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Abstract: Creep plays a critical role in the stress relaxation of a PWR fuel assembly, which causes the initiation of slip and
fretting wear. In this paper, the creep down of grid and cladding is simulated using a 3D FEA model. A mechanism-based creep
model is incorporated in the structural analysis. The evolution of stress as well as its effects on the slip and wear is analyzed. It
is found the creep would lead to partial slip around the contact edge and eventually full slip across the entire contact interface.
The contact stress and hydrostatic pressure in the water play key roles in the creep evolution.
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1. Introduction

Creep is time dependent plastic deformation under the
influence of stress and high temperature [1-5]. Depending on
the temperature and stress level, there are several mechanisms
of creep models. Frost and Ashby constructed deformation
mechanism maps showing the dependence of plastic behavior
on the temperature and stress [4]. Generally, under low
temperature, dislocation glide dominates the plasticity. Under
high stress level, power-law creep by dislocation glide, or
glide-plus-climb is the major mechanism. Under high
temperature, diffusional flow becomes the major mechanism.
Although empirical models often used to describe the
dependence of creep strain rate on the stress and temperature,
mechanism based models are more reasonable due to their
capability to reveal the physics of a material.

Creep may lead to failure to many engineering applications
[1, 2, 6-27]. Predicting creep around a contact interface is
mathematically challenging due to the possible involvement of
relative motion [28-32]. Creep is an important factor that leads
to the grid to rod fretting wear problem in a pressurized water
reactor (PWR) [33-38]. In a PWR, a fuel rod is supported by
preloaded springs and dimples on the spacer grid. The spacer
grid and fuel rod cladding are made of Zircaloy due to its low
absorption of thermal neutrons and corrosion resistance. Due
to high temperature and stress, creep of Zircaloy causes stress
relaxation. The insufficient support force would then lead to
relative motion and wear on the grid to rod contact interface,

eventually causes costly failure of the fuel rods.

Significant efforts have been made to study the stress
relaxation on the contact interface between cladding and the
spacer grid. Kim et al, used test rigs to experimentally
analyze the loss of spring force and identified the key factors
on the stress relaxation [34-36, 39-43]. Rubio et al developed
a framework allowing the incorporation of creep with other
physics such as vibrations and wear [44-46]. Pu et al.
innovatively developed a diffusion-coupled cohesive zone
model to capture the stress-assisted diffusional process along
grain boundaries [17, 47]. Through experiments, significant
efforts have been made by them to understand the behavior
of alloy 617 under elevated temperature [48-50]. Wang et al,
developed and validated a mechanism based creep model of
Zircaloy based on large spectrum of experimental data,
allowing reliable creep modeling under large range of
temperature and stress [37, 38, 51]. Significant progress was
also made by Hu et al. to study the wear propagation. The
effects of shear strength and plasticity well explain the
initiation and propagation of fretting wear [52-54]. They also
developed an algorithm to efficiently couple wear and creep
in a FEA model, allowing efficient and reliable simulation of
the two mechanisms in GTRFW studies [33, 53-55].

In this paper, the creep down of the cladding and spacer
grid is modeled using a 3D FEA model. A mechanism based
creep model that has been validated in many experimental
data is applied. The evolution of contact force and stress due
to the creep is analyzed. Of particular interest is how the
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creep affects the initiation and propagation slip behavior on
the grid to rod interface.

2. Methodology
2.1. Creep Model

In a PWR, the pressure is maintained around 15MPa by a
pressurizer in order to maintain a relatively high boiling
point. Under such condition, the temperature of the coolant
flow may reach 500-600k. The preload and the hydrostatic
pressure from the coolant induce relative high stress in the
fuel assembly. Due to the high temperature and stress, the
creep deformation becomes significant over time. Many
models have been developed to describe the dependence of
creep rate on the stress and temperature in Zircaloy. Wang et
al. developed a mechanism based creep model that has been
validated by various experimental data and is capable to
reflect the microscopic physics of Zircaloy [37]. In this
article, this mechanism based model is adopted. Depending
on the stress and temperature level, different creep
mechanisms would dominate the plastic strain growth. When
both the stress level is relatively low, diffusion or coble creep
dominates the deformation. And the equation is as follows,
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where T is the temperature, d is the grain size and Q is the
activation energy for diffusion.

When the stress level is relatively high, the dislocation
glide creep becomes the dominant mechanism, and the creep

rate is described by,
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where 7 is in MPa.
When the temperature level is relatively high, the power
law creep dominates the creep growth, and the equation is,
. sx10'lG [, 3707\1%1 275x103
Yp = [smh( c T)] exp[ ] 3)

T RT

Wang et al. developed the model that is capable to
automatically capture the creep rate without determining the
dominant creep mechanism [37, 38].

2.2. FEA Model

A 3D model is constructed in Abaqus. The dimensions and
boundary conditions are similar to a peer project. The
simulation of creep deformation is computationally
expensive, therefore, the details of the spacer grid is not
modeled. The support from the spacer grid is equivalently
represented by force springs. Both the cladding and springs
are Zircaloy-4 with properties listed in Table 1. A uniform
temperature of 600K is assumed in the model. During the
simulation, a displacement of 100um toward the central line
of the cladding is applied to the springs so that the cladding is
supported by a preload. Then the creep is switched on for
certain time. A small axial displacement of 0.5um is applied
to the fuel rod after certain time of creep simulation to check
if the contact force is still large enough to support the
cladding against relative motion.

Figure 1. A simplified with a fuel rod supported by a simplified spacer grid.

Table 1. Key parameters of the FEA model.

Cladding thickness 0.57mm
Cladding diameter 9.5mm

Rod length (2 spans) 150mm
Density of Zircaloy 4 6.5x10° g/mm?
Young’s modulus of Zircaloy 4 75GPa
Poisson’s ratio of Zircaloy 4 0.37

3. Results

The major effect of creep in a PWR fuel assembly is stress
relaxation, which eventually lead to wear on the cladding
surface. The operation time of a fuel assembly is expected to
be as long as years. Even though creep is a relatively slow
process, the cumulative creep strain over such long time is
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pretty considerable and will cause significant stress
relaxation. Figure 2 shows the creep strain on the cladding.
The creep basically concentrates around the contact contour.

The strain has two peak area because the deflection of the
spring leads to two high stress areas.

Figure 2. Creep strain grows over time and concentrates around the contact contour between the springs and cladding.

The normal contact force represents the amount of support
on cladding against wear. Figure 3 shows the evolution of
normal contact force over time. As the creep grows, the
normal contact force decreases. It is noticed that the contact
force decreases rapidly at the beginning due to high initial
stress level. As the stress level drops, the contact force

decreases slower. It is expected to reach a limit at which the
creep growth is negligible. As the contact force drops, it
becomes easier for an external force to overcome the static
frictional force and cause relative motion. When the contact
force is small enough, the external force and vibration can
even cause separation between the spring and the cladding.

Figure 3. The normal contact force decreases as the creep grows. The force decreases rapidly at the early stage since the stress level is high.

The slip is directly related to the wear growth on the
cladding, therefore, the relationship between creep and slip is
critical to determine how the creep affect the initiation of
wear. Figure 4 shows the distribution of slip distance after

certain time of creep simulation. In this study, a static friction
coefficient of 0.15 and a dynamic friction coefficient of 0.1
are assumed. The slip distance is normalized by the axial
displacement. At the beginning, only micro slip is noticed
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around the contact edge between the cladding and spring. As
the creep grows, the contact force drops and leads to a
decreased static friction force. In this scenario, the partial slip
propagates to the entire contact surface. Due to the increased

slip distance, the grow rate of the GTRFW increased
significantly as well. Therefore, creep is accounted a major
cause of GTRFW initiation. Such phenomenon is consistent
with the observations by Hu and Wang et al [38, 53-55].

Figure 4. The slip distance increases with the creep strain: when the creep is small, only micro partial slip is noticed around the contact edges, as the creep

grows, the slip propagates to the entire contact interface.

4. Conclusions

In this paper, the evolution of creep has been modeled in a
3D FEA model using a mechanism based creep model. The
effects of the creep on the initiation of slip was analyzed. It is
found that both the contact stress and the hydrostatic pressure
from the coolant play important roles in the creep
deformation. Due to the stress relaxation caused by creep,
partial slip is first observed around the edge of the springs.
Eventually, the slip propagates to the entire contact contour.
This well explained the experimental observations in
previous studies and is consistent with theoretical results.
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