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A solid oxide fuel cell (SOFC) is an all-solid-state chemical power generation
device that converts chemical energy into electrical energy in an efficient and
environmentally friendly way in medium- and high-temperature environments.
However, the thermal stresses and creep damage are inevitably generated at high
temperatures, which easily leads to mechanical failure or failure of the whole
SOFC stack. Reducing the thermal stress generated by the uneven temperature
distribution inside the SOFC stack has become a key problem to be solved
urgently. In this paper, the thermal stress, creep damage, and failure behavior
under their working conditions were analyzed by the finite elementmethod. Then,
the cooling channel was proposed to reduce the thermal stress and creep
damage. The results show that adding the cooling channel to SOFC stack can
reduce the creep damage and failure probability. The lower the cooling
temperature, the better the cooling effect, and the lower the creep damage
and failure probability.
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1 Introduction

A solid oxide fuel cell (SOFC) is the representative device of the third-generation fuel cell.
It is a completely permanent chemical power generation device that can directly convert the
chemical energy stored in the fuel and oxidant into electrical energy at medium and high
temperatures (Yang et al., 2022). This has the highest theoretical energy density among
several fuel cells. However, the reliability and durability at high temperatures are still a big
challenge for longtime service (Golkhatmi et al., 2022). On the one hand, high thermal
stresses are generated due to different coefficients of thermal expansions (CTEs) between
SOFC components. The internal temperature of the SOFC stack is not uniform because the
electrochemical reaction is exothermic (Kim et al., 2020). If the stack temperature is
improperly controlled, the internal temperature will exceed the operating temperature
range, leading to mechanical failure. On the other hand, the SOFC material inevitably
generates creep damage under high thermal stress and high temperature for a long time
(Wang et al., 2017). The micro-cavities form, grow, and then coalesce into macrocracks
during creep. Large creep deformations can lead to contact failure between SOFC
components and electrochemical performance degradation. Once the big cracks are
generated in SOFC, the stack cannot run properly (Peksen, 2013). Therefore, reducing
the thermal stress and creep damage caused by the uneven temperature distribution inside
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the SOFC stack has become the key problem to be solved urgently
for the longtime service of SOFC.

Until now, many researchers have studied the thermal and
creep behavior of SOFC. Tu et al. (Gong et al., 2023) proposed a
novel L-type flow field and found that the operating temperature
and temperature gradient are all reduced. Chen et al. (Wang et al.,
2022) performed a thermal stress analysis on the planar anode-
supported SOFC stack and found that the joint between the
glass–ceramic and PEN would suffer from high stress risk. Shim
et al. (Kim et al., 2020) inferred that controlling metallic
conduction between repeating units may change the key heat
transfer pathways and internal thermal conditions. Peksen
(2011) presented a coupled 3D thermofluid/thermomechanical
analysis of a 36-layer planar-type SOFC stack, considering the
cell, wire mesh, frame, interconnector plate, and glass–ceramic
sealant, but no damage and failure analyses were performed. Wu
et al. (Wei et al., 2014) proposed a new design of a flow channel and
easier seal by simulation and found that the power density and
electrical efficiency were all increased. Wang and Liu et al. (Zhang
et al., 2022; Chen et al., 2023; Zhang et al., 2023) conducted many
interesting investigations on the novel electrode material of SOFC
and found their proposed Ruddlesden–Popper structure anode
material and high-entropy perovskite-type symmetrical electrode
exhibited good electrochemical performance and stability during
the operation.

Yu et al. (2014), Zhang et al. (2014), and Zhang et al. (2019)
conducted several investigations on the thermal stress, creep
damage, and failure probability of SOFC. The bonded compliant
seal can decrease thermal deformation using the creep effect (Jiang
et al., 2013). The creep crack growth behavior of the interconnected
steel was studied (Yu et al., 2017). The temperature effect of creep
behavior is more evident than that of the stress effect. The creep
damage is increased with the increase in temperature. When the
temperature is lower than 600°C, nearly no crack occurs (Yu et al.,
2018). The cathode thickness and electrolyte thickness have little
effect on the TDFP of SOFC components. Decreasing the anode
thickness, the frame thickness can reduce the TDFP of the sealant.
The sealant thickness and frame thickness can greatly affect the life
of the SOFC stack. Previously, we (Jiang et al., 2015; Luo et al., 2016;
Zhang et al., 2021) also conducted many investigations on the
thermal stress, creep damage, and failure probability of planar
SOFCs. Although the material parameters and geometry size
were optimized, a solution to reduce thermal stress and creep
damage was not proposed.

Because the electrochemical reaction in SOFC is exothermic, the
temperature inside the reactor will continue to rise as the
electrochemical reaction proceeds. If the heat inside the reactor is
not eliminated in time, the reactor temperature will exceed the
normal operating temperature, which can easily cause reactor failure
at a high temperature. During the service process at high
temperatures, the stable operation temperature should be
maintained. Therefore, in this study, a cooling channel was
proposed to stabilize the internal temperature of the SOFC stack.
According to the internal temperature of the SOFC stack, the
temperature of the cooling channel was determined. First, the
effects of the cooling channel on the thermal stress and failure
probability of the SOFC stack were investigated. The effect of cooling
temperature was also discussed.

2 Geometric model and material

2.1 Geometric model

The planar SOFC with a reverse channel was used. The basic
unit is composed of a positive electrolyte negative (PEN), seal layer,
and collector plate. PEN is a single cell with an anode, electrolyte,
and cathode. The PEN is connected to the collector plate by bonding
with glass–ceramic. The geometric model of the basic repetitive unit
is shown in Figure 1. The length and width of SOFCs are 10 and
10 cm, respectively. The materials of the cathode, electrolyte, anode,
seal, and collector plate are LSCF, YSZ, NiO-YSZ, GC-9, and
430 stainless steel, respectively. The thickness of the cathode,
electrolyte, anode, and seal is 40, 10, 600, and 100, respectively.
Both the height and width of the air/fuel channel in the collector
plate are 500 μm. The total height of the collector plate is 2000 μm.
The cooling channel with a height of 200 μm is located in the center
of the collector plate.

2.2 Operation technologies and material
parameters

The SOFC stack is heated to 650°C at a heating rate of 1°C/min.
Then, the stack is operated at 650°C for 50,000 h. The assembly
pressure is 0.1 MPa. During the operation, the creep effect at high
temperatures is considered. In addition, the SOFC stack is assumed
to be stress-free at the bonding temperature due to the stress
relaxation at high temperatures. The residual stresses generated
from bonding temperature to room temperature are also
considered. The variations in thermal stresses, creep damage, and
failure probability with time of the SOFC are calculated during the
operation. Temperature-dependent thermophysical and mechanical
properties are used, which are obtained from Wang et al. (2019).

2.3 Meshing and boundary condition

Because the SOFC stack is a periodic repeating structure, the
finite element model is simplified as a two-dimensional (2D) plain-
strain model to save computing time. The finite element meshing for
the conventional and new SOFC stacks is shown in Figure 2. The
element width is 100 μm, and the element height is changed from
5 μm to 100 μm for different component thicknesses. The element
type is a four-node plane reduction integrating element (CPS4R).
During the stress analysis, in order to limit the model displacement
and have freedom, the displacements of points A and C were
restrained along the X-direction, and the displacements of points
B and D were restrained along the Y-direction, as shown in Figure 2.

3 Calculation model

3.1 Constitutive model

The thermal stress is calculated by thermoelastoplastic analysis.
For the operation stage of the SOFC stack, the total strain rate can be
decomposed into four components as follows:
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_ε � _εe + _εp + _εts + _εc, (1)
where _εe, _εp, _εts, and _εc stand for the rate of elastic strain, plastic
strain, thermal strain, and creep strain, respectively. For the start-up
stage, the creep effect is ignored due to the short time, and the total
strain in the SOFC is induced by the elastic, plastic, and thermal
strains. Elastic strain is calculated using the isotropic Hooke’s law
with temperature-dependent Young’s modulus and Poisson’s ratio.
Thermal strain is calculated using the temperature-dependent
coefficient of thermal expansion (CTE). For plastic strain, a rate-
independent plastic model with von Mises yield criteria and a linear

isotropic hardening model is employed. The isotropic hardening
model shows that the yield surface expands with the accumulated
plastic strain, while its center remains in the same place of the stress
field, as shown in Figure 3.

3.2 Creep damage model

Creep strain should be calculated accurately to predict the creep
damage under a high-temperature state. The creep strain during the

FIGURE 1
Geometric model size of SOFC.

FIGURE 2
Finite element meshes of the SOFC stack.
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operation stage is calculated based on the Wen–Tu creep damage
constitutive model (Wen et al., 2013):

_εij � 3
2
Bσeq

n−1Sij 1 + β0
σ1
σeq

( )2[ ] n+1
2

, (2)

β0 �
2ρ

n + 1
+ 2n + 3( )ρ2

n n + 1( )2 + n + 3( )ρ3
9n n + 1( )3 +

n + 3( )ρ4
108n n + 1( )4, (3)

ρ � 2 n + 1( )
π

������
1 + 3/n

√ ω3/2, (4)

where _εcij is the creep strain rate tensor, B is the creep strength
coefficient related to the steady state, σeq is the vonMises stress, Sij is
the deviatoric stress tensor, ρ is the damage parameter of
microcracks, n is the stress exponent related to the steady state,
β0 is the parameter related to ρ and n, and ω is the damage state
variable ranging from 0 to 1.

The creep damage is calculated by the ductility exhaustion
approach (Wen and Tu, 2014). In this approach, when the local
creep strain accumulation reaches the creep ductility (creep fracture
strain) value, the damage reaches the critical value. The ductility
exhaustion approach is expressed in Eq. 5. In addition, the multiaxial
creep fracture strain is calculated using the modified microscopic
cavity growth model, as shown in Eq. 6

_ω � ∫
t

0

_εc

ε*f
, (5)

ε*f � εf exp
2
3

n − 0.5
n + 0.5

( )[ ]/ exp 2
n − 0.5
n + 0.5

( ) σm
σeq

[ ], (6)

where σm is the hydrostatic stress, _εc is the equivalent creep strain
rate, εf is the uniaxial creep failure strain, representing the creep
resistance at high temperature, and ε*f is the multiaxial creep failure
strain. When the damage reaches 0.99, the material is considered to
be damaged completely, and crack initiation occurs. The creep and
Weibull parameters of every parts of SOFC at 600 °C are shown in
Table 1 (Wang Y. et al., 2022).

3.3 Failure probability model

Currently, the failure calculation of SOFC is mainly based on the
Weibull statistical method. Weibull (1939) proposed a more flexible
mathematical distribution model to fit the spread of brittle material
failure strength. The traditional generalized form of the Weibull
distribution model is usually expressed as (Anandakumar et al.,
2010):

FIGURE 3
Isotropic hardening model.

TABLE 1 Creep parameters of SOFC at 600°C.

Material LSCF YSZ NiO–YSZ Seal layer Collector plate

B (MPa-nh-1) 1.27E-13 1.18E-16 2.64E-12 2.36E-14 7.95E-16

n 1.7 1 1.7 5.943 6.896

_ε � _εe + _εp + _εts + _εc 0.02 0.02 0.02 0.01 0.26

Weibull modulus m 3.7 8.6 17.8 6.0 -

Unit volume element V0 (mm3) 1.21 0.35 0.578 1.0 -

Characteristic strain η 0.01 0.01 0.01 0.007 -
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P � 1 − exp −∫
Vj

σ

σ0
( )m

dVj

V0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (7)

where P is the survival probability, σ0 is the characteristic strength that
represents a scale parameter for the distribution, and m is the Weibull
modulus. V0 is a reference volume linked to the characteristic strength.
Vj is the volume of the material. The Weibull method shows that the
failure probability is controlled by volume and applied stress. However,
since the applied stresses in a SOFC are relaxed gradually during creep,
it can also cause the growth of the pre-existing flaws and nucleation of
new cavities and cracks by the creep damage. In this study, the failure
probability is calculated based on the time-dependent failure probability
model proposed by Zhang et al. (2018):

P � 1 − exp − ∫
Vj

εe
η

( )m
Vj

V0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦, (8)

where η is the scale parameter that expresses the characteristic strain.
The corresponding failure probability is obtained at each increment by
importing the equivalent creep strain. Here, we assume that theWeibull
parameters are the same before and after creep. TheWeibull parameters
of every part of the SOFC at 600°C are shown in Table 1 (Wang Y. et al.,
2022).

4 Results and discussion

4.1 Results for the conventional SOFC stack

The thermal stresses are generated because of temperature variation
from room temperature to operation temperature. Figure 4 shows the
contour distribution of CEEQ, creep damage, and failure probability after
50,000 h of operation. The maximum CEEQ and creep damage are all
located at the sealing layer. The failure probability is located at the sealing
layer between the anode and bipolar plate. The CEEQ, creep damage,

FIGURE 4
Contour distribution of CEEQ (A), creep damage (B), and failure probability (C) after 50,000 h of operation for the conventional SOFC stack.
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and failure probability at other positions are very small. The distribution
of creep damage is similar to CEEQ. The maximum creep damage and
failure probability are 0.68 and 6.81E-4, respectively. The marginal area
of the SOFC stack, especially in the sealing layer, is the key focus area.

In order to analyze the stress and damage in the marginal area
clearly, Figure 5 shows the CEEQ, creep damage, and failure probability
along path P1 after 50,000 h of operation. Here, path P1 is the distance
from a collector plate→sealing layer→PEN→another collector plate.
The maximum CEEQ and creep damage are all located in the sealing
layer, while the maximum von Mises stress is located in the cell. The
variation law of creep damage is the same as that of the CEEQ. The von
Mises stress in the sealing layer is very small, so it indicates that the creep
damage and failure probability are determined by the CEEQ rather than
the von Mises stress.

Because the maximum creep damage and failure probability
are all located in the sealing layer, variations occur in CEEQ,
creep damage, von Mises stress, and failure probability during the
operation with time of a node in the sealing layer, as shown in

Figure 6. It obviously shows that the variation curves are divided
into three stages. At stage I, the CEEQ, creep damage, and failure
probability are greatly increased, while the von Mises stress is
greatly decreased. At stage II, the CEEQ, creep damage, and
failure probability are increased gradually, while the von Mises
stress is decreased gradually. At stage III, the CEEQ, creep
damage, and failure probability continue to increase at a
smaller rate, while the von Mises stress decreases slightly.
More attention should be paid to the thermal stress and creep
damage of the SOFC stack in the early service period, especially
within 10,000 h.

4.2 Results for the optimized SOFC stack

The cooling channel was employed in the SOFC stack. Figure 7
shows the contour distribution of CEEQ, creep damage, and failure
probability after 50,000 h of operation for the optimized SOFC stack

FIGURE 5
CEEQ, creep damage, and failure probability after 50,000 h of operation for the conventional SOFC stack.

FIGURE 6
Variation in CEEQ, creep damage, von Mises stress, and failure probability of a node in the sealing layer during operation with time for the
conventional SOFC stack.
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FIGURE 7
Contour distribution of CEEQ (A), creep damage (B), and failure probability (C) after 50,000 h of operation for the optimized SOFC stack.

FIGURE 8
CEEQ, creep damage, and von Mises stress after 50,000 h of operation for the optimized SOFC stack.
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with a cooling channel at 600°C. Compared with Figure 4, the CEEQ,
creep damage, and failure probability were all decreased. TheCEEQ and
creep damage were decreased by 65% and 72%, respectively. The failure
probability was decreased by 10 times. It is proved that the cooling
channel can reduce creep damage and failure probability, thus
increasing the service life at high temperatures.

The marginal area is the potential area for failure to occur, and the
CEEQ, creep damage, and vonMises stress along path P1 in themarginal
area after 50,000 h of operation for the optimized SOFC stack are shown
in Figure 8. Similar to the conventional SOFC stack, the maximum
CEEQ and creep damage are located in the sealing layer, where the von
Mises stress is theminimum. Furthermore, the CEEQ and creep damage
are the same for the two types of sealing layers (anode/bipolar plate and
cathode/bipolar plate). The maximum CEEQ and creep damage are
0.021 and 0.135, respectively. Themaximum vonMises stress is 69MPa,
which is located in the bipolar plate adjacent to the cathode side. The

maximum von Mises stress is transferred from the cathode side to the
bipolar plate side.

Figure 9 shows the variation in CEEQ, creep damage, von
Mises stress, and failure probability of a node in the sealing layer
during operation with time for the optimized SOFC stack. The
variation curves are also divided into three stages, which are
similar to the curves of the conventional SOFC stack. The
difference is that the CEEQ, creep damage, and failure
probability have almost no changes at stages II and III. After
50,000 h of service, the creep damage and failure probability for
the optimized SOFC stack are still smaller than those for the
conventional SOFC stack. It indicates that the creep damage and
failure probability mainly accumulate at the first stage within
6,000 h for the optimized SOFC stack. The attenuation of the
SOFC stack due to creep damage is mainly concentrated in the
early stage, and it is negligible in the late stage.

FIGURE 9
Variation in CEEQ, creep damage, von Mises stress, and failure probability of a node in the sealing layer during operation with time for the optimized
SOFC stack.

FIGURE 10
CEEQ, creep damage, and von Mises stress after 50,000 h of operation for the optimized SOFC stack at a low cooling temperature.
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4.3 Discussion

Based on the aforementioned analysis, the cooling channel can
reduce creep damage and failure probability of the SOFC stack.
The temperature of the cooling channel is set at 600°C. In order to
analyze the cooling channel temperature on the controlling effect,
the CEEQ, creep damage, and failure probability of the optimized
SOFC stack with a low cooling temperature (450°C) were also
discussed. Figure 10 shows the CEEQ, creep damage, and failure
probability after 50,000 h of operation for the optimized SOFC
stack at a cooling temperature of 450°C. The distributions of
CEEQ, creep damage, and von Mises stress are similar to those
for the higher temperature (600°C). Compared to 600°C, the CEEQ
and creep damage at 450°C decreased from 0.23 to 0.17 and from
0.14 to 0.11, respectively. The maximum von Mises stress is
transferred from the bipolar plate side to the cathode side, and
its value in the bipolar plate is increased.

Figure 11 shows the variation in CEEQ, creep damage,
von Mises stress, and failure probability of a node in the sealing
layer during the operation with time for the optimized SOFC stack at
a low cooling temperature. It can be seen that the variation curves
are similar to those of the higher cooling temperature. The creep
damage and failure probability have no changes in stage III. The
creep damage and failure probability are also decreased with the
increase in the cooling temperature.

Table 2 lists the comparisons of maximumCEEQ, creep damage,
and failure probability for the conventional and optimized SOFC
stack. The maximum CEEQ, creep damage, and failure probability
are all decreased by setting the cooling channel. Decreasing the
cooling channel temperature is beneficial to further reducing the
creep damage and failure probability. The cooling channel
temperature can be realized by internal reforming or passing the
cooling medium.

5 Conclusion

In this study, the thermal stress, creep damage, and
failure probability of the SOFC stack were studied
by simulation. The cooling channel was proposed to reduce
the failure risk of the SOFC. The effects of cooling
temperature were also discussed. The following conclusions
can be obtained:

(1) The maximum creep damage and failure probability are located
in the sealing layer. Larger CEEQ leads to a greater damage and
failure risk after longtime service.

(2) Adding the cooling channel to the SOFC stack can reduce the
creep damage and the failure probability because the internal
temperature becomes more uniform.

TABLE 2 Comparisons of maximum CEEQ, creep damage, and failure probability.

Type Maximum equivalent creep strain Maximum creep damage Maximum failure probability

Conventional SOFC stack 0.065 0.510 6.71 × 10−4

Optimized SOFC stack (600°C) 0.022 0.142 9.72 × 10−5

Optimized SOFC stack (450°C) 0.019 0.123 4.93 × 10−5

FIGURE 11
Variation in CEEQ, creep damage, von Mises stress, and failure probability of a node in the sealing layer during operation with time for the optimized
SOFC stack at a low cooling temperature.
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(3) The attenuation of the optimized SOFC stack is mainly
concentrated in the early stage, and the maximum von Mises
stress is transferred from the cathode side to the bipolar plate side.

(4) The lower the cooling temperature, the better the cooling effect,
and the lower the creep damage and failure probability.
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