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a b s t r a c t

Three-dimensional finite element simulations are implemented for the in-pile thermo-mechanical
behavior in UeMo/Al monolithic fuel plates with different thermal creep rates of cladding involved. The
numerical results indicate that the thickness increment of fuel foil rises with the thermal creep coeffi-
cient of cladding. The maximum Mises stress of cladding is reduced by ~85% from 344 MPa on the 98.0th

day when the creep coefficient of cladding increases from 0.01 to 10.0, due to its equivalent thermal
creep strain enlarged by 3.5 times. When the thermal creep coefficient of Aluminum cladding increases
from 0 to 1.0, the maximum mesoscale stress of fuel foil varies slightly. At the same time, the peak
mesoscale normal stress of fuel foil can reach 51 MPa on the 98.0th day for the thermal creep coefficient
of 10, which increases by 60.3% of that with the thermal creep un-occurred in the cladding. The
maximum through-thickness creep strain components of fuel foil differ slightly for different thermal
creep coefficients of cladding. The dangerous region of fuel foil becomes much closer to the heavily
irradiated side when the creep coefficient of cladding becomes 10.0. The creep performance of Aluminum
cladding should be optimized for the integrity of monolithic fuel plates.
© 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

Aluminum alloys have beenwidely used in the research and test
reactors due to their low neutron absorption cross section, good
thermal conductivity and their compatibility with the service en-
vironments [1]. A fuel design with the UeMo fuel foil embedded in
the Al alloy cladding has been developed as a potential candidate to
convert research and test reactors from high-enriched uranium
fuels to low-enriched uranium ones [2e4]. Compared with the
dispersion fuel plate, failure of the monolithic fuel plate is not
prone to happen because of the weakened chemical interaction
between the UeMo fuel foil and cladding [5]. In fact, the failure of
UeMo fuel foil close to the Zr diffusion layer was observed in post-
irradiation examinations [4]. The fracture of fuel plate is closely
related to the thermal-mechanical properties of UeMo fuel foil and
Al cladding in the in-pile environments.

Firstly, the fracture behavior of fuel plate is greatly influenced by
irradiation swelling and irradiation creep of the fuel foil. The gas
bubbles induced by accumulated fission gases will make the fuel
foil evolve into a porous structure subjected to bubble pressures,
g).

by Elsevier Korea LLC. This is an
which will degrade the thermo-mechanical properties of UeMo
alloy [6e9]. Simultaneously, the enhanced fission gas swelling by
grain recrystallization [19,20] together with the fission solid
swelling will result in intense mechanical interactions between the
fuel foil and the cladding. Irradiation creep of fuel foil is an
important factor to cause fuel deformations, which affects the
stress distribution and evolution in return. Besides, like most of the
metal materials, the strength of irradiated UeMo skeleton will be
weakened largely by creep-induced damage [10e12]. At present, a
mesoscale normal stress model for the UeMo fuel skeleton has
been established [13]. The mesoscale normal stress is connected
with the bubble volume fraction, bubble size and bubble pressure
[14,15]. Moreover, an irradiation-induced creep coefficient of
2000 � 10�31 m3/MPa for Ue10Mo [16] was identified, by
comparing the simulation results of the fuel foil thickness in-
crements with the experimental data [17], in which the empirical
formula for fission gas swelling [18] was adopted.

Secondly, the thermal creep behavior of cladding is one of key
factors to impact the failure of fuel plate. Considerable irradiation
swelling and creep of fuel foil at high burnup will cause strong fuel
foil/cladding mechanical interaction together with large deforma-
tion. If the Mises stresses of cladding exceed its strength under
irradiation, the failure of cladding may happen. The cladding
stresses will be relaxed by thermal creep [16], which insures the
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safety of cladding. Simultaneously, the thermal creep properties of
cladding will affect the deformation [16] and mesoscale normal
stress of fuel foil, and thus change the fracture behavior of fuel foil.
So, the thermal creep property of Aluminum alloy cladding should
be optimized, and its effects on the irradiation-induced mechanical
behavior in UeMo/Al monolithic fuel plates should be investigated.

The numerical simulations [13,17,19] of in-pile behavior in
UeMo/Al monolithic fuel plates did not consider the thermal creep
occurred in Aluminum alloy cladding, until the thermal creep
model for Al6061-T6 was fitted and involved in the finite element
(
A ¼ 1:34856� 10�2ðT � 273Þ2 � 7:7364ðT � 273Þ þ 1:28196� 103

B ¼ �4:014ðT � 273Þ2 þ 2:4732� 103ðT � 273Þ � 3:6108� 105
(3)
simulation [16]. The previous study [16] indicated that the thermal
creep of cladding had a great effect on the thickness increments of
fuel foil. Considering that the creep performances of Aluminum
alloy are closely dependent on the heat treatment process [20,21],
the corresponding creep rate model should be properly modified
for the Aluminum alloy after different fabrication processes.

In this study, 3D finite element simulations are implemented for
the in-pile thermo-mechanical behavior in Ue10Mo/Al monolithic
fuel plates. The thermo-mechanical constitutive relations for the
fuel foil are the same to those in Ref. [13]. Based on the thermal
creep rate model for Al6061-T6, four creep coefficients of
0.0,0.01,1.0 and 10.0 are adopted to analyze the effects of cladding
thermal creep behavior on the thickness increments of fuel foil and
total fuel plate, the Mises stress and equivalent creep strain of
cladding, the mesoscale normal stress and through-thickness creep
strain component of fuel foil. This work can lay a foundation for
creep performance optimization of Aluminum alloy cladding.
2. Material models

The mechanical constitutive models for the Ue10Mo fuel foil
include the elastic properties dependent on irradiation-induced
porosity [13], the thermal expansion [22], the irradiation swelling
due to gaseous and solid fission products [23] and the irradiation-
induced creep [16]. Particularly, the mesoscale normal stress for
porous fuel foil can be obtained as [13].

smeso ¼
smacro þ 0:9596f2=3

�
P � 2gs

r

�
1� 0:9596f2=3 (1)

where smacro is the first principal stress in the homogenized fuel
foil, P refers to the equivalent bubble pressure; r denotes the
equivalent bubble radius; f is the bubble volume fraction. The
detailed derivation can be found in Ref. [13].

As for the Aluminum alloy cladding, the elastic deformation [17],
the thermal expansion [20] and the irradiation hardening plastic
behavior [16] are considered. The thermal creep rate model is also
adopted, expressed as
_εcr ¼a

(
1:0� 10�8

h
3:85105þ 3:81726� 10�6 expð0:0302TÞ

i
s _εc

1:0� 10�8ðAsþ BÞ _εc
where _εcr denotes the creep strain rate in 1/h; s is the Mises stress
in MPa, and T is the temperature in K and ranges from 273 K to
473 K. a is the creep coefficient to represent different thermal creep
properties. Eq. (2) depicts the thermal creep model for Al6061-T6
when the creep coefficient is equal to 1.0 [16], fitted with the
experimental data [24]. To investigate the effects of cladding ther-
mal creep on the irradiation-induced mechanical behavior in
UeMo/Al monolithic fuel plates, four creep coefficient of 0.0, 0.01,
1.0 and 10.0 are adopted. The coefficients of A and B are related to
the temperature, obtained as [16].
The thermal conductivities for Ue10Mo [8,25] and Al alloy
cladding [20] are adopted to calculate the temperature fields of fuel
plates, which can be also found in Ref. [16].
3. Finite element model

Four three-dimensional finite element models are built to
implement the finite element simulations of the in-pile thermo-
mechanical behavior in monolithic UeMo/Al fuel plates. In these
models, only the thermal creep models for the cladding are
different. As given in Section 2, four creep coefficients of 0.0, 0.01,
1.0 and 10.0 are adopted respectively, in order to investigate the
effects of cladding thermal creep behavior on the mechanical
behavior in fuel plates during irradiation. The user-defined sub-
routines of UMAT and UMATHT are used to define the thermo-
mechanical constitutive relations for the cladding and fuel foil. As
for the fuel foil, it is treated as a continuous media in the finite
element model, and the mesoscale normal stress is calculated to
account for the porous structure and bubble pressure [13]. When
the first principal stress, bubble pressure, bubble size and bubble
volume fraction are obtained, the mesoscale normal stress can be
further computed with Eq. (1). The calculation flow chat can be
found in Ref. [13].

The mini-plate L1P04A in RERTR-9A with dimensions of
100 � 25 � 1.4 mm is selected, with a fuel foil of
82.6 � 19 � 0.25 mm. A nonhomogeneous irradiation condition
[17] along thewidth direction of fuel foil is plotted in Fig.1. The total
irradiation history is 98 days. A 1/4 part of the fuel plate is adopted
as the finite element model, according to the symmetry in structure
and loading, as depicted in Fig. 2 (a). The applied boundary con-
ditions and mesh grid are shown in Fig.2 (b) and Fig.2 (c), respec-
tively. In Fig. 3, the output paths are given. The location-dependent
fast neutron flux _4 in n/(m2$s) is expressed as

_4¼ 3:24� 1017 �
�
2:140�10�4y4 �1:003�10�2y3

þ1:82�10�1y2 �1:651yþ1:1398
� (4)

where the variable y represents the y-coordinates in the coordinate
r <1:0e� 5
r � 1:0e� 5

(2)



Fig. 2. (a) The finite element model, (b) the applied boundary conditions and (c) the
mesh grid.

Fig. 1. The inhomogeneous fuel fission rate along the plate-width direction.
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frame, shown in Fig. 2.
The convection boundary condition is applied to the outer sur-

face of the fuel plate, where the coolant temperature is 323 K and
the heat transfer coefficient of 3.5 � 10�2W/(mm2$K) is used, and
the coolant pressure is set as zero.

4. Results and discussion

In this section, the thickness increments of fuel foil and total
plate, the Mises stress and equivalent creep strain of cladding, the
mesoscale normal stress and the through-thickness creep strain
component of fuel foil for different thermal creep coefficients of
Aluminum cladding are analyzed. The cladding integrity is esti-
mated according to the Mises stresses, and dangerous regions of
fuel foil are predicted based on the mesoscale normal stresses and
the through-thickness creep strain components. The suggestion for
optimizing the cladding thermal creep performance is proposed.

4.1. The thickness increments of fuel foil and total plate

Fig. 4 presents the results of thickness increments for Ue10Mo
fuel foil and total plate on the 98.0th day, as a function of creep
coefficients of Aluminum alloy cladding. From Fig. 4 (a), it can be
observed that the simulation results for Al6061-T6 are more
agreeable with the experimental data when the UeMo creep rate
coefficient is 2000 � 10�31 m3/MPa, compared with the results in
Ref. [17]. The differences between this work and Ref. [17] stem from
the facts that in this study a 3D numerical simulation is adopted
with a UeMo creep rate coefficient of 2000 � 10�31 m3/MPa, and
the thermal creep behavior of cladding is also considered. When
the thermal creep coefficient of cladding is 0.0 and 0.01, the
thickness increments of fuel foil are close to each other. For a creep
coefficient of 1.0, the peak value is slightly changed although the
location is shifted towards the heavily irradiated fuel foil side. With
the thermal creep coefficient of cladding enlarged as 10.0, the peak
value of thickness increments along Path 1 increases by 7.5%. For
the total fuel plate, the pattern of thickness increment is similar to
that of the fuel foil. The maximum thickness increment of total
plate increases by ~6.9% when the thermal creep coefficient of
cladding changes from zero to 10. It can be obtained that if the
cladding is apt to creep, the coolant channels between the fuel
plates will become narrow during irradiation. It is disadvantageous
for the reactor safety. Thus, excessive thermal creep strains of
Aluminum alloy cladding need to be avoided.
4.2. The mises stresses and unrecoverable strains in the cladding

Due to the intense mechanical interaction between the cladding
and the fuel foil during irradiation, the integrity of cladding is
threatened. Once the Mises stress exceeds the strength of cladding,
the failure will take place. If the fission gases are released into the
fracture region, the cracking process might be accelerated. So, the
fracture of cladding should be prevented. It is well known that
occurrence of creep strains in materials will cause stress relaxation.
Fig. 5 gives the contour plots of Mises stress on the 98.0th day for
different thermal creep coefficients of cladding. It can be found that
the stress concentration mainly occurs in the lateral area near the
interface of the fuel foil and cladding. In addition, large Mises
stresses in the regions near the corners of fuel foil are also
noticeable. It can be seen from Fig. 5 (a) that the peak value of Mises



Fig. 4. The thickness increments of (a) fuel foil along Path 1 and (b) total plate along Path 2 on the 98.0th day.

Fig. 5. The contour plots of Mises stress on the 98.0th day when the thermal creep coefficient of cladding becomes (a) 0, (b) 0.01, (c) 1.0 and (d) 10.

Fig. 3. The output paths.
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Fig. 6. The distribution of Mises stress in the cladding on the 98.0th day along Path 3.

X. Jian, S. Ding / Nuclear Engineering and Technology 52 (2020) 802e810806
stress reaches about 360 MPa, and it is also higher than 340 MPa in
Fig. 5 (b). For the thermal creep coefficients of zero and 0.01, the
cladding at higher burnup may be damaged, because the strength
of cladding is about 358 MPa under a fast neutron fluence of
~2.3 � 1025n/m2 [24]. As the thermal creep rate of cladding is
strengthened, the maximumMises stress can decrease remarkably.
When the creep coefficient becomes 10, as shown in Fig. 5 (d), the
maximum Mises stress is reduced by ~ 85% of that without occur-
rence of thermal creep.

Fig. 6 displays the distributions of Mises stress along Path 3
(shown in Fig. 3). One can find that there are smaller Mises stresses
at the both ends of the path, and larger values appear at a distance
away from the two ends. Besides, the Mises stress is relatively large
near the heavily irradiated side. It is noted that the Mises stress is
decreasing with the enlargement of thermal creep coefficient. As
the creep coefficient increases to 10.0, the Mises stresses excluding
the ones near the two ends are approximately the same, with the
values smaller than 50 MPa. When the creep coefficients of
Fig. 7. The contour plots of equivalent plastic strain or creep strain on the 98th day wh
cladding are 0.0 and 0.01, similar distributions and values of Mises
stress exist, whose peak values are higher than 300 MPa. In fact, for
a creep coefficient of 1.0, the Mises stresses can be distinctly
reduced, which indicates that the cladding material of Al6061-T6 is
a good choice. The failure of the cladding can be also affected by the
unrecoverable strains occurred during irradiation, so in the
following they will be presented.

When the thermal creep behavior of cladding is insignificant,
the Mises stress is high enough to induce plastic deformation in the
cladding. Fig. 7 gives the contour plot of equivalent plastic strain of
cladding for a creep coefficient of zero, together with the contour
plots of equivalent creep strain for the other thermal creep co-
efficients. From Fig. 7 (a), one can find that the plastic deformation
takes place around the interface areas where the mechanical in-
teractions between the fuel foil and the cladding are enhanced. The
maximum equivalent plastic strain reaches about 0.03 on the 98th
day. Once the thermal creep deformations occur, the equivalent
plastic strains will no longer increase. Fig.7 (b)~(d) exhibit the
contour plots of equivalent creep strain in the cladding. It can be
found that larger equivalent creep strains occur surrounding the
heavily irradiated side, where the irradiation swelling and creep in
the fuel foil are locally heightened [13,17]. With an increase of the
creep coefficient, the peak value of equivalent creep strain in the
cladding grows, which can reach 0.048 for a creep coefficient of 10.
The equivalent creep strain seems to be small as a whole, but the
Mises stress of cladding can be lowered significantly, as depicted in
Fig. 5 (d).

Fig. 8 demonstrates the results of equivalent plastic strain and
creep strain of cladding on the 98.0th day along the paths shown in
Fig. 3. It should be mentioned that all the paths go through the
points of peak value. It can be found that the peak values reside in
the position close to the path origins, and the minimum values
locate just at the path origins. There are similar values of equivalent
plastic strain and creep strain in the rest region of the paths. The
maximum value of equivalent creep strain for a creep coefficient of
10 is about 4.5 times of that for a creep coefficient of 0.1.

With comprehensive considerations of the Mises stress, the un-
en the thermal creep coefficient of cladding is (a) 0.0, (b) 0.01, (c) 1.0 and (d) 10.0.



Fig. 8. The results of equivalent plastic strain and creep strain in the cladding on the
98.0th day along the paths shown in Fig.3
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recoverable equivalent strain in the cladding and the thickness
increment of the total fuel plate, the currently used cladding ma-
terial of Al6061-T6 can be predicted as a suitable candidate.
4.3. Mesoscale normal stress and through-thickness creep strain
component in the fuel foil

The fracture of fuel foil is another factor affecting the safe
operation of reactor. At present, a mesoscale normal stress model
which describes the effective normal stress in the skeleton of
porous UeMo fuel can be used to judge the fracture behavior of fuel
foil [13]. It is obvious that the mesoscale normal stress will be
affected by thermal creep behavior of cladding in consideration of
the dependences of fission gas swelling and irradiation creep on the
stresses. Fig. 9 gives the contour plots of mesoscale normal stress of
fuel foil for different thermal creep coefficients of cladding. It is
noted that the displayed regions are close to the interface between
the fuel foil and cladding, where the fuel foil fracture in some fuel
plates were observed in post-irradiation examinations [5]. One can
find that there are tensile mesoscale normal stresses except for the
Fig. 9. The contour plots of mesoscale normal stress of fuel foil on 98.0th day when
regions close to the edge of fuel foil, as shown in Fig.9 (a) and Fig.9
(b). The tensile region is expanding with the increase of thermal
creep coefficient of cladding. The mesoscale normal stresses are
larger near the heavily irradiated side. Besides, the maximum
mesoscale normal stress locates close to the corner of fuel foil,
which also rises with the thermal creep enhancement of cladding.
When the creep coefficient of cladding becomes 10, the maximum
mesoscale normal stress can reach 51 MPa, which is 60.3% higher
than that without occurrence of cladding creep.

The fracture of fuel foil is judged by comparing the mesoscale
normal stress with the degraded mesoscale strength of fuel foil due
to creep damage. The positive through-thickness creep strain
component is normally used to characterize the creep damage in
metal materials [26,27]. Fig. 10 displays the contour plots of
through-thickness creep strain component of fuel foil on the 98.0th

day. One can find that the magnitudes of creep strain component
are larger in the region close to the edges of fuel foil. For different
thermal creep coefficients of cladding, the maximum values of
creep strain component are close to each other. Nevertheless, the
maximum values can be found to decrease with the thermal creep
coefficient of cladding, with a decrease of 3.5% when the coefficient
changes from zero to 10.0. There are some differences in the creep
strain component distribution of fuel foil. When the thermal creep
coefficient of cladding is less than 1.0, the creep strain distribution
of fuel foil is similar. For the thermal creep coefficient of 10, the fuel
region with large creep strain components is wider, and closer to
the heavily irradiated side.

The results in Figs. 9 (c) and Fig.10 (c) represent the ones for the
fuel plate of L1P04A, The distribution and evolution results for the
mesoscale normal stress and through-thickness creep strain
component of fuel foil need to be focused on. Fig. 11 gives the
corresponding results along the path shown in Fig. 9 (c). From
Fig. 11 (a), one can find that the mesoscale normal stress is
increasing with irradiation time as a whole. Before the grain
recrystallization (40.0th day) [13], the peak values of mesoscale
normal stress near the heavily irradiated side are ~20 MPa, and the
increase amplitude from the 20th day to 40th day is very small. In
the middle region, the increase of mesoscale normal stress can be
the thermal creep coefficient of cladding is (a) 0.0, (b) 0.01, (c) 1.0 and (d) 10.0.



Fig. 10. The contour plots of through-thickness creep strain component of fuel foil on the 98.0th day when the thermal creep coefficient of cladding is (a) 0.0, (b) 0.01, (c) 1.0 and (d)
10.0.

Fig. 11. The evolutions of (a) mesoscale normal stress and (b) through-thickness creep strain component of fuel foil with irradiation time along the path shown in Fig. 9 (c).fig9

X. Jian, S. Ding / Nuclear Engineering and Technology 52 (2020) 802e810808
seen. After the grain recrystallization occurs, the maximumvalue of
mesoscale normal stress has an increase trendwith irradiation time
as a whole. The peak value of mesoscale normal stress is about
40 MPa on the 98.0th day. From Fig. 11(b), one can observe that the
maximum value of creep strain component also appears in the vi-
cinity of heavily irradiated side. Within the irradiation period of 60
days, the distribution pattern is similar and the maximum value
increases with irradiation time. From the 20th day to the 60th day,
the maximumvalue has an increase of ~4 times. Thus, although the
peak value of mesoscale normal stress varies slightly, the failure
probability is growing during this period. The distribution patterns
of creep strain component on the 80th day and 98th day are similar,
differing from that within 60 days. It can be also found that the peak
values change slightly after 60 days. The dangerous region exists
within the 5-mm-distance away from the heavily irradiated side.
Indeed, the fuel foil failure has been found near the heavily irra-
diated regions in some fuel plates [5]. Owing to the fact that the
location with the maximum mesoscale normal stress is different
from that with the largest creep strain component, the detailed
analysis for the dangerous region and the effects of thermal creep
coefficient of cladding is performed as the following.

It is necessary to combine the mesoscale normal stress with the
mesoscale strength of fuel foil to judge its failure. The definite
mesoscale strength of fuel foil is lacking at present. It is mentioned
previously that the mesoscale strength of fuel foil will degradewith
the through-thickness creep strain component. As a result, the
dangerous region and the failure risk can be qualitatively investi-
gated according to the comprehensive comparison of themesoscale
normal stress and the creep strain component of fuel foil. The re-
gions with both of higher mesoscale normal stress and larger creep
strain components are dangerous ones. Fig. 12 gives the distribu-
tions of through-thickness creep strain component and mesoscale
normal stress on the 98.0th day along the paths shown in Fig. 9.
From Fig. 12 (a) and (b), one can find that there is a very small
dangerous region in the fuel foil when the thermal creep coefficient
of cladding is less than 0.01. When the thermal creep coefficient of
cladding becomes 1.0, two dangerous regions arise. According to
the post-irradiation examination results, the fuel plate of L1P04A



Fig. 12. The distributions of creep strain component and mesoscale normal stress of fuel foil on the 98.0th day along the paths in Fig. 9 when the thermal creep coefficient of
cladding is (a) 0.0, (b) 0.01, (c) 1.0 and (d) 10.0.
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plate did not break during the irradiation period of 98 days. So, it
can be obtained that the fuel failure on the 98th day will not occur
for the thermal creep coefficients of zero, 0.01 and 1.0. When the
creep coefficient of cladding rises up to 10.0, the maximumvalue of
creep strain component is close to the ones for the other three
cases. But the corresponding mesoscale tensile stresses are
heightened evidently. So, the fuel failure probability for a higher
thermal creep coefficient of cladding goes up. Moreover, the
dangerous region is closer to the heavily irradiated side.

Therefore, excessive thermal creep susceptibility of cladding is
not advantageous to the integrity of fuel foil. It is noted that the
marked dangerous regions are the most dangerous parts in the
considered paths, with the meso-strength heavily affected by the
through-thickness creep strain component taken into account. The
accurate predictions will be performed when the meso-strength
model is developed.

Based on all the results in Section 4, on one hand, it can be
deduced that when the thermal creep behavior of cladding is
insignificant, the Mises stress may be large enough to induce the
failure of cladding. On the other hand, with the thermal creep
enhancement of cladding, the Mises stress of cladding will
dramatically decrease, but the possibility of damage in the fuel foil
rises, especially for the thermal creep coefficient of 10.0. Hence, the
currently used cladding material of Al6061-T6 is acceptable.
5. Conclusions

In this study, three dimensional finite element models are
developed to simulate the in-pile thermo-mechanical coupling
behavior in UeMo/Al monolithic fuel plates, with the thermal creep
coefficient of cladding ranged from 0.0 to 10.0. The mechanistic
fission gas swelling model dependent on external hydrostatic
pressure is involved in the constitutive relation of fuel foil. The
variables of through-thickness deformation, Mises stress and
equivalent creep strain of cladding, mesoscale normal stress and
creep strain component of fuel foil are analyzed. The main con-
clusions can be drawn as follows:

(1) The through-thickness increments of fuel foil and total plate
increase with the thermal creep enhancement of cladding.

(2) The maximum Mises stress of cladding decreases with its
thermal creep coefficient. Themaximumvalue of 344MPa on
the 98.0th day reduces by ~85% when the creep coefficient
increases from 0.01 to 10.0. Besides, the corresponding
equivalent creep strain increases by about 3.5 times. For the
safety of cladding, occurrence of suitable thermal creep is
preferable.

(3) The maximum mesoscale normal stress in the fuel foil in-
creases with the thermal creep increase of cladding. The peak
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value of mesoscale normal stress can reach 51 MPa on the
98.0th day for the creep coefficient of 10, which increases by
60.3% of that without thermal creep of cladding.

(4) The dangerous region of fuel foil is much closer to the heavily
irradiated side with the thermal creep enhancement of
cladding. The failure probability of fuel foil grows up for the
case with the excessive thermal creep susceptibility of
cladding. The currently used cladding material of Al6061-T6
is acceptable.
Conflict of interest

The authors declared that we have no conflicts of interest to this
work. We declare that we do not have any commercial or associa-
tive interest that represents a conflict of interest in connectionwith
the work submitted.

Acknowledgement

The authors thank for the supports of National Natural Science
Foundation of China (No. 11572091,11772095) and the support of
the National Key Research and Development Program of China
(2016YFB0700103), the supports of the foundation from Science
Technology on Reactor System Design Technology Laboratory.

References

[1] H.E. McCoy, J.R. Weir, Influence of irradiation on the tensile properties of the
aluminum alloy 6061, Nucl. Sci. Eng. 25 (1966) 319e327.

[2] D.B. Lee, K.H. Kim, C.K. Kim, Thermal compatibility studies of unirradiated-Mo
alloys dispersed in aluminum, J. Nucl. Mater. 250 (1997) 79e82.

[3] M.K. Meyer, G.L. Hofman, S.L. Hayes, et al., Low-temperature irradiation
behavior of uraniumemolybdenum alloy dispersion fuel, J. Nucl. Mater. 304
(2002) 221e236.

[4] J. Park, K. Kim, C. Kim, et al., The irradiation behavior of atomized U-Mo alloy
fuels at high temperature, Met. Mater. Int. 7 (2001) 151e157.

[5] M.K. MEYER, J. GAN, J.F. JUE, et al., IRRADIATION PERFORMANCE OF U-Mo
MONOLITHIC FUEL, Nucl. Eng. Technol. 46 (2014) 169e182.

[6] J.L. Schulthess, W.R. Lloyd, B. Rabin, et al., Mechanical properties of irradiated
U Mo alloy fuel, J. Nucl. Mater. 515 (2019) 91e106.

[7] S. Hu, A.M. Casella, C.A. Lavender, et al., Assessment of effective thermal
conductivity in UeMo metallic fuels with distributed gas bubbles, J. Nucl.
Mater. 462 (2015) 64e76.

[8] D.E. Burkes, A.M. Casella, A.J. Casella, et al., Thermal properties of UeMo alloys
irradiated to moderate burnup and power, J. Nucl. Mater. 464 (2015)
331e341.

[9] G.Y. Jeong, Y.S. Kim, Y.J. Jeong, et al., Development of PRIME for irradiation
performance analysis of U-Mo/Al dispersion fuel, J. Nucl. Mater. 502 (2018)
331e348.

[10] Q. Meng, Z. Wang, Creep damage models and their applications for crack
growth analysis in pipes: a review, Eng. Fract. Mech. 205 (2019) 547e576.

[11] X. Du, Z. Jie, L. Yinghua, Plastic failure analysis of defective pipes with creep
damage under multi-loading systems, Int. J. Mech. Sci. 128e129 (2017)
428e444.

[12] J.F. Mao, J.W. Zhu, S.Y. Bao, et al., Creep deformation and damage behavior of
reactor pressure vessel under core meltdown scenario, Int. J. Press. Vessel. Pip.
139e140 (2016) 107e116.

[13] X. Jian, X. Kong, S. Ding, A mesoscale stress model for irradiated U-10Mo
monolithic fuels based on evolution of volume fraction/radius/internal pres-
sure of bubbles, Nucl. Eng. Technol. 51 (2019) 1571e1588.

[14] J. Jue, D.D. Keiser, B.D. Miller, et al., Effects of irradiation on the interface
between U-Mo and zirconium diffusion barrier, J. Nucl. Mater. 499 (2018)
567e581.

[15] A.M. Casella, D.E. Burkes, P.J. MacFarlan, et al., Characterization of fission gas
bubbles in irradiated U-10Mo fuel, Mater. Char. 131 (2017) 459e471.

[16] F. Yan, J. Xiaobin, D. Shurong, Effects of UMo irradiation creep on the thermo-
mechanical behavior in monolithic UMo/Al fuel plates, J. Nucl. Mater. 524
(2019) 209e217.

[17] Y.S. Kim, G.L. Hofman, J.S. Cheon, et al., Fission induced swelling and creep of
UeMo alloy fuel, J. Nucl. Mater. 437 (2013) 37e46.

[18] Y.S. Kim, G.L. Hofman, Fission product induced swelling of UeMo alloy fuel,
J. Nucl. Mater. 419 (2011) 291e301.

[19] X. Kong, X. Tian, F. Yan, et al., Thermo-mechanical behavior simulation
coupled with the hydrostatic-pressure-dependent grain-scale fission gas
swelling calculation for a monolithic UMo fuel plate under heterogeneous
neutron irradiation, Open Eng. 8 (2018) 243e260.

[20] H. Ozaltun, M.H. Herman Shen, P. Medvedev, Assessment of residual stresses
on U10Mo alloy based monolithic mini-plates during Hot Isostatic Pressing,
J. Nucl. Mater. 419 (2011) 76e84.

[21] C. Ayyanar, M. Suresh, P.V. ArunRaj, et al., Modeling and creep strain analysis
of aluminum alloy 6061-T6 by creep tensile test, Mater. Today: Proc. 5 (2018)
14345e14354.

[22] J. Jue, D.D. Keiser, C.R. Breckenridge, et al., Microstructural characteristics of
HIP-bonded monolithic nuclear fuels with a diffusion barrier, J. Nucl. Mater.
448 (2014) 250e258.

[23] J. Rest, A model for the effect of the progression of irradiation-induced
recrystallization from initiation to completion on swelling of UO2 and
Ue10Mo nuclear fuels, J. Nucl. Mater. 346 (2005) 226e232.

[24] M.F. Marchbanks, ANS materials databook, ORNL (1995). ORNL/M-4582.
[25] J. Rest, Y.S. Kim, G.L. Hofman, et al., U-mo Fuels Handbook. Argonne National

Laboratory Report ANL-09/31, 2009. Chicago, Illinois.
[26] J. Webb, S. Gollapudi, I. Charit, An overview of creep in tungsten and its alloys,

Int. J. Refract. Metals Hard Mater. 82 (2019) 69e80.
[27] J. Hu, T. Fukahori, T. Igari, et al., Modelling of creep rupture of ferritic/

austenitic dissimilar weld interfaces under mode I fracture, Eng. Fract. Mech.
191 (2018) 344e364.

http://refhub.elsevier.com/S1738-5733(19)30722-3/sref1
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref1
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref1
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref2
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref2
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref2
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref3
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref3
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref3
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref3
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref3
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref4
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref4
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref4
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref5
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref5
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref5
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref6
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref6
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref6
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref7
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref7
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref7
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref7
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref7
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref8
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref8
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref8
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref8
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref8
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref9
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref9
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref9
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref9
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref10
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref10
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref10
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref11
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref11
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref11
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref11
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref11
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref12
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref12
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref12
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref12
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref12
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref13
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref13
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref13
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref13
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref14
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref14
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref14
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref14
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref15
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref15
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref15
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref16
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref16
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref16
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref16
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref17
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref17
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref17
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref17
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref18
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref18
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref18
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref18
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref19
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref19
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref19
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref19
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref19
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref20
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref20
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref20
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref20
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref21
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref21
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref21
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref21
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref22
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref22
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref22
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref22
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref23
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref23
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref23
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref23
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref23
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref24
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref25
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref25
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref26
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref26
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref26
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref27
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref27
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref27
http://refhub.elsevier.com/S1738-5733(19)30722-3/sref27

