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Abstract

Residual thermal stresses and warping of the anode-supported planar solid
oxide fuel cell (SOFC) were estimated numerically. A 3D finite element (FE)
model with viscoelastic constitutive equations was established to calculate the
residual stress and warping for the cell. In the fabrication of the cells, some
mechanical restriction was employed during the high-temperature treatment
followed by a cooling stage in order to prevent the button cell from warping,
and then from these specific boundaries and loading conditions, a FE simula-
tion was used to calculate the distribution of the internal stresses in the cell.
The results indicate that the concentration of compressive stress appears in
the electrolyte layer, and that could cause interfacial micro-cracks or even
cohesive failure. Furthermore, from the numerical study, the annealing time
(or continuous cooling) is related to the residual stress in the material due to
creeping. The compressive stress in the electrolyte layer can be reduced sig-
nificantly by increasing the cooling time. Therefore, it is possible to optimize
the annealing time in order to make the SOFCs flat and have less residual
stress, improving the mechanical durability.
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1. Introduction

A solid oxide fuel cell (SOFC) is a device that converts chemical energy into
electrical energy continuously by an electrochemical reaction. It is an attractive
electricity generation device due to its high electrical energy conversion effi-
ciency, low environmental pollution, and fuel flexibility [1]. There are two main
kinds of SOFCs in design, tubular and planar. The planar SOFC is widely studied
for its easy manufacturing and high power density. Usually, the single SOFC will
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be piled up in series to provide a higher working power. Commercially, the
SOFC stack is required to have at least 40000 h operation time with a power loss
of less than 10% [2].

A single planar SOFC mainly consists of an electrolyte, anode, and cathode.
Generally, the anode-supported cells are fabricated by co-firing a thin electrolyte
on the thick (typically by 20 - 100 times) anode substrate at 1300°C. Ni/YSZ and
YSZ are used for the anode and the electrolyte, respectively. The thermal expan-
sion coefficient (TEC) of Ni/YSZ is higher than that of YSZ, as a result, large re-
sidual stress will be induced in the cell at the end of manufacturing. The residual
stress may induce large deformation and subsequently cause problems in the
fixation of the cells in the SOFC stack. Commercially, SOFCs are mechanically
restricted by high pressure during fabrication, so that the final SOFCs are flat to
make the fixation of the flattened cells in the SOFC stack easier. However, the
residual stress may initiate micro-cracks in the brittle SOFC materials resulting
in fatal damage to the entire stack under thermal cycles [3]. As a result, mechan-
ical failure of SOFCs often happens to shorten the service life.

Residual stresses in SOFC have been measured by X-ray diffraction (XRD)
using the standard sin’y method [4] [5] [6] [7]. For the linear elastic deforma-
tion of the material, the stress responsible for the lattice strain in the polycrystal-
line 8YSZ was evaluated by following the shift of a Bragg reflection for different
incident X-ray angles at room temperature. The residual stresses were also eva-
luated from the curvature measurement of half-cells at room temperature inte-
grated with a computational model using classical laminate theory [6] [8] [9]
[10]. Generally, the stress analysis is complicated using the elastic-plastic con-
stitutive relations because there are so many unknowns for the materials at su-
per-high temperatures [11] [12]. For the prediction of the stress evolution of SOFCs
during manufacturing and operation, there are many finite element (FE) analys-
es taking into account of kinds of aspects, such as residual stresses of a mi-
crostructure in the multilayered materials [13] [14], creep strain and strain
rate [12] [14], transient creep [15] [16] and creeping behavior in the substrate
and film [12]. Other literature shows the temperature profiles in the SOFCs
using the coupled thermo-electrochemical model in the simulation [17] [18]
[19]. It is essential to estimate the residual stresses of SOFC during manufac-
turing because the residual stresses could result in irreversible deformation.
Otherwise, the poor gas tightness and electrical contact during the SOFC assem-
bling could greatly degrade the performance of the SOFC stack. However, there
are few studies focusing on the warping and residual stresses for the SOFCs
during manufacturing.

The aim of the present work is to minimize the residual stresses and warping
in the planar SOFC by optimizing the fabrication process. In this research, a 3D
FE structure model was established and viscoelastic modeling was used as go-
verning equations. The residual stresses and warping of the cell were calculated.

From the numerical studies, the fabrication process was optimized so that the
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residual stresses and warping of the final sample at the end of the fabrication will

be reduced significantly.

2. Numerical Simulation
2.1. SOFC Sample

The anode-supported cell was manufactured in the H,-Bank Co., Ltd. in China.
Cross-sectional morphology of the button SOFC was observed by scanning elec-
tron microscope (Hitachi, $4800/SU70). As can be seen in Figure 1 there are
four layers in the button SOFC: cathode, barrier layer, electrolyte, and anode,
and the thickness of each layer is 20 um, 2 pm, 9 pm, and 460 pm, respectively.
The microstructure image shows that the anode has a porous structure while the

internal pattern of the electrolyte is very dense.

2.2. FEM Model

Our button half-cell model consists of a NiO-YSZ anode and a YSZ electrolyte.
A quarter structural model was adopted due to the symmetry of the geometry.
The structural model, boundary, and loading conditions are shown in Figure 2.
The electrolyte has a thickness of 9 pm and the thickness of the anode is 460 um
in accordance with the dimension shown in Figure 1. The diameter of the speci-
men is 20 mm. The bottom boundary edge of the metallic frame was constrained
in the zdirection (U, = 0) to restrict the movement of the SOFC, and the X- and
Y-symmetric boundary conditions were applied to the two cross-sections. The
element type is C3D8R. The temperature field was applied to the total elements
in the model and was assumed to be uniform over the sample. The thermal and
mechanical properties used in the analysis are shown in Table 1.

Based on the generalized Hook’s law, the constitutive relationship takes into
account the thermal mismatch and creep deformation, which can be expressed
as [12].

Figure 1. Cross-sectional morphology of the button SOFC by scanning electron micro-
scope.
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Figure 2. A finite element model of the NiO-YSZ/8YSZ button half-cell.

Table 1. Thermal and mechanical properties of YSZ and NiO-YSZ [20].

Temperature (°C) 20 200 400 600 800 1000

YSZ E (GPa) 1963 1963 1963 1963  196.3 200
1% 0.33 0.33 0.33 0.33 0.33 0.33
a (10°K™) 7.6 8.2 8.8 9.6 10.0 10.5
NiO-YSZ E (GPa) 126.5 1265 1265 1265 126.5 104
1% 0.33 0.33 0.33 0.33 0.33 0.39
a (10°K™) 11.7 1231 1237 1241 1241 1241

Table 2. Geometry and coefficients of YSZ and NiO-YSZ in the FEA [12].

Thickness (pm) A n
YSZ 9 2.6x 107 1.7
NiO-YSZ 460 1.18 x 107 1
G=E(z-2"-2"), (1)

where & is the equivalent stress (or Von Mises stress), & is the equivalent

. Ca . . __ |2 . _
strain which is calculated in an equation of & = §£ re, E is a coefficient

which is related with the elastic modulus £ and Poisson’s ratio v of the materi-
al and can be determined using the relation of the equivalent stress and strain,
g% =aA@ is the mismatch strain due to the change in temperature and « is
the thermal expansion coefficient, £ is the equivalent accumulated creep

strain which is governed by the classical power-law creep model
" =AG", (2)

where A is the creep constant and n is the stress exponent which are shown in
Table 2. The simulation was carried out using the commercial finite element
analysis (FEA) software Abaqus.
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2.3. High-Temperature Deformation and Stresses

Firstly, the thermal-mechanical analysis during the fabrication of YSZ/NiO-YSZ
double-layer structure was analyzed. Zero stress state was assumed in the mate-
rials by co-firing at the high temperature of 1350°C in 4 hours, and the pressure
(mechanical restriction) was applied uniformly on the sample during cooling
down to room temperature. Figure 3 shows the zdisplacement and distribu-
tions of the residual stress for the YSZ/NiO-YSZ double-layer structure with
mechanical restriction of 0.21 MPa during cooling. Figure 3(a) shows that the
maximum z-displacement is about 50 um which indicates that the cell surface is
almost flat under mechanical restriction after cooling. However, large compres-
sive residual stress appears in the YSZ layer and the maximum value is about
1666 MPa, as shown in Figure 3(b).

3. Optimizing the Fabrication Process

The influence of the various external pressures on the deformation and the
maximum residual stress in the SOFC cell was studied. As shown in Figure 4(a),

the warping of the cell increases with the decreasing of the external pressure, and
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Figure 3. (a) Z-displacement and (b) residual stress distribution of the YSZ/NiO-YSZ double-layer SOFC
under the mechanical restriction of 0.21 MPa after cooling.
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Figure 4. (a) Z-displacement in the radical direction under different pressures and (b) the maximum residual stress for
YSZ as a function of external pressure.
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the largest z-displacement reaches about 0.45 mm with the free of mechanical
restriction. Moreover, Figure 4(b) shows that the residual stress in YSZ was
calculated with different pressures, and the residual stress increases when the
larger pressure is applied. The residual stress of YSZ is always in compressive
status and the minimum value of the compressive stress is about 800 MPa. From
these results, it is possible to obtain the small value of warpage or the small resi-
dual stresses for the SOFC cell by controlling the mechanical restriction during
the cooling down process.

Secondly, two FE simulations were conducted for the flat YSZ/NiO-YSZ
double-layer structure, respectively, under heating up to 1300°C in 4 hours and
under cooling down to room temperature in about 30 hours with no mechanical
restriction. As shown in Figure 5(a) & Figure 5(b), it can be seen that the
z-displacement is in the range of —75 - 0 um and the associated radial stress is
mainly in tensile stress status within 270 MPa when the YSZ/NiO-YSZ was
heated from room temperature to 1300°C. The results indicate that the
YSZ/NiO-YSZ double layer material shows a small residual stress with the initial
flat surface. When it cools down to room temperature, as shown in Figure 5(c)
& Figure 5(d), the morphography shows a convex with the maximum
z-displacement of 0.46 mm, and the distribution of the residual stress over the
sample shows that the small tensile stress of about 100 MPa is located in the
anode while the maximum compressive residual stress, 877 MPa, almost homo-
geneously appears in the YSZ plane. Compared with the results in Figure 3(b),
the compressive stress was released by around 50% due to the warping when

there is no constraint during cooling. These residual stresses are consistent with

(© d)

Figure 5. (a) Z-displacement and (b) radial stress distribution of YSZ/NiO-YSZ under heating up to
1300°C; (c) zdisplacement and (d) residual stress distribution in YSZ/NiO-YSZ during cooling down to
room temperature. The two simulations are free of mechanical restrictions.
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the previous report [3], which presented that the residual compressive stress in
the electrolyte of the anode-support planar SOFC estimated using the X-ray dif-
fraction method was around 650 MPa.

Thirdly, according to the analysis of creep curve of metal, stress relaxation and
strain accumulation will occur with the increase of creep time under the condition
of constant stress. In this study, the creep time of YSZ/NiO-YSZ double-layer
structure without mechanical constraint was increased, that is, the cooling
process time (cooling time) was increased to reduce the residual compressive
stress of YSZ layer.

As shown in Figure 6(a), stress relaxation occurs continuously with the increase
of cooling time. The maximum residual stress of YSZ layer decreases from —884.14
MPa to —306.84 MPa, but the decreasing rate of residual stress gradually slows
down. Meanwhile, as shown in Figure 6(b), the deformation in the overall thick-
ness direction of the sample gradually accumulates. As the distance between the
deformation curves gradually decreases, it can be seen that the rate of deformation
increase also gradually decreases. When the cooling time approaches 7 days, the
overall residual stress and thickness direction change tend to be stable.

The creep strain during the cooling stage was recorded with the cooling time,
as shown in Figure 7(a). It shows that the creep strain increases nonlinearly
with the cooling time. In addition, the creep strain rate was calculated, as shown
in Figure 7(b). The strain rate builds up to the maximum value in around 25
hours and then goes down quickly. It indicates that the materials creep fast and
the associated residual stress in the materials also relaxes very quickly in the be-
ginning 30 hours. Therefore, it is low efficient to relax the residual stresses if
prolonging the cooling stage more than 30 hours for the present experimental
conditions. The calculation results have been proven by the H,-bank Co., Ltd. in

China, who chose the cooling time of 30 hours so that the fabrication of SOFCs

is of high efficiency.
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Figure 6. (a) The maximum residual stress, the maximum deformation in the thickness direction and (b) the deformation trend in

the thickness direction change with the increase of cooling time.
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Figure 7. Relationship curves of (a) creep strain and (b) creep strain rate as a function of cooling time.
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Figure 8. Effect of increasing cooling time on residual stress and thickness direction de-
formation of YSZ layer.

Therefore, the cooling time of the preparation process should be appropriately
increased while the SOFC sample is pressurized. As shown in Figure 8, when the
pressure was 0.13 MPa and the cooling time increased to 6 x 10° s (7 days), the
overall stress-strain change of the sample tended to be stable, and the deforma-
tion remained stable at about 0.27 mm. The warping deformation is increased by
0.07 mm relative to the original sintering time, and the stress relaxation effect of
residual stress due to creep decreases from —1379 MPa to —1000 MPa.

4. Discussion

Generally, the anode-supported cell was mechanical pressed by heavy ceramic
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plates to avoid deformation during the co-firing at high temperatures. Otherwise,
the warping in the SOFC cell will cause problems in the following screen-printing
processing. In addition, the anode-supported cell with screen-printing function-
al layers was mechanically restricted, so that each single fabricated planar SOFC
will be easily used for the fixation of the cells in the SOFC stack. However, that
could induce large residual stresses in the thin functional layers. Generally,
compressive stress is usually considered to be desirable because it is able to close
the surface cracks improving the anti-fatigue properties. However, higher com-
pressive stress can cause interfacial cracks or even cohesive failure (spallation).
As the simulation results demonstrated, Moreover, compressive residual stress
in the YSZ layer can be reduced at the sacrifice of increasing warping deforma-
tion. It is noted that both the warping morphography and residual stress in the
functional layer at room temperature can be further reduced by optimizing the
fabrication process. For example, the residual compressive stresses in the YSZ
layer can be reduced by increasing the annealing time and adjusting the cooling
time. Therefore, in order to make the SOFCs flat and have less residual stress,
the cooling time of the preparation process should be appropriately increased
while the SOFC sample is pressurized.

5. Conclusions

This study focused on the numerical investigation of residual stresses and warp-
ing in the planar SOFC. A 3D finite element model with the viscoelastic consti-
tutive equations was established for calculating the residual stresses and warping
of the cell. The main conclusions are summarized as follows.

1) A 3D finite element model using viscoelastic constitutive modeling was es-
tablished for the simulation of cell fabrication at high temperatures.

2) Although the flat SOFC cells can be obtained by mechanical restriction
during the high-temperature treatment, the concentration of compressive stress
appears in the YSZ layer and may cause interfacial micro-cracks or even cohe-
sive failure (spallation).

3) The residual stress of the YSZ layer in SOFC and the warpage deformation
of the battery can be reduced by reducing mechanical constraint pressure and
increasing creep time, and this cooling time history can be adjusted to improve
the efficiency of the fabrication of SOFCs.
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