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ABSTRACT

One of the most common problems in solid oxide fuel cells (SOFCs) is the delamination and
thus the degradation of electrode/electrolyte interface which occurs in the consequences
of the stresses generated within the different layers of the cell. Nowadays, the modeling of
this problem under certain conditions is one of the main issues for the researchers. The
structural and thermo-physical properties of the cell materials (i.e. porosity, density,
Young's modulus etc.) are usually assumed to be homogenous in the mathematical
modeling of solid oxide fuel cells at macro-scale. However, during the real operation, the
stresses created in the multiphase porous layers might be very different than those at
macro-scale. Therefore, micro-level modeling is required for an accurate estimation of the
real stresses and the performance of SOFCs. This study presents a microstructural char-
acterization and a finite element analysis of the delamination and the degradation of
porous solid oxide fuel cell anode and electrode/electrolyte interface under various oper-
ating temperatures, compressing forces and material compositions by using the synthet-
ically generated microstructures. A multi physics computational package (COMSOL) is
employed to calculate the Von Misses stresses in the anode microstructures. The
maximum thermal stress in the electrode/electrolyte interface and three phase boundaries
is found to exceed the yield strength at 900 °C while 800 °C is estimated as a critical
temperature for the delamination and micro cracks due to thermal stress generated. The
thermal stress decreases in the grain boundaries with increasing content of one of the
phases (either Ni or YSZ) and the porosity of the electrode. A clamping load higher than
5 kg cm 2 is also found to exceed the shear stress limit.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

Solid oxide fuel cells (SOFCs) are considered as a promising

of the fuel flexibility, high conversion efficiency, low emission
and cheap raw materials [1]. Many researches have focused to
enhance the service life of SOFCs and to reduce the fabrication
costs. One of the most essential weaknesses that needs to be
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improved is the high operating temperature which leads to
the delamination of the cell component and the degradation
of the cell performance due to material issues. A typical SOFC
comprises anode electrode, electrolyte and cathode electrode
layers. Each of these layers consists of different materials. In
addition to main functioning materials, a certain amount of
electrolyte material is generally added to both electrodes in
order to improve the cell performance by increasing the
electrochemical reaction zones known as triple phase
boundaries. All layers of a cell exhibit different elasticity
modulus, Poison's ratio and the coefficient of thermal ex-
pansions (CTE). High temperature gradients created during
the cell operation may result in micro/macro cracks in the
cells because of mechanical property differences [2]. Specif-
ically, the differences in CTE cause an additional stress in the
electrode/electrolyte interfaces and the grains in the electrode
structure. Mechanical constraints as a result of stack assem-
bly and temperature gradient generated due to the continuous
electrochemical reactions during the stack operation further
complicate the stress distribution and the defect initiation.
Some authors have reported on the residual stress at room
temperature after redox [3]. However, detailed experimental
measurements and analysis of the mechanical behavior
under SOFC operation conditions have not yet been reported
[4].

With the advent of 2D and 3D visualization techniques,
there have been increasing number of studies on the investi-
gation of the defect mechanisms in SOFCs at micro-scale.
Although 2D microstructures are relatively easy to obtain
using conventional techniques, 3D studies are exciting due to
representing more realistic microstructures and providing
deeper understanding of the defect mechanisms. Therefore,
there is a remarkable increase in the number of the studies
employing improved 3D imaging and the finite element ana-
lyses on 3D microstructures. Advanced focused ion beam
(FIB)-scanning electron microscopy (SEM) [5—13] and X-ray
computed tomography (XCT) [14,15] devices are generally
utilized in order to obtain the representative volume element
(RVE) used in the finite element simulations. 3D visualization
techniques have been employed for both the anode and the
cathode microstructures [10,11]. Clague et al. [16] investigated
the microstructure of the anode electrode with FIB-SEM mi-
croscope in order to obtain the representative volume element
for the numerical analysis of the stresses at Ni and YSZ in-
terfaces. Gunda et al. [17] used 3D microstructural visualiza-
tion technique for the LSM cathode again employing FIB-SEM
and a digital filtering algorithm for better presentation of the
microstructure. A CFD analysis was then performed for 3D
microstructure. Similarly, Carraro et al. [18] used 3D cathode
microstructure in the advanced CFD analysis. The distribution
of the oxygen concentration in the cathode was analyzed. The
study showed that the 3D microstructural representation
provide a better analysis of degradation mechanism during
the SOFC operation.

Although 3D or 2D microstructural images obtained by
using advanced visualization devices are essential for a real-
istic analysis, synthetically generated microstructures also
help the investigation of the complex multi physics involved
in SOFC electrodes. Synthetic microstructures are relatively
easy to generate and eliminate the expensive equipment for

visualization of real 3D microstructures. Synthetic micro-
structures are also useful for analyzing the effects of the
production and/or the operation parameters on the macro-
scopic mechanical or physical properties of SOFC electrodes. It
is also possible to optimize desired mechanical and/or phys-
ical properties. Currently, new electrode structure develop-
ment is based on the trial and error approach which is costly
ineffective and time consuming. Thanks to advanced software
which make possible to generate any kind of microstructure
and analyze their effect on both performance and mechani-
cal/physical properties. The microstructure generation soft-
ware allows the investigation of the influences of the
microstructure parameters like the particle size, the quantity
and the morphology of the grains. Otherwise it is almost
impossible to separate them experimentally [19].

In the present study, the synthetic microstructures are
generated for the electrolyte supported Ni-YSZ cells by
“Dream 3D” (Digital Representation Environment for
Analyzing Microstructure in 3D) which is based on the sta-
tistical approach. In the software, it is possible to create va-
riety of microstructures by adjusting percentage of
constituting materials such as Ni, YSZ and porosity, as well as
particle sizes. The generated microstructures are used for the
determination of the interactions between Ni and YSZ phases,
and the stress distributions and the delamination of the
electrode/electrolyte interfaces at various operating temper-
atures. The effects of contact pressure on the delamination
are also numerically investigated.

Microstructure generation in Dream 3D

Using the synthetically generated microstructures in the finite
element software enables us to investigate the effects of the
manufacturing and/or process parameters on the stress gen-
eration at the electrode/electrolyte interface leading to the
delamination and the performance loss in SOFC. In this study,
the effects of different amounts of Ni, YSZ and porosity in the
anode structure are investigated. The effects of the operating
temperature on the delamination are also studied. The pack-
age DREAM 3D (Digital Representation Environment for
Analyzing Microstructure in 3D) [19—-21] is used to generate
synthetic microstructures of Ni-YSZ from the statistics gath-
ered in the characterization phase. In the microstructure
generation process, the grains were selected as the ellipsoid
form and their sizes were determined by using the SEM
analysis. The grain sizes of the phases were varied as between
0.5—2 um and 1-3 pm for Ni and YSZ, respectively. The three-
dimensional grain size distribution was estimated from these
measurements and the distributions of grains were obtained
by calibrating the parameters x and ¢ values i.e. the average
value and the standard deviation of the lognormal grain size
distribution, respectively. For the YSZ phase, x and ¢ values
were selected as 0.8 and 0.1, respectively while those for Ni
phase are 0.4 and 0.1, respectively. For the pores, on the other
hand, these values were determined as 0.8 and 0.1, respec-
tively [22]. Similarity of the synthetically generated micro-
structures is very satisfactory in the view of grain sizes and
distributions of the phases as it can be seen in Fig. 1. The
anode microstructure is generated in 50 x 50 x 50 voxel size
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Fig. 1 — Synthetic micro structure build with Dream 3D software (Green: Nickel, Yellow: YSZ, Gray: Electrolyte). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

having 10 x 10 x 10 pm? volume. The electrolyte has A range of anode microstructures is obtained by arranging
10 x 10 x 2 um sizes and considered as fully dense. The size of the amount of Ni/YSZ phases and porosity. A reference case
computational domain is chosen based on FIB tomography with 35% Ni/30% YSZ/35% pore composition was chosen based
analyses of similar studies in the literature [11,16]. on our previous experimental experience which was shown to
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Fig. 2 — Different rate of species for Nickel/YSZ/Pore (blue: Nickel, gray: YSZ), (a) Standard distribution of the species (%35
Nickel, %30 YSZ and %35 Pore), (b) Increased rate of YSZ (%20 Nickel, %50 YSZ and %30 Pore), (c) Increased rate of Nickel (%50
Nickel, %20 YSZ and %30 Pore), (d) Increased rate of pores (%25 Nickel, %25 YSZ and %50 Pore). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3 — Comparison of the elements number (a) ~13.000 elements (b) ~80.000 elements (c) ~160.000 elements and (d)

~300.000 elements.

produce the best performance. The selected scenarios for the
synthetic microstructures are given below and the generated
microstructures are depicted in Fig. 2(a—d).

a. Standard composition (35% Nickel, 30% YSZ and 35% Pore)
b. Higher YSZ (20% Nickel, 50% YSZ and 30% Pore)

c. Higher Nickel (50% Nickel, 20% YSZ and 30% Pore)

d. Higher porosity (25% Nickel, 25% YSZ and 50% Pore)

Meshing process of the microstructures

In Dream 3D package, the meshing process of the created
grains was carried out via surface meshing which is based ona
multiple-material marching cubes algorithm [23]. The meshed
grains were then saved in a binary stereo lithography (STL) file
which describes each grain's surface mesh. However, these
generated grains are not suitable for a direct analysis; there-
fore it is necessary to convert the grains in STL format to a
solid structure in order to perform the thermal expansion
analysis of cells in the Comsol software. Therefore, first, the

generated and meshed grains using “Dream 3D” were classified
phase by phase with “Paraview” software package [24] which
allows the visualization of grains in STL format. Then the
classified phase grains in the shell format were converted into
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Fig. 4 — The change of mean stress with elements number.
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Table 1 — Specifications of the elements.

Specifications Values
Tetrahedral elements 160,014
Triangular elements 53,496
Edge elements 33,923
Vertex elements 16,074
Maximum elements size 0.191 pm
Minimum elements size 3.57E-2 um
Maximum element growth rate 1.6
Curvature factor 0.7
Resolution of narrow regions 0.4

the solid grains. The converted phases were imported to
Comsol in order to mesh as solid part with the tetragonal el-
ements. The convergence of the finite element simulations is
directly related to the number of elements and their types.
Therefore the phases were meshed with different numbers of
elements and the results were compared. Because of the
complexity of the grains' surfaces, the tetragonal elements
were used for each cases. The comparison of the element
density only for the scenario “d” is given in Fig. 3. In
Fig. 3(a—d), the numbers of elements are 13,000, 80,000,
160,000 and 300,000 in an order. The result of analysis of the
element density is presented in Fig. 4 showing that the mean
stresses do not change with increasing the number of ele-
ments after 160,000. Therefore, 160,000 elements were
employed for all cases considered. The specifications of the
elements are listed in Table 1. The numerical analyses were
performed by Dell Precision™ T7500 work station which has 2
processor, 8 cores and 192 GB RAM.

Specifications of materials

Thermo-physical properties of the materials used in the an-
alyses are given in Table 2 [25-28]. E is the elastic modulus
(GPa) and « is the coefficient of thermal expansion (K '). The
properties of material used in the numerical solution such as
elasticity modulus and coefficient of thermal expansion are
defined as functions of the temperature. These properties for
Ni have already been defined in the software. For YSZ, on the
other hand, the temperature dependent forms the modulus of
elasticity and coefficient of thermal expansion of YSZ are

Table 2 — The properties of the materials used in the

model [25—28].

Material Nickel 8YSZ NiO-8YSZ Ni-8YSZ
(reduced)
Temperature (K) 1073 1073 298 298
E (Gpa) 207 157 112.3 56.8
Poisson ratio (v) 0.31 0.313 0.284 0.258
Specific heat 450 460 — —
capacity ( kg7' K™
Density (kg/m?) 8800 5200 - -
Thermal conductivity 60.7 2.1 = =
(Wm 'K
a (1.0 x 10°9) 135 105 12.5 12,5
Yield strength (MPa) 59 n/a = =
Tensile strength (MPa) 317 n/a - -

(10)
V= ntercept +
BI*XM + B2t
Equation 2+B33+B
404 + B
200 Weight No Weighting
Residual Sum | 230154E18
of Squares
—~ Adj. R-Square 0.00941
E Value Standard Error
[ Intercept 35707611 3.78431E10
o 81 16244589 3.44972€8
= 180 B2 6.68089E6 1.18531E6
= \ DRAWIE g5 -12016.57999 193193899
= B4 111243 150200
=} BS 000348 447974E-4
»m
o0 160
=]
=
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Fig. 5 — Young's Modulus of YSZ at different temperatures
and curve fitting for YSZ [29].

obtained via curve fitting of the experimental data given Fig. 5
and Fig. 6 [29,30].

Governing equations

The displacement and stress generation due to thermal
expansion mismatch are considered. Energy generation as a
result of electrochemical reaction is neglected because of very
small volume of computational domain chosen. The force
balance for the solid body element in its differential form
states:

9 (pu)
ot?

—V-o=pf (1)

where u is the displacement vector, p is the density, f is the
body force and ¢ is the stress tensor. The strain tensor ¢, is
defined in terms of u:

&= % {Vu + (VM)T} 2

Equation y=a+bx
Weight No Weighting
Residual Sum | 1.39739E-16
of Squares
Pearson's r 0.99998
Adj. R-Square 099995
Value Standard Error
Intercept 82107566 3.08607E-9
DRAWAE  Siope 1675160 4.6892E-12

=1

&

[
1

9.5E-6
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8.5E-6

—u— Experimental
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Fig. 6 — Coefficient of thermal expansion of YSZ at different
temperatures and curve fitting for YSZ [30].
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Table 3 — List of parametric studies.

Cases Parameters

Microstructure Temperature

700 °C
800 °C
900 °C
Standard composition
Higher YSZ

Higher Nickel

Higher porosity

3 kgem 2

5 kgem™
7 kgem ™
9 kgem ™
11 kgem™

Effect of temperature

Effect of anode composition

Effect of compression force
2

2
2
2

Standard composition Variable

Variable 800 °C

Higher porosity 800 °C

The Hooke's law, relating the stress and strain tensors,
closes the system of equations:

o = 2ue + Atr(e)l (3)

where tr(e) is the transpose of the strain tensor, I is the unit
tensor and p and 2 Lame's coefficients, relating to Young's
modulus of elasticity E and Poisson's ratio v as:

E
M:m (4)

and

A 220

©

v for plane stress
Arud—v P

= . ©)
V. .
Axud—2) for plane strain and 3D

There are well-known relationships between stress and
displacement, and for plane stress with possible temperature
loading these are [31]:

Jxx:ﬁ{%+u%7(l+u)alﬂ} (6)

A310

300
250
200
150
100

50

Fig. 7 — The stresses between Nickel/YSZ grains at different temperatures (Standard distribution-MPa), (a) 700 °C, (b) 800 °C

and (c) 900 °C.
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Fig. 8 — (a) The possible of delamination fields in the synthetic micro structure at 800 °C (Unit-MPa) (b) 2D stress distribution

at the electrolyte/anode interface.
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Using the above, the governing equation can be rewritten
with the displacement vector u as the primitive variable [32]:

)

®)

Oxy

3 (pu)
ot?

—v. [uw +(vw)' + Mtr(w)} = of ©)

Boundary conditions

The solution of differential equations governing the stress
distribution in the SOFC anode and electrolyte requires a

careful identification of the boundary conditions. A tempera-
ture field of 25 °C was assumed as a zero stress condition like
applied previously by Clague et al. [16], The temperature was
subsequently increased to a temperature of 700 °C, 800 °C and
900 °C. In addition, the residual stresses which are likely to
occur during the conversion of NiO to Ni are also neglected
and the model is solved under steady state conditions.

The size of the generated cell was 10 pm x 10 pm x 10 pm
and a symmetric condition was considered for the selected
planes of the RVE except the bottom and upper surfaces in
order to visualize the thermal expansions. The effects of
applied force which is required to provide a contact between
the interconnector and the cell were also studied. The contact
force was varied between 3 kg cm ™ and 11 kg cm 2 in the
numerical analyses. All considered cases are summarized in

260
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T T W -
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Fig. 9 — The stress distribution in the center of the cube along z direction at different temperatures.
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Table 3. The selected symmetry planes for RVEs are depicted
in Fig. 1. An isothermal situation was assumed in all cases
considered due to a small portion of the cells investigated in
all numerical studies. The thermal stresses occur only
because of the different thermal expansion coefficient of the
cell materials (eg. Ni, YSZ in this study).

Result and discussion

In the numerical studies, the effects of different amounts of
anode electrode materials and porosity on the thermal
stresses and the delamination features of anode electrode and
grain interfaces are investigated.

Effects of temperature

Fig. 7(a—c) shows the maximum thermal stress fields calcu-
lated by changing the temperature from 25 °C to 700 °C, 800 °C
and 900 °C. In Fig. 7(a), the maximum stress at 700 °C is about
220 MPa which is smaller than the failure strength of the
materials. Fig. 7(b) depicts the thermal stresses at 800 °C
which is the typical operating temperature of SOFCs. Ac-
cording to the simulation results, the maximum thermal

Stress tensor, xy component (MPa)

43385

50

40

50
v 3551

stresses exceed the macroscopic tensile strength of 317 MPa at
some intersections of Ni/YSZ grain boundaries. It means that
the micro cracks due to the differences in the thermal ex-
pansions of the phases may be initiated at some Ni/YSZ in-
terfaces. Fig. 7(c) shows that the maximum thermal stress
increases to 400 MPa at 900 °C and it is seen that most of the
anode is under high stresses. These results reveal that at high
temperatures although the stresses do not exceed the
maximum tensile stresses at whole anode, some Ni/YSZ in-
terfaces can be expected to failure due the exceeding the yield
stress. These findings also explain one of the reasons for the
performance drop during SOFC operation. A partial perfor-
mance loss usually observed during the SOFC operation is as
result of some partial breakup of grain boundaries which
blocks ion or electron transfer mechanism leading to the loss
of triple phase boundaries.

Another commonly observed problem in SOFCs, which
threats the integrity of the cell and causes a performance loss,
is the delamination type damage which occurs between the
interfaces of electrode and YSZ electrolyte during the opera-
tion due to the differences in the thermal expansion co-
efficients. Fig. 8 presents the stress levels calculated between
the interfaces of electrode and YSZ electrolyte at 800 °C. 2D
stress distribution at the electrolyte/anode interface is also

Stress tensor, xy component (MPa)

Stress tensor, xy component (MPa)

A 66.73

50

30

20

Fig. 10 — The shear stress at anode/electrolyte interface at different temperature in xy plane (a) 700 °C, (b) 800 °C and (c)

900 °C.
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Fig. 12 — Total displacement of microstructure at 800 °C
(mm).

included in the figure. The high stress areas can be evaluated
as a potential region where the delamination can possibly
occur. The stress concentration between the electrolyte and
Ni interfaces is higher than those between the electrode and
YSZ due to mainly the relatively higher thermal expansion
coefficient of Ni.
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Fig. 13 — The mean stress distribution of grains in anode/
electrolyte interface according to species distribution and
temperature.
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The stress concentrations along the z direction at the
midpoint of the electrolyte are plotted in Fig. 9. In the figure,
the blank regions correspond to the pores. It is seen that the
stress increases with increasing the temperature in the
selected direction. Zero thermal stress between 0.002 and
0.003 mm in z axis is calculated because of the available pores
at that location.

Fig. 10(a—c) shows the maximum shear stress fields at
700 °C, 800 °C and 900 °C in an order. As given in Table 1, the
shear stress should be less than 54 MPa for a safe operation.
The shear stress is found not to exceed the material limits at
700 °C. However, the maximum shear stress (54 MPa) in the
porous anode approaches the limit value when the tempera-
ture is increased to 800 °C (Fig. 10(b)) and exceeds the maximum
value at 900 °C as seen in Fig. 10(c). The computed shear stress
distribution on the xy plane of electrode/electrolyte interface is
plotted in Fig. 11. It is seen that, the shear stress level increases
with increasing the temperature in the selected direction. In

A 30251

20

=

°

(b)

A 86353

(d)

Fig. 15 — The effect of the contact pressure on the principal stress (Standard distribution, %35 Nickel, %30 YSZ and %35 Pore;
800 °C) (a) 3 kg cm™2 (b) 5 kg cm2 (c) 7 kg cm~2 (d) 11 kg cm ™2,
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addition, the shear stresses between the grains create
compressive or tensile stress in the microstructure.

Fig. 12 shows the total displacement distribution in the z
direction at 800 °C. It is seen that the upper part of the ge-
ometry having high nickel content shows a higher displace-
ment. This can be attributed to the higher CTE of nickel
compared to YSZ.

Effects of anode composition

The stress in the anode and anode/electrolyte interface is
generated mainly because of the differences in the thermal
expansion coefficients of the materials constituting the elec-
trode and the electrolyte. Thus, altering the composition of
the anode may affect the stress distribution. The effects of the
anode composition on the stress distribution are presented in
Fig. 13. It is seen that the stress increases with the tempera-
turein all cases considered. On the other hands stress is found
to decrease by increasing the YSZ or Ni content and the
porosity of the anode. However, the anode porosity is show to
be much more effective on the stress field. These results may
be attributed to the stress relaxation through the pores which
allows Ni or YSZ phase to expand without restriction releasing
the stress. However, high porosity decreases overall electrode
strength and the number of triple phase boundaries thus
negatively affects the cell performance.

It is found that increasing the nickel content in the anode
does not change the thermal stress significantly in spite of the
relatively higher CTE of nickel. This result may be attributed to
CTE mismatch which is the main stress mechanism in the
anode structure. The amount of YSZ or Ni is almost doubled in
each case considered thus CTE mismatch decreases.

Fig. 14 shows the shear stress on the xy plane of electrode/
electrolyte interface for species distribution scenarios. The

shear stress exceeds the limit only for 900 °C while it is in safe
range for other operation temperatures (700—800 °C) studied.

Effects of compression force

The SOFC cell is usually compressed between the metallic
interconnectors in the real operating conditions. The inter-
connectors provide pathways for the gas distribution and
collect the electrical current produced in the cell. Since the
anode of a cell is formed as a network of sintered grains with
some porosity, uncontrolled compression force may break
some or the entire solid network resulting in a serious per-
formance loss. The problem alleviates when the compression
force and thermally generated stress force are combined.
Therefore, a parametric study is conducted to analyze the
effect of compressive forces on the stress distribution in the
anode microstructure. A range of compression forces between
3kgcm 2 and 11 kg cm 2 is considered.

The results of the parametric study are presented in Figs.
15 and 16. The numerical results show that 5 kg cm™2 load
creates 80 MPa additional stress in the microstructure. Further
increase in the compressive load leads to stress values higher
than the material limits. It is concluded that the fractured
regions in the microstructure may increase due to the com-
bined effects of the compressive force and the thermal stress.
Therefore, the compressive force should be less than
5 kg cm 2 for a safe operation.

Conclusion

The thermo mechanical behavior of the porous anode and the
electrode/electrolyte interface are numerically investigated at
the microstructural level for various operating temperatures,
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Fig. 16 — The effect of the contact pressure on the principal stress (graphical representation).
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concentrations and compressive loads by a finite element
analysis. The analysis is performed for understanding the
deformation behavior of the anode microstructure due to the
failure of the interfaces between phases constituting the
anode microstructure under thermal stresses.

The anode microstructure composed of various Ni/YSZ and
pores and the thermal stress distributions are obtained for
various operation temperatures of 700, 800 and 900 °C. The
numerical results show that the operation temperature of
800 °C is the critical one. At all operating temperature
considered, the highest stresses are calculated at the elec-
trode/electrolyte interface and Ni/YSZ grain interfaces in the
electrode. The high stresses at these locations are considered
as the reason for the delamination and micro cracks. The
operating temperature has a significant effect on reducing the
stresses at such interfaces. 800 °C is found to be highest
allowable temperature for a safe operation of the systems
considered in this study.

The effects of anode composition on the stress distribution
as well as the porosity of the anode are also investigated.
Increasing the nickel or YSZ content within the anode struc-
ture results in a lower stress, since increasing the amount of
the same phase in the microstructure stabilizes the thermal
expansion of the entire domain. The lowest stress values, on
the other hand, are estimated at high porosities as expected.
However, the cell performance may be adversely influenced
by higher porosity because of the reduced number of elec-
trochemically active sites.

The cell or the stacks is kept under compressive load in
order to improve the current collection by improving the
contact between metallic interconnect and the cell active
area. Therefore, the magnitude of this force per unit area (cm?
is also considered in this study. According to the simulation
results, the applied load should be less than 5 kg cm ™2, in
order to keep the stress level generated the microstructure
within the material limits.

This study is for detailed understanding of the defects in
the porous electrode structure as a result of the thermal
expansion related to stresses and thus performance losses
and the degradation of a solid oxide fuel cell. More accurate
results may be obtained by considering the electrochemical
reactions, fluid flow and species distributions which will be
the subject of our ongoing study.
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