracture criterion for Ue10Mo fuels under
irradiation conditions should be developed.

In the irradiation environments, it is well known that the fission
gases of Xe and Kr isotopes are generated in the fuel grains. The
fission gas atoms diffuse inside the grains to form intragranular and
intergranular bubbles [8]. The irradiation-induced grain recrystalli-
zationwill accelerate thefission gas swelling, andpromote formation
of large intergranular gas bubbles in the UeMo fuel foil [9], which
was the main causes of a porous fuel foil structure [10,11]. Obtained
from the experimental data [12], the volume fraction of bubbles can
reach about 20%when the fission density is around 6.0� 1027fission/
m3, which affects the thermo-mechanical properties of Ue10Mo fuel
foil, including the elastic parameters and thermal conductivity
[13e16]. As a result, the fuel foil will become discontinuous, namely,
the actual stress bearing areawill shrink. Moreover, the gas pressure
will help to trigger the fuel fracture. The fission-gas-bubble induced
porous structurewill evolvewith burnup. To analyze the fuel fracture
mechanism, the evolution models for the volume fraction and in-
ternal pressure of bubbles should be established. D.Salvato et al. used* Corresponding author.
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image analysis and SEM to obtain the bubble volume fraction of
irradiated UeMo dispersion fuel plates, and developed a model to
estimate the pressure inside the bubbles, but the method relied on
laboratory apparatus [12]. Douglas E. Burkes et al. gave a model of
bubble pressure for the formed bubbles in the reaction layer, and
finally they obtained a model to predict the matrix failure [17]. From
the models in Ref. [17], it can be obtained that the matrix fracture
depends on the bubble pressure. As for monolithic fuel plates, the
fuel fracture should be also related to the bubble formation and
bubble pressure. The theoretical models for bubble formation and
bubble pressure as well as the fuel fracture criterion for Ue10Mo
monolithic fuels are not reported.

The bending strength test for the irradiated Ue10Mo monolithic
fuels indicated that the strength decreased with the increase of
fission density, which was reduced to 100 MPa when the fission
density was about 6.0 � 1027 fission/m3 [13]. The bending strength
for the as-fabricatedUe10Mo fuels reachedmore than 700MPa [13].
The tested bending strengths were the macroscale ones when frac-
ture occurred, with the porous fuel foil being regarded as a contin-
uous medium. The degraded macroscale strength should be related
to the porous fuel structure induced by the gas bubbles. So, in order
to analyze the fuel fracture mechanism or establish a fracture crite-
rion, firstly, it is necessary to develop a mesoscale stress model
together with the evolution models for volume fraction, radius and
internal pressure of bubbles. Here, themesoscale stresses refer to the
stresses in the fuel skeleton, with the fuel foil considered as a porous
mediumhaving gas bubbles andbearing bubble pressure. At present,
the theoretical models for the fission gas diffusion and fission gas
swelling were developed and improved by several researchers
[18e20], with the recrystallization and the resolution of intergran-
ular gas atoms taken into account. These research achievements
supply a foundation for the mesoscale stress model with the bubble
volume fraction, bubble size and bubble pressure involved.

Numerical simulation researches were implemented on the
thermo-mechanical coupling behavior in the UeMo/Al monolithic
fuel plates [21e25]. The thickness increment of fuel plates was
found to be mainly attributed to the irradiation swelling and creep
occurred in the fuel foil [7,25]. But the previous researches did not
take the effects of bubble volume fraction on Ue10Mo thermo-
mechanical properties into account, and the distribution and evo-
lution results of mesoscale stresses in monolithic fuel plates were
not obtained for lack of theoretical models.

In this study, based on the previous work [26], a mesoscale stress
model is developed together with the evolution models for the vol-
ume fraction, radius and internal pressure of bubbles. These models
are introduced into the finite element simulation of the thermo-
mechanical coupling behavior in a Ue10Mo/Al monolithic fuel
plate. The maximum macroscale and mesoscale normal stresses are
obtained and analyzed. Meanwhile, the distribution and evolution
rules of bubble volume fraction, bubble size and bubble pressure, and
the irradiation swelling and creep deformations are investigated.

2. Material properties

In this section, the thermo-mechanical properties for irradiated
Ue10Mo fuel foil and Al6061 cladding are given. They are used in
the finite element simulation of the thermo-mechanical coupling
behavior in a monolithic fuel plate.

2.1. Material properties for Ue10Mo fuels

(1) Young's modulus and Poisson's ratio

The irradiated monolithic Ue10Mo fuels contain fission-
induced gas bubbles, which will affect the elastic parameters of
Ue10Mo [13,14]. So the mechanical properties depending on bub-
ble volume fraction are adopted as [27]

E ¼ E0
ð1� fÞ2

ð1þ ð2� 3n0ÞfÞ

n ¼ 4n0 þ 3f� 7n0f
4ð1þ 2f� 3n0fÞ

(1)

where, f is the bubble volume fraction, E0 and n0 are the Young's
modulus and Poisson's ratio for as-fabricated Ue10Mo fuels, which
are set as 85 GPa and 0.34 [24].

(2) Thermal conductivity

An empirical model to characterize the irradiation-induced
degradation of thermal conductivity is provided in Refs. [16,28].

The thermal conductivity for un-irradiated UeMo alloys can be
expressed as

k0U�Mo ¼
�
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cMo

p �
kMo þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cMo

p �ð1� cMoÞkU
þ cMokc;Mo

�
(2)

kUðTÞ ¼ 21:73þ 1:591� 10�2T þ 5:907� 10�6T2 (3)

kMoðTÞ ¼ 150:0� 4:0� 10�2T (4)

kc;MoðTÞ ¼ �274:4þ 985:2cMo � 1:941� 103c2Mo þ 3:640
�10�2T þ 7:365� 10�5T2 þ 5:793� 10�2cMoT

(5)

where k0U�Mo is in Wm�1K�1; cMo is Mo concentration in weight
percent, with a value of 0.1 for Ue10Mo; T is the temperature in K.

The thermal conductivity for irradiated Ue10Mo fuels is given as
[16]

kU�Mo ¼ 1
4

�
Aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ 8k0U�Mokg

q �
(6)

A ¼ ð2� 3fÞk0U�Mo þ ð3f� 1Þkg (7)

kg ¼ 0:1
�
8:247� 10�5T0:8363

�
þ 0:9

�
4:351� 10�5T0:8616

�
(8)

(3) The thermal expansion coefficient

The thermal expansion coefficient a in K�1 is also related to
temperature, which can be expressed as [23]

a ¼
8<
:

�
3� 10�5T2 � 1:698� 10�2T þ 13:9497

�
� 10�6 T � 673K�

� 5� 10�6T2 þ 1:023� 10�2T þ 11:4709
�
� 10�6 T >673K

(9)
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(4) Heat generation rate

The heat generation of fuel foil _q in W/m3 is directly related to
the fission rate _f (fission/m3s). The corresponding heat generation
rate can be derived out as

_q ¼ c, _f (10)

where, c with the value of 3:204� 10�11 J/fission denotes the heat
generation per fission event.

(5) The irradiation swelling

For Ue10Mo fuel foil, the total irradiation swelling SW com-
prises two contributions of fission solid swelling SWs and fission
gas swelling SWg , namely SW ¼ SWs þ SWg. These swelling vari-
ables are the volumetric variation relative to the original volume.

Fission solid swelling has a linear relation with the fission
density, given as [9]

SWs ¼ 4:0� 10�29,Fd (11)

where Fd depicts the fission density in fission/m3.
The mechanisms for the fission gas swelling are complex. It is

affected by the gas atom diffusion in the fuel grain, the resolution of
the fission gas atoms in the intra-granular bubbles and inter-
granular bubbles, the grain recrystallization. Grain recrystalliza-
tion occurs after a fission-rate dependent critical fission density
Fdx ¼ 6� 1024ð _f Þ2=15, where the fission rate is in fission/(m3.s). The
fission gas swelling is mainly contributed by the inter-granular
bubbles.

In this study, the fission gas swelling is calculated on the base of
the fission gas diffusion in the grain scale, and the intra-granular
and inter-granular bubble induced swelling can be obtained by
the analytical solutions for the fission gas concentration in the grain
boundary and the diffusion flux towards the grain boundaries [19].
The fission gas swelling depends on the process of grain
recrystallization.

Before recrystallization, the fission gas swelling is given as

SWg ¼
	
DVintra

V


����
rgr0

þ
	
DVinter

V


����
rgr0

(12)

where
	
DVintra

V


����
rgr0

;

	
DVinter

V


����
rgr0

denote the swelling induced by

intragranular bubbles and intergranular bubbles, rgr0 depicts the
original grain radius, with a value of 7mm in this study.

After recrystallization, the fission gas swelling is expressed as
[19]

SWg ¼ ð1� VrÞ
"	

DVintra
V


����
rgr

þ
	
DVinter

V


����
rgr

#
þ Vr

	
DVinter

V


����
rgrx

(13)

where Vr is the volume fraction of the recrystallized region, whose
expression can be found in Eq. (14); rgr is the current radius of the
shrunk grain; rgrx expresses the fine grain radius, with a value of
0:25mm in this study.

Vr ¼ 1�
"
1� 16gsB2ðFd � FdxÞ

rgr0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� v=2Þð1� vÞ

2p

r #3
(14)

where B2 is a calculation parameter; gs is the surface tension, both

of their values are listed in Table 1.
The detailed equations for calculation of fission gas swelling can

be found in Refs. [19,29], they are not given here.

(6) The irradiation creep

As stated in Ref. [7], irradiation creep of UeMo fuels has an
important effect on the in-pile mechanical behavior in monolithic
fuel plates. The creep rate model is adopted as

dεcr

dt
¼ Bs _f (15)

where dεcr
dt is the equivalent creep rate; B denotes the creep coeffi-

cient, and a value of 500� 10�31 ðm3=fission,MPaÞ [24] is used in
this study. Thermal creep is not considered in this work due to the
low temperature of fuel foil.

2.2. Material properties for Al6061 cladding

(1) The elastic parameters and plasticity model

A Young's modulus of 66 GPa and Poisson's ratio of 0.34 were
taken from Ref. [24].

The strain-hardening curve is expressed as

s ¼ K0ε
n (16)

where, s in MPa is the true stress, ε is the true strain, the strength
coefficient K0 ¼ 569.6 MPa [24], and the strain hardening exponent
n ¼ 0:13 [24].

(2) Thermal expansion

The thermal expansion coefficient a in K�1 is expressed as [23]

aðTÞ ¼ ð0:9T þ 2018Þ � 10�8 (17)

(3) The thermal conductivity

The conductivity k in Wm�1K�1 is adopted as [23]

kðTÞ ¼ �1:77� 10�4T2 þ 0:19T þ 138:55 (18)

where T is the temperature in K.

3. Theoretical models for gas bubble behavior and mesoscale
stresses

In this section, the theoretical models for the evolution of vol-
ume fraction, size and internal pressure of bubbles are developed.
Based on these models, a mesoscale stress model for UMo mono-
lithic fuels is proposed with the contributions of gas bubbles
considered.

Table 1
Parameters for the models in Section 3.

Parameters Value Unit Source

gs 1 N/m [19]
B2 1.0e-34 m5/N [19]
rgr0 3.5e-6 m [19]
rgrx 0.25e-6 m [19]
a 1/300 e e

b 1/800 e e

X. Jian et al. / Nuclear Engineering and Technology 51 (2019) 1575e1588 1577



3.1. A model for the volume fraction of gas bubbles

The volume fraction of gas bubbles is related to the fission gas
swelling, whose theoretical model will be developed according to
the mechanistic fission gas swelling model [19,29].

During irradiation, the gas bubbles were formed in the Ue10Mo
fuel foil with a FCC superlattice structure [30]. A cubic RVE
(Representative Volume Element) with the side length of a is
selected, as illustrated in Fig. 1. In the RVE, the radii of gas bubbles
are assumed to be of no difference, denoted as r. In fact, the
structure of the RVE will evolve with burnup, depending on the
volume fraction and radius of gas bubbles. Both of these models
will be developed in this study.

The current volume of the RVE in Fig. 1 can be calculated as a3. If
its original volume is V0, according to the swelling definition, here,
the total irradiation swelling SW can be described as

SW ¼ a3 � V0

V0
(19)

So the original volume of a RVE can be obtained as

V0 ¼ a3

1þ SW
(20)

Then, the fission gas swelling can be expressed as

SWg ¼ 4� 4
3pr

3

V0
(21)

Here, the volume fraction of bubbles is defined as the ratio of
bubble volume to the volume of RVE, so the volume fraction of
bubble f is developed as

f ¼ 4� 4p
3 r

3

a3
¼ SWg

1þ SW
(22)

It can be known that f can be obtained when the fission
swelling and total irradiation swelling are calculated out.

3.2. A model for the radius of gas bubbles

The nanoscale intraganular bubbles are not visible by means of
SEM [12]. The intragranular bubble swelling can be neglected,
which is much smaller than the intergranular bubble swelling [31].
The sizes of intragranular bubbles are of nanoscale size, so the
corresponding bubble pressure can be balanced by surface tension,
which will have slight contributions to the mesoscale stresses. The
post-irradiation examinations indicated that the porous structure
of the UMo fuel foil was mainly attributed to the intergranular
bubbles. In this study, the behavior of gas bubbles refers to the one
of intergarnular bubbles.

Kong et al. [32] adopted the fission swelling model from J.Rest
[19] and Cui et al. [29] to simulate the thermo-mechanical coupling
behavior in a monolithic Ue10Mo/Al fuel plate. The obtained re-
sults for the thickness increments of fuel foil thickness are in good
agreement with the experimental data, which verifies the accuracy
of fission swelling model.

Based on the mechanistic models in Refs. [19,29], a model for
the bubble density NCb relative to the original fuel volume is
developed as

NCb ¼
a,12Cb,4pr

2
gr þ b,

Vr,4pr3rg0
�
3

4pr3grx=3
,12Cbx,4pr

2
grx

4pr3rg0
.
3

¼ a
3Cbð1� VrÞ2=3

2rgro
þ b

3CbxVr

2rgrx
(23)

where Cb is the surface density of bubbles in the boundary of cur-
rent shrunk grain, Cbx denotes the surface density of bubbles in the
boundary of fine grain, the expressions for them can be found in
Ref. [29]; a and b are the adjustment factors developed in this
study, whose values are listed in Table 1.

Then, we have

NCb,V0,4pr3
�
3

V0
¼ SWg (24)

Thus, the theoretical model for the radius of gas bubbles is ob-
tained as

r ¼
	

3
4p

SWg

NCb


1=3

(25)

After calculating the density of gas bubbles and the fission gas
swelling, the radius of gas bubbles can be determined. It depends
on the fission rate, the fission density and temperature, so the
radius distribution of gas bubbles in the fuel foil is possible to be
non-homogeneous.

3.3. A model for the internal pressure of gas bubbles

As mentioned in Section 3.2, the behavior of intergranular
bubbles is mainly considered. Only the contribution of the fission
gas atoms in intergranular bubbles is taken into account here.

In the grain boundary of the un-recrystallized region for an
original grain, the total fission gas atoms Nun can be expressed as

Nun ¼ 1
2
,4pr2grCb,Nb (26)

where Nb depicts the average fission gas atom number in a gas
bubble of shrunk grain, whose expression can be found in Ref. [29].

In the grain boundaries of the recrystallized region for an orig-
inal grain, the total fission gas atoms Nre can be expressed as

Nre ¼ 1
2
Nbx,Cbx4pr

2
grx �

4pr3gr0
.
3� Vr

4pr3grx
.
3

(27)

where Nbx depicts the average fission gas atom number in a gas
bubble of fine grain, whose expression can be found in Ref. [29].

Combining Eq. (26) with Eq. (27), all the fission gas atoms in the
bubbles can be hypothetically distributed in the original grain, and
the equivalent gas atom concentration with respect to the original
grain can be obtained asFig. 1. The sketch of RVE.
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Neq ¼ Nun þ Nre

4pr3gro
.
3
¼ 3ð1� VrÞ2=3

2rgr0
Nbx,Cbx þ

3Vr

2rgrx
Nbx,Cbx (28)

In this work, the fission gas atoms of Xe isotopes in the bubbles
are supposed to satisfy the modified Van der Waals’ equation [19],
given as

P,
	
4p
3
r3 � hsbvN



¼ NkT (29)

where bv is the Van der Waals' constant of 8:5� 10�29m3=atom for
Xe; k is the Boltzmann constant with a value of 1:38� 10�23J=K; hs
is a fitting parameter with a value of 0.6 [20]; P denotes the bubble
pressure; N denotes the fission gas atom number in a gas bubble of
the RVE in Fig. 1, with N ¼ NeqV0

4
Substituting Eq. (25) and Eq. (28) to Eq. (29) yields

P ¼ NeqkT
SWg � hsbvNeq

� (30)

One can see that the bubble pressure depends on the fission gas
swelling, the content of fission gas atoms in gas bubbles and the
temperature.

3.4. A model for the mesoscale normal stresses

In the macroscale finite element model for fuel in-pile behavior
simulation, the nuclear fuel foil is treated as a continuous medium.
The macroscale stresses are those obtained according to the the-
ories of “Mechanics of Continuous Media”, where the porous fuel
foil is regarded as a kind of homogeneous material. Here, the
mesoscale normal stresses refer to the average normal stresses on
the minimum fuel skeleton section perpendicular to the direction
of the macroscale normal stress. The fuel foil is considered as a
porous medium having gas bubbles and bearing bubble pressure as
well as surface tension.

Assuming that the considered macroscale normal stresses are
perpendicular to the surface of the RVE in Fig. 1, the macroscale
normal stress and the corresponding mesoscale normal stress are
illustrated in Fig. 2. The macroscale normal stresses in Fig. 2(a)
should obey the static equivalence relations with the mesoscale
stresses, the bubble pressures and the surface tension of gas bub-
bles, given as

smacroa2 ¼ smeso

�
a2 � 2pr2

�
þ 2,

�
2prgs � Ppr2

�
(31)

where smacro depicts the macroscale normal stress, and smeso

denotes the mesoscale normal stress.
So, amodel for themesoscale normal stresses can be obtained as

smeso ¼
smacro þ 0:9596f2=3

�
P � 2gs

r

�
1� 0:9596f2=3 (32)

If the macroscale normal stress is the maximum normal stress,
the corresponding mesoscale normal stress becomes themaximum
one. In this study, the maximummacroscale and mesoscale normal
stresses will be presented in Section 5.

Some parameters in the models of Section 3 are listed in Table 1,
and the other parameters can be found in Refs. [19,29].

4. Finite element model

To obtain the distribution and evolution results of the volume
fraction, size and internal pressure together with the maximum
mesoscale normal stress, the corresponding theoretical models are
involved in the finite element simulation of the thermo-mechanical
coupling behavior in a Ue10Mo/Al monolithic fuel plate. The user-
defined subroutines UMATHT and UMAT programmed in Fortran
are introduced to the modeling in commercial software ABAQUS.

Considering the thermo-mechanical behavior during irradiation
is nonlinear, the whole solution prosess is divided into many in-
crements. Fig. 3 gives the flow chart of variable calculation for the
finite element integration points of Ue10Mo fuel foil in every time
increment.

In the Advanced Test Reactor, themonolithic UeMo/Al fuel plate
is exposed to a non-homogenous irradiation environment. The
fission rate distribution along the width direction of the considered
fuel plate is plotted in Fig. 4 [24]. The total duration is 98 days [25].
With the fission rate distribution curve in Fig. 4, the heat generation
rate and the fission density on certain irradiation time can be
calculated for the points in different locations of fuel foil.

The dimensions of the monolithic UeMo/Al fuel plate are 100�
25� 1:4mmwith a 82:6� 19� 0:25mm fuel foil, similar to the fuel
plate structure presented in Ref. [24]. Allowing for the symmetries
in the structure and loading, 1/4 part of the full-sized fuel plate is
chosen as the finite element model, as shown in Fig. 5(a), and the
applied boundary conditions are displayed in Fig. 5(b). The finite
element model contains 531300 elements and 613816 nodes with
reduced integration C3D8RT element. The mesh grid is shown in
Fig. 6(a). The considered monolithic UeMo/Al fuel element has a
thin Zr layer bonded to the Ue10Mo fuel. Because the Zr thickness
has little or no influence on the irradiation-induced stress of fuel
foil [33], the Zr diffusion layer is not considered in the finite
element model. In Fig. 6(b), the output paths are given.

Fig. 2. The sketch of the (a) macroscale normal stress and (b) mesoscale normal stress.
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The boundary conditions are given as

(1) The boundaries paralleled to the planes of XY and YZ are
applied with symmetric boundary conditions;

(2) The boundaries paralleled to the XZ plane are fixed.
(3) The lower plane of XY maintains the convection boundary

condition, where the temperature of coolant is 323 K and the
heat transfer coefficient is 3.5 � 10�2W/mm2K, and the
coolant pressure is zero.

5. Results and discussion

Adopting the finite element model in Fig. 6, numerical simula-
tion of the thermo-mechanical coupling behavior is implemented
with the developed models Section 3. Here, the temperature field,
fuel foil deformation, bubble volume fraction, bubble pressure,
bubble size and the maximum macroscale and mesoscale normal
stresses will be analyzed.

5.1. The temperature field and fuel foil deformation

Fig. 7 displays the temperature distribution of the fuel plate on
98.00th day. It can be found that the maximum temperature of the
fuel foil is much higher than that of the cladding. The maximum
temperature of fuel foil is about 498 K for considering the effect of
the bubble volume fraction on Ue10Mo thermal conductivity,
which is 9 K higher than that obtained without considering the
effect of bubble volume fraction. In Fig. 8(a), one can see that the
thermal conductivity of Element 1 (in Fig. 6) in the fuel foil has a
decrease by 16% on the 98.0th day, which results from the high
volume fraction of bubbles there. As excepted, higher temperature
will occur because of the decreased thermal conductivity.

The temperature distribution and revolution along Path 1 in the
fuel foil are shown in Fig. 8(b). One can find that the temperature is
increasing with burnup, which is mainly induced by the fact that
the temperature field is calculated in the current configuration, in
addition to the degraded thermal conductivity of fuel foil. During
irradiation, the thickness of fuel foil grows with the fission density.
As shown in Fig. 9, the maximum relative variation of fuel foil

Fig. 3. Flow chart of variables calculation.

Fig. 4. The inhomogeneous fuel fission rate along the width direction.
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thickness reaches more than 60% on the 98th day. So, the total heat
generation in this local area will be heightened. It is also disad-
vantageous for the heat transfer here because the thermal con-
ductivity of Ue10Mo is much lower than that of Al alloy cladding.
Comparing the curves in Figs. 8(b) and Fig.9, one can find that the
locations with peak values are close to each other, which appear at

the location with a distance away from the path origin.
From Fig. 9, it can be observed that the numerical simulation

results for the thickness increments of fuel foil agree well with the
experimental data [24]. The deformations of fuel foil stem from
several contributions, including the irradiation swelling, the irra-
diation creep, the thermal expansion and the elastic deformations.

Fig. 5. The (a) finite element model and (b) boundary conditions.

Fig. 6. (a) The mesh grid and (b) output paths in the fuel foil.

Fig. 7. The temperature contour plots of fuel plate (a) with and (b) without considering the effect of bubble volume fraction on Ue10Mo thermal conductivity on 98.00th day.
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It has been pointed out that the local thickening phenomenon is
mainly caused by the irradiation swelling and irradiation creep
deformations [7,24,25].

The agreement between the numerical simulation results and
the experimental ones demonstrates that the fission swelling
model adopted in this study is reasonable. Thus, the developed
models in Section 3 can be verified to some extent, because the
establishment of these models is based upon the mechanistic
fission gas swelling model.

5.2. Bubble volume fraction and bubble pressure

Fig.10 gives the contour plots of fuel bubble volume fraction and
bubble pressure on the 98.00th day. One can find that the fuel
bubble volume fraction is the highest on the heavily irradiated side,
and it decreases towards the other side. The current highest bubble
volume fraction reaches ~15%. While, it can be seen from Fig. 10(b)
that the distribution rule of bubble pressure is contrary to that of
the bubble volume fraction. Near the weakly irradiated side, the
bubble pressure is higher.

Fig. 11 shows the evolution results of bubble volume fraction

and bubble pressure for Element 1 in Fig. 6. The evolution curves
are divided into two segments by the point of critical fission density
for recrystallization initiation. The volume fraction of bubbles can
be found to increase with the fission density, and after the critical
fission density the bubble volume fraction speeds up. But the
bubble pressure is decreasing with the fission density as a whole,
except for the initial stage when the gas bubble is extremely small.
The bubble pressure is observed to reach more than 500 MPa,
which can be deduced that the bubble pressurewill bemuch higher
at the much lower fission density, which is consistent with the
results from molecular dynamics calculation [30]. Then, the dis-
tribution rules of bubble volume fraction and bubble pressure in
Fig. 10 can be understandable.

In order to capture the detailed distribution and evolution rules
of bubble volume fraction and bubble pressure, the results at
different irradiation time along Path 1 (shown in Fig. 6) are dis-
played in Fig.12. It should bementioned that this path locates at the
fuel side of the foil/cladding interface. Fig. 12(a) indicates that the
bubble volume fraction increases with the irradiation time. On the
initial stage of burnup, the bubble volume fraction varies slowly. On
the 60th day, the bubble volume fraction rises remarkably at the
locations close to the heavily irradiated side, compared to the re-
sults on the irradiation time of 20th and 40th day. This is due to the
fact that grain recrystallization has already undergone, which
makes the fission gas swelling increase rapidly. So, the increasing
rate of bubble volume fraction will be elevated after grain recrys-
tallization, which agrees with the model in Eq. (22). With expan-
sion of the recrystallized area, the area with a high increasing rate
of fuel bubble volume fraction enlarges, which is consistent with
the experimental results of post-irradiation examination [34]. The
bubble volume fraction at the origin of Path 1 is less than that at the
adjacent region due to the higher external hydrostatic pressure. It is
known that the fission gas swelling decreases with an increase of
external hydrostatic pressure [29]. In Fig. 12(b), one can find that at
the two edges of fuel foil there exist large magnitudes of external
hydrostatic pressure, which results in the locally reduced bubble
volume fraction. Especially after recrystallization, the effect of
external hydrostatic pressure is obvious in the heavily irradiated
side. The grain recrystallization is the main mechanism to result in
a porous structure of UeMo fuels, which is consistent with the
post-irradiation examination [35]. Along the plate width direction,
the fuel bubble volume fraction gradient is larger. The highest value
is more than three times of the lowest one.

Fig. 8. (a) The evolution of thermal conductivity of Element 1 and (b) the distribution and evolution of temperature along Path 1 in the fuel foil.

Fig. 9. The distribution of the fuel foil thickness increments along Path 2.
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The distribution and evolution rules of bubble pressure are
complicated, as shown in Fig. 12(c). As denoted in Eq. (30), the
bubble pressure is related to the fuel foil temperature, the number
of internal fission gas atoms and fission gas swelling. Fig. 13 illus-
trates the results for Neq. Because the fission rate is the highest at
the path origin and the grain recrystallization occurs earlier, Neq on
the 98th day there is more than six times of that at the end point. As
for the fission gas swelling, its distribution and evolution rules are
very similar to those of fuel bubble volume fraction.

One can obtain that the evolution rule of bubble pressure mainly
depends on variations of Neq and fission gas swelling, because the
temperatures at the two ends of Path 1 have a small relative dif-
ference. The magnitude of Neq in Eq. (30) is much larger than the
fission gas swelling at low burnup, so the bubble pressure is high.
Once grain recrystallization begins, the fission gas swelling will be
accelerated. So the bubble pressure at the heavily irradiated side can
be observed to decrease. On the heavily irradiated side, the bubble
pressure reduces by 50% or so on the 60th day, compared to the 20th

day. On the other side high bubble pressure maintains relatively. But
the bubble pressure at the two ends is larger due to the smaller
fission gas swelling effected by the high external hydrostatic pres-
sure. With the increase of irradiation time, the area with degraded
bubble pressure spreads. On the 98th day, the bubble pressure along
Path 1 all decreases, compared to the results on the 40th day. This
evolution rule is also correlated to the grain crystallization process.

5.3. Bubble density and bubble size

The developed model for bubble size is presented in Section 3.2.

It can be found from Eq. (25) that the bubble radius is dependent
upon the bubble density. In order to verify the developed model for
bubble radius, the evolution results of bubble density with fission
density are given in Fig. 14. For uncertainty in grain size [36], the
theoretical results are given for three cases of grain diameters. One
can see that the theoretical results match well with the experi-
mental data from Ref. [12], which validates the model for bubble
density. In fact, the bubble density is affected by different factors,
such as original grain size, fission rate, fission density and bubbles
interaction. As for the bubbles interaction, Spino et at [37]. pro-
posed two possible coarsening mechanisms for high burnup oxide
fuel, including migration and coalescence (M&C) and Ostwald
ripening (OR). However, both of them are not applied to the
Ue10Mo because of low bubble mobility, low temperature and
bubble over pressurization [12]. So the model of bubble density
here is simple without consideration the bubbles interaction due to
lack of interaction mechanisms. From Fig. 14(a), it can be justified
that the current model for bubble density is acceptable.

From Eq. (25), one can see that the bubble size is connected with
the fission gas swelling and bubble density. The correctness of the
models for the fission gas swelling and bubble density has both
been validated, thus the model for bubble size can be verified
indirectly. Fig.14(b) depicts the distribution and evolution results of
bubble radius along Path 1. One can find that the bubble size in-
creases with burnup, which is consistent with the experimental
measurement [12]. The bubble size is larger in the heavily irradi-
ated side due to larger fission gas swelling there, and it deceases
along Path 1. The size of bubble exhibits a pattern of local reduction
at the origin of Path 1 from the 60.0th day, because the influence of

Fig. 10. The contour plots of the fuel (a) bubble volume fraction and (b) bubble pressure on the 98.00th day.

Fig. 11. The evolutions of (a) bubble volume fraction and (b) bubble pressure with fission density of Element 1.

X. Jian et al. / Nuclear Engineering and Technology 51 (2019) 1575e1588 1583



external hydrostatic pressure on fission gas swelling is strength-
ened with proceeding of recrystallization.

5.4. The maximum macroscale and mesoscale normal stresses

As mentioned above, the fuel foil is apt to be cracked near the
foil/cladding interface. So, in this section the maximummacroscale
and mesoscale normal stresses are provided and analyzed. Here,
the maximum macroscale stress refers to the first principal stress
obtained with the fuel foil considered as a continuous medium.
With the maximum macroscale stress substituted into Eq. (32), the
maximum mesoscale stress can be calculated out.

5.4.1. The maximum macroscale normal stress
The elastic parameters in this paper is only affected by the

bubble volume fraction according to Eq. (1). Fig. 15 shows the
contour plots of elastic parameters of fuel foil on 98.0th day. One can
find that both the distribution of Young's modulus and Poisson's
ration are contrary to the bubble volume fraction displayed in
Fig. 10(a). There are smaller values at the heavily irradiated side.
The maximum reduction reaches 38% for Young's modulus, only

Fig. 12. (a) The bubble volume fraction and (b) the hydrostatic pressure and(c) the bubble pressure distribution and evolution along Path 1.

Fig. 13. The Neq distribution and evolution along Path 1.
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6.7% for Poisson's ratio on the 98.0th day. It indicates that Young's
modulus is greatly affected by the bubble volume fraction.

In Fig. 16, the contour plots of maximum macroscale normal
stress and the corresponding z-axis-direction cosines are given. The
maximum macroscale normal stresses are also presented without
considering the effect of bubble volume fraction on the elastic pa-
rameters of fuel foil. One can see from Fig. 16(a) and (b), the
changed elastic parameters have a very slight effect on the distri-
bution and magnitudes of the maximum macroscale normal stress
on the 98.0th day. The peak value of maximum normal stress is
about 17 MPa at the fuel corner close to the heavily irradiated side.
And at the regions near the two through-width sides, the
maximum normal stresses are tensile ones. Compared to the
maximum macroscale shear stress of fuel foil on 98.0th day dis-
played in Fig. 17, the maximum normal stress is larger than the
maximum shear stress, which means that the tensile fracture is
easy to happen more than shear fracture. Moreover, one can
observe from Fig. 16(c) that the direction of the maximum tensile
stress is parallel to the through-thickness direction, which matches
the simulation results in Ref. [25]. From the failure phenomenon in
a fuel plate [7], it seems that the maximum macroscale normal
stress is the main reason to cause fracture perpendicular to the
tensile stress direction. If tensile fracture near the interface occurs
in the fuel side, these areas should be the ones where initial
damages take place, which is consistent with the results in Ref. [7]
that the failure or blister was found to appear at the corner or close
to the edges of fuel foil.

In order to explain the area where the maximum tensile stress
occurs, Fig. 18 gives the results of fuel creep strain and swelling
strain components in the thickness direction, together with the

maximummacroscale normal stress along Path 2 on the 98th day. It
can be observed that the creep strains play an important role in the
fuel foil deformation. Nearby the origin and end point of Path 2,
large through-thickness creep strain components occur, which are
much larger than the irradiation swelling strains. Compressive
stresses exist at the regions with large thickness increments, while
larger tensile stresses occur at the transition regions. This can be
explained that this region is pulled by the fuel part with large
thickness increments.

Fig. 19 shows the distribution and evolution of maximum
macroscale normal stress along Path 1. One can observe that (1) at
the locations close to the two ends of Path 1, compressive stresses
appear; (2) at the regions with some distances away from the two
ends, the maximum macroscale normal stresses are tensile ones,
and the peak values at different irradiation time all exist near the
heavily irradiated end; (3) as a whole, the maximum macroscale
normal stresses increase with the irradiation time; and the
maximum tensile stress increases by nearly two times from the
20th day to the 60th day; afterwards, the maximum magnitudes
vary slightly; and their locations can be found to shift towards the
center of Path 1, and the location on the 98th day appears with a
5 mm distance away from the path origin.

5.4.2. The maximum mesoscale normal stress
Fig. 20 gives the contour plot of maximum mesoscale normal

stress of fuel foil on the 98.0th day. It can be found that the peak
value is about 39 MPa, which is about two times of the macroscale
one. The region in tension is also enlarged due to the effect of the
bubble volume fraction and bubble pressure. It is noted that the
mesoscale stresses refer to the ones in the fuel skeleton.

Fig. 14. (a) The evolution of bubble density with fission density and (b) the distribution and evolution of bubble radius along the Path 1.

Fig. 15. The contour plots of (a) Young's modulus (b) Poisson's ratio of fuel foil on 98.0th day.
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Fig. 21 gives the distribution and evolution of maximum
mesoscale normal stress with the effects of bubble volume fraction
and bubble pressure. One can find that (1) the maximummesoscale
normal stress increases with burnup obviously; (2) the maximum
mesoscale normal stress near the heavily irradiated side is much
larger than that near the other side, which indicates that the effect
of bubble volume fraction and bubble pressure is more distinct; (3)
because of the effect of bubble volume fraction and bubble pres-
sure, the mesoscale tensile stresses can appear at the regions with
macroscale compressive stresses, which means that the predicted
tensile failure of fuel foil if happens may be more close to the fuel
foil edge. It is noted that the contribution of surface tension to the
peak stress value is slight owing to that the bubble size in Fig. 14(b)
is comparably large at high burnup.

The ultimate tensile strength of post-rolling Ue10Mo is about
800e900 MPa [38]. The Ue10Mo fuel foil has some newly formed
defects in the form of phase separation, non-uniform grain struc-
ture, and chemical banding after HIP. These defects are possible to

degrade the actual tensile strength of fuel skeleton. Besides, the
interaction between Zr layer and Ue10Mo also exhibits very
complicated phase components, and a low-Mo sub-layer (as low as
1 wt% Mo) appears close to the Ue10Mo/cladding interface [36].
The ultimate tensile strength increases linearly with the Mo con-
tent [39], which decreases to 600 MPa for Ue7Mo, to only 200 MPa
for Ue1Mo. So, the ultimate tensile strength of fuel skeleton is
possible to be nonhomogeneous. The tensile strength of fuel skel-
eton can be locally weakened in the region near the fuel/cladding
interface. One can find from Fig. 18 that the creep strains are
considerable. The creep strains will result in creep damage [40e42]
in materials to reduce the ultimate tensile strength. Thus, it is
necessary to establish the tensile strength model with the possible
damage mechanisms and influencing factors involved. With the
theoretical models developed in this study, the ultimate tensile
strength model can be established with the macroscale tensile
strength tested for Ue10Mo fuels under different irradiation his-
tory [13].

Fig. 16. The contour plots of maximum macroscale normal stress (a) with and (b) without considering the effect of bubble volume fraction on Ue10Mo elastic parameters and (c)
the corresponding z-axis-direction cosines on the 98.00th day in the fuel foil.

Fig. 17. The contour plot of maximum macroscale shear stress of fuel foil on 98.0th day.
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Fig. 22 illustrates the distribution of equivalent creep stain and
maximum mesoscale normal stress along the thickness direction.
One can find the maximummesoscale normal stresses have similar
values in the thickness direction, and the stress value close to the
interface is a little smaller than those at the other region. While, the
equivalent creep strains close to the interface are much larger than
those at the other region. The strain value close to the interface is
1.6 times of that at the center region. If fracture occurs close to the

interface, the fracture should have relations to the creep damage
that degrades the ultimate tensile strength.

In order to analyze the fuel fracture mechanism in Ue10Mo/Al
monolithic plates, the ultimate strength model under irradiation
should be developed, and the multi-scale thermo-mechanical
behavior simulation should be performed for the fuel plate in
which fracture occurred at high burnup. Although some assump-
tions are adopted to develop the mesoscale stress models in this
study, it lays a foundation for the future research.

6. Conclusion

In this study, the theoretical models for the volume fraction, size
and internal pressure of bubbles together with the mesoscale
normal stress are developed. The accuracy of these models is
confirmed. These models are involved in the multi-field coupling
behavior simulation for a UMo/Al monolithic fuel plate under non-
homogeneous irradiation. The main conclusions can be drawn as
follows.

(1) The maximum temperature of fuel foil increases by 9 K with
considering the effect of bubble volume fraction on the
Ue10Mo thermal conductivity, compared to the casewithout
taking this effect into account.

(2) Based on the developed theoretical model, it is worked out
that the bubble pressure can reach about 500 MPa at the
initial stage of burnup, and with the increase of fission gas

Fig. 18. Creep strain and swelling strain in the thickness direction together with the
maximum macroscale normal stress on the 98.00th day.

Fig. 19. The distribution and evolution of maximum macroscale normal stress along
Path 1.

Fig. 20. The contour plot of maximum mesoscale normal stress of fuel foil on 98.0th day.

Fig. 21. The distribution and evolution of maximummesoscale normal stress along the
Path 1.

X. Jian et al. / Nuclear Engineering and Technology 51 (2019) 1575e1588 1587



swelling the bubble pressure can have a reduction more than
76% due to recrystallization.

(3) The appearance of tensile stress is closely related to the
irradiation creep deformation of fuel foil, because the fuel
creep strains will lead to a very large increment of fuel
thickness at the region with a short distance away from the
heavily irradiated side.

(4) The peak value of maximum mesoscale normal stress rea-
ches 39 MPa on the 98.0th day, which is almost 2 times of the
macroscale one. This is induced by the considerable volume
fraction and internal pressure of bubbles at that time.

(5) In order to analyze the fracture mechanism of fuel foil and
establish the fracture criterion, the creep damage effect and
some other influencing factors should be considered to
develop a model for the ultimate tensile strength. This study
lays a foundation for the future research.
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