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Blister behavior is one of themain failuremodes of UMo/Zrmonolithic fuel elements
during irradiation. The temperature of fuel elements may increase greatly so that the
fuel elements may be destroyed. Post-irradiation annealing tests are used to study
the blister behaviors of fuel elements under high temperature. In this study, a
simulation method is developed based on the finite element method to study the
evolution of blister behaviors of UMo/Zr monolithic fuel elements in the blister tests,
taken into considering that the evolution of bubble pressure should be coupled with
the deformation of cladding. The influence of creep rate of the cladding on the
evolution of blister height is analyzed. The study shows that the unrecoverable creep
deformation of the cladding, which occurs under high temperature, is the major
factor in the increment of bubble height. The increaseof bubble heightmainly occurs
during the heat preservation process and the initial stage of cooling process. The
creep rate of cladding is positively related to the evolution of bubble height.
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1 Introduction

To prevent nuclear proliferation, the Reduced Enrichment for Research and Test
Reactors (RERTR) program proposes the use of low-enrichment uranium fuel in research
reactors (Burkes et al., 2016; Burkes et al., 2014; Burkes et al., 2015). In this situation, UMo
fuel has emerged as one of the most promising candidate fuels for research reactors due to
its high equivalent uranium density and stable irradiation performance (Kim et al., 2013).
Compared to dispersion-type UMo fuel, monolithic UMo fuel offers a higher equivalent
uranium density, meeting the neutron flux requirements of high-performance research
reactors (Ozaltun et al., 2015), and is generally clad with Al or Zr alloys (López et al., 2017).

During irradiation, UMo/Zr monolithic fuel elements experience complex thermo-
mechanical coupling behaviors (Yan et al., 2019; Zhao et al., 2015; Kong et al., 2018). The
fission of UMo fuel generates fission heat and products, leading to intense thermodynamic
interactions between the UMo fuel and Zr alloy cladding under irradiation-induced swelling
(Zhao et al., 2015). Under transient conditions such as rapid reactor heating, the fuel core near
the cladding interface is prone to cracking, releasing fission gases into the cracks, generating
pressure, and forming macroscopic blisters on the cladding surface (Wachs et al., 2012; Beeston
et al., 1980; Rice et al., 2010). The formation of blisters can obstruct coolant flow channels,
affecting the heat dissipation performance of the fuel assemblies and the safety of the reactor
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(Hongsheng et al., 2020; Lijun et al., 2012). In severe cases, it can lead to
the burnout of the fuel elements. Therefore, blister behavior is a critical
consideration in the design of fuel elements.

To investigate the formation and evolution of blisters, annealing
tests are currently employed, wherein irradiated fuel elements are
heated to observe the formation of blisters on their surface (Rice
et al., 2010; Ozaltun et al., 2012; Zhouzhi et al., 2024). Annealing
tests help identify the temperature and location of blister formation but
do not allow continuous observation of the evolution of blisters. Gao
et al. analyzed the mechanism of blister formation in plate-type fuel
element (Lijun et al., 2012). Long et al. developed a method to predict
the crack behaviors of nuclear materials (Chongsheng et al., 2014;
Hongsheng et al., 2020). However, the mechanism of blister formation
is still unclear and worthy studying. For monolithic fuel elements,
considering the main thermo-mechanical behaviors during annealing
tests and the coupling between gas pressure and crack volume, a
numerical simulation method for the evolution of blisters is
established. This helps identify the contributions of various
mechanical behaviors to the growth of blister height and explore the
key factors influencing blister evolution.

This study focuses on UMo/Zr monolithic fuel elements with
localized cracking, establishing a 2D finite element geometric model
with a pre-cracked zone. Considering the coupling relationship between
gas pressure, the number of gas atoms, and the volume of the crack
zone, a corresponding simulation method is developed, achieving
numerical simulation of gas pressure evolution behavior. For the
cladding material, the main thermo-mechanical behaviors during the
annealing process are considered, combining cladding deformation
with the evolution of gas pressure to achieve numerical simulation
of the evolution behavior of blisters during annealing tests. The
evolution law of blister height with temperature is obtained, and the
influence of creep rate on blister behavior is investigated.

2 Material models

2.1 Thermal conductivity model

The thermal conductivity of zirconium alloy from room
temperature to its melting point is given by (MacDonald and
Thompson, 1976):

k � 7.51 + 2.09 × 10−2T − 1.45 × 10−5T2 + 7.67 × 10−9T3 (1)
where k is the thermal conductivity in W/m·K shown as Equation 1
and T is the temperature in K.

2.2 Thermal expansion coefficient

The thermal expansion coefficient of zirconium alloy is 5.58 ×
10−6/K (MacDonald and Thompson, 1976).

2.3 Elastic constants

The elastic modulus and Poisson’s ratio of zirconium alloy are
given by the Fisher model (Fisher and Renken, 1964):

E � 9.9 × 105 − 566.9 × T − 273.15( )[ ] × 9.8067 × 104 (2)
v � 0.3033 + 8.376 × 10−5 T − 273.15( ) (3)

where E is the elastic modulus in Pa shown as Equation 2; T is the
temperature in K; and ] is the Poisson’s ratio shown as
Equation 3.

Under irradiation conditions, the elastic modulus of zirconium
alloy increases. The elastic modulus under irradiation can be
expressed as (Hagrman and Reymann, 1979):

E � 9.9 × 105 − 566.9 × T − 273.15( )[ ] × 9.8067 × 104/k1 (4)
k1 � 0.88 + 0.12 exp −ϕ × t

1025
( ) (5)

in Equations 4, 5 k1 is a dimensionless correction factor considering
the effect of fast neutrons on the elastic modulus; and ϕ × t is the fast
neutron flux in n/m2.

2.4 Plasticity model

The stress-strain curve for non-irradiated zirconium alloy is
given by (Hagrman and Reymann, 1979):

σ � Kεn · _ε

10−3
( )

m

K � 1.17628 × 109 + T 4.54859 × 105 + T −3.28185 × 103([
+ 1.72752T)]

n � −9.49 × 10−2 + T 1.165×10−3 + T −1.992×10−6([
+ 9.588 × 10−10T)] (6)

in Equation 6 σ is the true stress in Pa; ε is the true strain; K is the
strength coefficient; n is the strain hardening exponent; _ε is the
true plastic strain rate, which is given as _ε � 10−5/s, if _ε< 10−5/s; m
is the strain rate sensitivity index, which is 0.02; T is the
temperature in K.

To account for the irradiation effects of fast neutrons, the
strength coefficient K is modified by a correction factor k2 shown
as Equation 7:

k2 � 5.54 × 10−18ϕ · t (7)
Similarly, the strain hardening exponent n is adjusted by a

dimensionless correction factor k3 shown as Equation 8:

k3 � 1.369 + 0.032 × 10−25ϕ · t (8)
where ϕ × t is the fast neutron flux in n/m2.

2.5 Creep model

During the annealing process, the high-temperature creep
behavior of zirconium alloy is modeled by (Suzuki and Saitou, 2006):

_εcr � 2000ασ5.32 · exp −34220
T

( ) (9)

where _εcr is the creep rate in s-1; σ is the Mises stress in MPa
shown as Equation 9 T is the temperature in K; Q is the activation
energy for creep; α is the creep amplification factor, typically
set to 1.
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3 Numerical simulation methods

3.1 Finite element geometric model

Results from annealing tests indicate that the core section near
the interface is most prone to cracking, forming crack cavities. The
fission gas products generated during irradiation are released into
these crack cavities, generating pressure that causes the cladding
above the crack cavities to deform, forming macroscopic blisters on
the surface of the fuel elements, as shown in Figure 1. The size of
these blisters ranges from approximately 3–5 mm (Meyer
et al., 2012).

To simulate the blistering behavior of fuel elements during
annealing tests, a finite element geometric model, as shown in
Figure 2, was established. This model is axisymmetric, with the
axis of symmetry indicated by the red line in the figure. The cladding
part of the finite element geometric model has a thickness of
0.35 mm (Yan et al., 2018), a crack cavity radius of 2.5 mm, and
an initial height of 0.005 mm. The finite element model is discretized
into 4,820 elements using the axisymmetric element CAX4T in
ABAQUS. The outer surface of the cladding is subjected to
atmospheric pressure, applying a pressure load of 0.1 MPa. The
thickness of the fuel meat is 0.20 mm, the fission density of fuel meat
is 4.0 × 1018 fissions/mm3, and the number of fission gas atoms
produced per fission is 0.3. Assuming that 80% of the fission gas
atoms produced by the fuel particles beneath the crack are released
into the crack cavity, the number of gas atoms in the crack cavity is
1.896 × 1018. The initial gas pressure in the crack cavity is
determined to be 80 MPa. The fast neutron flux of the fuel plate
is 2.0 × 1019 n/mm2.

3.2 Temperature variation during the
annealing process

The annealing test consists of 24-h cycles. Each cycle starts from
room temperature, heats up to the target temperature, holds for
1 hour at the target temperature (Miller et al., 2012), and then
returns to room temperature. The target temperature for the first
annealing cycle is 400°C. Each subsequent cycle increases the target
temperature by 10°C, up to a maximum of 600°C.

FIGURE 1
Blister formed on the surface of fuel plates (Meyer et al., 2012).

FIGURE 2
Finite element model for simulating blistering behavior.

FIGURE 3
Schematic diagram of temperature evolution during
annealing tests.
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The temperature variation during the annealing tests is
illustrated in Figure 3. It is important to note that Figure 3 only
shows the temperature changes for the first three annealing cycles,
while the actual numerical simulation considers a total of
21 annealing cycles.

3.3 Simulation method for
blistering behavior

Due to the relatively large volume of the crack cavities formed by
cracking, the gas pressure within these cavities is relatively low. The
behavior of the gas within the crack cavities can be described using
the ideal gas law:

P · V � NkT (10)
where P is the gas pressure in Pa; V is the volume of the crack cavity
in m³; N is the number of gas atoms; k � 1.38 × 10−23 J/K is the
Boltzmann constant; T is the temperature in K.

During the bubble evolution process of fuel elements, the
cladding continuously deforms under the pressure within the
crack cavity, causing changes in the volume of the crack cavity.
According to the ideal gas law, shown as Equation 10, the volume
change of the cavity affects the pressure, indicating a coupled

relationship between the two. To study the bubble evolution
behavior of the fuel element, an iterative calculation method was
employed, as shown in Figure 4. For a typical increment step
[t, t + Δt], the gas cavity volume Vt at the beginning of the step
and the temperature Tt+Δt at the end of the step are used to calculate
the initial iteration value of pressure P0

t+Δt � NkTt+Δt
Vt

. The iterative
value of pressure Pi

t+Δt (i = 0,1,2,3 . . . ) applied to the cladding causes
further deformation of the cladding. Using analytical geometry
methods, the gas cavity volume Vi

t+Δt can be calculated, and the

theoretical value of pressure Ptheore
t+Δt � NkTt+Δt

Vi
t+Δt

can be obtained by

substituting it into the gas law equation. If the error between the
theoretical value and the iterative value of pressure is less than 0.1%,
the real gas pressure Preal

t+Δt at the end of the increment step is
considered to be obtained; otherwise, the iterative pressure value is
updated to Pi+1

t+Δt � Pi
t+Δt+Ptheore

t+Δt
2 , and the cladding deformation is

recalculated until the pressure converges.

3.4 Stress update algorithm

To simulate the bubble evolution process of the cladding
material during the annealing test, the primary thermo-
mechanical behavior of the cladding material must be considered.
This involves establishing a three-dimensional large deformation
incremental constitutive relation in a rotating coordinate system,
deriving the stress update algorithm, and consistent stiffness matrix,
and writing a UMAT subroutine for implementation on the
commercial finite element platform ABAQUS.

During the annealing test, the contributions of elastic strain,
thermal expansion strain, plastic strain, and creep strain of the
cladding material are primarily considered:

Δεeij � Δεtotalij − Δεthij − Δεplij − Δεcreepij (11)

where Δεtotalij is the total strain increment; Δεeij is the elastic strain
increment; Δεthij is the thermal expansion strain increment; Δεplij is
the plastic strain increment; and Δεcreepij is the creep strain
increment. The specific stress update algorithm is referenced
from the literature (Zhao et al., 2014).

4 Results and discussion

4.1 Study on the mechanism of bubble
height evolution

Figure 5 shows the displacement contour plot of the cladding at
the end of the annealing cycle at a target temperature of 500°C. It can
be observed that, at this temperature, the bubble height on the
cladding reaches approximately 0.294 mm, forming a notable
bubble. As the annealing test progresses, the bubble height on
the cladding will continue to increase, which can significantly
obstruct coolant flow if severe.

The annealing test consists of multiple annealing cycles. To
investigate the mechanism of bubble height evolution within a
single annealing cycle, a cycle with a target temperature of 500°C
was selected. It is the eleventh cycle during the annealing
process, which starts at 264 h and ends at 288 h. The bubble

FIGURE 4
Schematic diagram of temperature evolution during
annealing tests.
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height variation process is shown in Figure 6A. The bubble
height could be calculated by the displacement of the cladding,
as shown in Figure 6B. At the beginning of this annealing cycle,

the bubble height is approximately 0.257 mm. During the
heating and holding processes, the bubble height gradually
increases with the progression of the annealing test. In the

FIGURE 5
Contour plot of displacement in cladding at the end of the annealing cycle at 500°C.

FIGURE 6
(A) Evolution of Temperature and Bubble Height during the Annealing Cycle at 500°C; (B) The sketch of blister height.

FIGURE 7
Evolution of (A) bubble pressure and (B) bubble volume during the annealing cycle at 500°C.
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early stage of the cooling process, the bubble height continues to
increase due to the high temperature of the fuel plate. About
2 hours after the cooling process starts, the bubble height reaches
a maximum of approximately 0.287 mm and then slowly
decreases to around 0.281 mm. Compared to the initial stage,
the bubble height in this annealing cycle increases by
about 0.024 mm.

The variation of bubble height during the annealing cycle is
influenced not only by temperature but also by the coupled gas
pressure inside the bubble. Figure 7A shows the gas pressure
variation during the 500°C annealing cycle. During the heating
process, the temperature rise rate is high, and according to
Equation 1, the gas pressure inside the bubble increases
rapidly, causing continuous deformation of the cladding
under the gas pressure, manifested macroscopically as a
continuous increase in bubble height. During the holding and
initial cooling processes, as the temperature stops rising and
starts to decrease slowly, the gas pressure decreases accordingly.
However, the gas pressure still remains around 6–7 MPa, higher
than the external environmental pressure, leading to continued

creep deformation of the cladding under pressure, which
macroscopically appears as a continuous increase in bubble
height. According to Equation 1, the increase in bubble
volume will result in a decrease in gas pressure. After about
2 hours of cooling, the gas pressure drops to a level insufficient to
drive further outward deformation of the cladding, leading to a
reduction in bubble height and gas pressure as the temperature
decreases. Figure 7B shows the evolution of gas cavity volume.
During the 500°C annealing cycle, the evolution pattern of the
gas cavity volume is similar to that of the bubble height,
indicating that the bubble height variation reflects the
changes in gas cavity volume.

Within the temperature range of the annealing test, the elastic
and thermal expansion strains of the cladding material are relatively
small and insufficient to cause significant bubbling in the fuel
element. Therefore, the distribution and evolution of equivalent
creep strain and equivalent plastic strain in the cladding during the
annealing test are the focus. Figure 8 shows the contour plots of
equivalent creep strain and equivalent plastic strain at the end of the
500°C annealing cycle. Significant creep strain and plastic strain

FIGURE 8
Contour plot of (A) Equivalent creep strain and (B) Equivalent plastic strain at the end of the annealing cycle at 500°C.
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occur in the cladding, with maximum values located at the base of
the bubble.

Figure 9 illustrates the variation of maximum equivalent
creep strain and equivalent plastic strain in the cladding during
the 500°C annealing cycle. During the heating process, the
accumulated creep strain remains largely unchanged, with
bubble height variations mainly caused by elastic
deformation and thermal expansion due to temperature
increase. During the holding process, equivalent creep strain
in the cladding rises rapidly, while during the cooling process,
equivalent creep strain initially increases and then stabilizes.
Comparing Figures 6, 9, the period of increased equivalent creep
strain aligns with the period of increased bubble height,
indicating that the bubble height increase primarily results
from creep strain during the holding and initial cooling
stages, with a minor contribution from elastic strain and
thermal expansion. According to Equation 7, the cladding
material exhibits high creep rates at elevated temperatures.
Prolonging the holding period would result in continuous
creep strain increase in the cladding, further increasing
bubble height until cladding rupture or gas pressure
reduction halts further deformation.

After more than 2 hours of cooling, the cladding creep rate
approaches zero due to lower temperatures, as per Equation 7,
resulting in stable creep strain. During this period, thermal
expansion strain decreases with temperature, leading to a
reduction in bubble height due to combined thermal expansion
and elastic strain effects. However, since creep strain remains
unchanged, the bubble height at the end of the annealing cycle
remains higher than at the initial stage.

Figure 9 also shows that equivalent plastic strain in the cladding
remains unchanged throughout the annealing cycle. This indicates
that creep strain predominates over plastic strain in the bubble
evolution process, with plastic deformation mainly occurring in the
initial stage of bubble evolution. The next section will examine the
evolution patterns of creep and plastic strains in the cladding
throughout the entire annealing test.

4.2 Effect of creep rate on bubble evolution

The previous analysis indicates that bubble growth is mainly
influenced by creep, and the creep behavior of the cladding material
significantly impacts its growth. To further investigate the effect of
creep rate on bubble growth, the original cladding creep model,
shown as Equation 7, was modified to examine bubble evolution
under different creep magnification factors: 0.1, 1.0, 5.0, and 10.0.

Figure 10 shows the variation in bubble height of the fuel
element under different creep rates. As seen in Figure 10, higher
creep rates result in faster bubble height growth during the heating
process. Ultimately, models with higher creep rates exhibit greater
final bubble heights after undergoing the same bubble test
temperature profile.

Figure 11A shows the variation in maximum equivalent creep
strain of the cladding over time for different creep rates. As shown in
Figure 11A, the trend of creep strain variation is similar to that of
bubble height, with higher creep rates corresponding to greater
creep strain. However, the differences in creep strain do not scale
linearly with creep rate. This is because higher creep rates lead to
greater bubble heights, which in turn reduce gas pressure inside the
bubble. Consequently, although bubbles with higher creep rates
reach greater heights, their internal pressures are lower, leading to
non-linear relationships between creep rate and the resulting creep
strain and bubble height.

Figure 11B illustrates the evolution of maximum equivalent plastic
strain of the cladding under different creep rates. At the initial stage of
the annealing test, significant equivalent plastic strain is observed in the
cladding. This is due to the low temperature and low creep rate at the
beginning of the annealing test, making significant creep deformation
difficult. During this stage, bubble height growth mainly results from
plastic deformation of the cladding. After a certain period of the
annealing test, equivalent plastic strain in the cladding stabilizes,
while equivalent creep strain continues to increase. After more than
400 h of the annealing test, equivalent creep strain in the cladding
significantly exceeds equivalent plastic strain, indicating that creep
deformation primarily contributes to bubble height growth.

FIGURE 9
Evolution of equivalent creep strain and equivalent plastic strain
of cladding during the annealing cycle at 500°C. FIGURE 10

Effects of creep rate on the evolution of bubble height.
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5 Conclusion

This study establishes a simulation method for bubble
evolution in the annealing test of UMo/Zr monolithic fuel
elements that exhibit local cracking, considering the primary
thermo-mechanical behavior of the cladding material, and the
evolution of crack cavity pressure and volume. The following key
conclusions are drawn regarding the influence of cladding creep
rate on bubble height:

(1) Cladding plastic deformation mainly affects the initial slight
bubbling, while the subsequent increase in bubble height is
primarily due to creep, with plastic deformation having a
relatively limited impact.

(2) The duration of the holding period significantly affects bubble
height. Longer high-temperature stages result in greater
bubble height increments. In a specific annealing cycle, the
accumulation of bubble height mainly arises from the holding
period, with a minor contribution from the initial stage of the
cooling period.

(3) Reducing the creep rate of the cladding material helps to
suppress the growth of bubble height, but the effect is
relatively small. Improving the creep properties of the
material to slow down the growth of bubbles during the
process has a relatively limited impact.

(4) The evolution of bubble height is driven by bubble pressure. It
is supposed that the coolant pressure has an negative effect on
bubble height, which should be considered in
engineering practices.
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