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a b s t r a c t

The influence of chemically induced expansion on the fracture damage of a nonstoichiometric oxide
(ceria) based solid oxide fuel cell (SOFC) single cell laminate was investigated by using numerical
stress analyses under oxidizing/reducing gradient condition. The single cell examined in this study
was composed of electrolyte (Ce0.8Sm0.2O2−ı), anode (Cermets of Ni–Ce0.8Sm0.2O2−ı), and cathode
(La0.6Sr0.4Co0.2Fe0.8O3−ı), respectively. The finite element method (FEM) was employed to calculate the
eywords:
olid oxide fuel cell (SOFC) laminate
onstoichiometry
racture process
hemically induced stress
inite element method (FEM)
coustic emission (AE) method

residual stress, thermal stresses, and chemically induced expansion stresses for the single cell. The resid-
ual and thermal stresses were calculated much smaller than the fracture strength of the individual
components of the single cell. On the other hand, the chemically induced expansion stresses were shown
to remarkably increase for the temperature range greater than 973 K and accounted their magnitude for
primary part of the induced stress. It was shown from the FEM that the maximum circumferential stress
induced in the single cell exceeded the fracture strength of the individual components at the onset of the
fracture damage detect by acoustic emission (AE) method.
. Introduction

Solid oxide fuel cells (SOFC) can achieve an extremely high
ower generation efficiency, and thus are attracting attention as
next-generation fuel cell system [1]. High-performance SOFCs

re currently being developed for practical use in various countries
hroughout the world [2,3].

Achieving practical SOFCs will require more than just improve-
ent in power generation performance; ensuring reliability and

urability will also be crucial. On the other hand, their main com-
onent material is mechanically brittle ceramic with low fracture

oughness, and they may also contain materials which have the
roperty of expanding or contracting in oxidizing/reducing condi-
ions. Therefore, in the operating condition, there is a possibility
f fracture due not only to thermal stress but also to chemically
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induced expansion or contraction [4–6,10]. For this reason, the
mechanical and chemical properties of the component materials,
and evaluation of the reliability of the SOFC in the operating condi-
tion are extremely important. In order to address the above issues,
we have developed methods to enable comprehensive evaluation
of interactions between mechanical and electrochemical factors,
for characterization of component element materials and cell
evaluation [7–9]. In particular, it is essential to develop and estab-
lish stress analysis and other SOFC design/evaluation techniques
coupled with numerical analysis, to prevent a decline in SOFC per-
formance due to problems such as mechanical damage. In this
paper, the authors evaluated mechanical/chemical properties of
the components for SOFC comprised of ceria based electrolyte, and
conducted experiments and numerical calculations to evaluate the
mechanical properties of the single cell under oxidizing/reducing
gradient conditions. A stress analysis method taking chemically

induced expansion into account was developed for single cell eval-
uation, and studies were conducted using this method to identify
fracture conditions. The aim is to develop a foundation of SOFC
design/evaluation methods which take into account mechanical
and electrochemical factors.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:kazuhisa@tagen.tohoku.ac.jp
dx.doi.org/10.1016/j.jpowsour.2010.03.077
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values for Ce0.8Sm0.2O2−ı and Ni. Strain of the anode material due
to chemically induced expansion was also estimated based on the
rule of mixtures. However, there is assumed to be no chemically
induced expansion of Ni. It is known from the results of numerical

Table 1
Thermal expansion of the single cell components used.
482 K. Sato et al. / Journal of Pow

. Experimental and calculation

.1. Evaluation of mechanical/chemical properties of component
aterials

The single cell examined in this study was composed
f (Ce0.8Sm0.2O2−ı) electrolyte material, Ni–Ce0.8Sm0.2O2−ı

60:40 wt%) anode material, and La0.6Sr0.4Co0.2Fe0.8O3−ı cathode
aterial. The small punch (SP) test method was used to evaluate

he mechanical properties of each component material [7]. The
lastic modulus at 873 K under an inert gas (argon) condition was
etermined by small punch (SP) testing method using miniatur-

zed disk specimens. The load application was performed using a
uncher, at a crosshead speed of 0.1 mm min−1 until final failure
ccurred. The deflections of the specimens were measured by
onitoring the movement of an Al2O3 rod using a linear variable

ifferential transducer (LVDT) attached to the testing apparatus.
he load application was conducted using a screwdriver type
esting apparatus. A molybdenum heating element was used to
onduct the high-temperature SP tests. Prior to the SP tests, the
hamber was evacuated up to 10−1 Pa, and then argon gas was
ntroduced into it. The test temperature was 873 K. The specimens

ere heated to the test temperature at a rate of 100 K h−1 and
llowed to stand for a minimum of 2 h before proceeding with the
easurement. The deformation and stress analyses for the SP tests
ere performed using a finite element method (FEM) assuming
linear elastic response. In this study, numerical data were used

o compute the elastic modulus. The elastic modulus of the SP
pecimens can be expressed by the following equation [7]:

SP = f (t/a)
3a2P(1 − �)(3 + �)

4ı�t3

here P denotes the load; ı, the deflection at the specimen cen-
er; �, Poisson’s ratio; t, the specimen thickness (=0.7 mm); a, the
ore diameter of the lower die (=2.38 mm); and f(t/a), the correc-
ion factor for the specimen thickness (=1.13). The value of � was
ssumed to be 0.33 in accordance with the reported data for doped
eria ceramics [11].

A differential dilatometer modified to enable control of the oxy-
en partial pressure condition was used to measure the amount
f chemically induced expansion of the Ce0.8Sm0.2O2−ı used in
he electrolyte and anode materials. The amount of contrac-
ion was measured by varying the oxygen partial pressure while

aintaining a fixed testing temperature. The amount of chemi-
ally induced expansion was determined by using Al2O3, which
oes not experience chemically induced expansion, as a ref-
rence specimen, and detecting the difference in the amount
f expansion with Ce0.8Sm0.2O2−ı while varying the measure-
ent atmosphere. The test specimen was shaped as a flat plate

dimensions: 2.3 mm × 0.5 mm × 15 mm). Testing temperatures
ere 873 K, 973 K and 1073 K. A blended gas of H2/Ar/H2O was
sed as the atmospheric gas, and the atmosphere was varied

n steps from an oxidizing condition to a reducing condition
approximately 10−18 atm). Oxygen partial pressure in the spec-
men chamber was measured using a zirconia oxygen sensor.
mmediately after varying the oxygen partial pressure, a transi-
ional phenomenon was seen in the chemically induced expansion
ehavior of Ce0.8Sm0.2O2−ı. It was observed that, as the oxygen
artial pressure increases or decreases, the length increases or
ecreases over time, but over a period of a few minutes, it reaches

fixed amount of expansion or contraction. Under all conditions,

onditions were maintained until the amount of expansion or con-
raction levelled off, and the relationship between the amount of
hemically induced expansion and the oxygen partial pressure was
etermined based on the values measured in the steady state.
Fig. 1. FEM model of the single cell used. A: cathode, B: electrolyte, and C: anode.

2.2. Calculation

This section describes the finite element method (FEM) con-
ducted for the fracture experiment on a single cell. Fracture
conditions were examined by using the results of evaluating
mechanical/chemical properties described above, and conduct-
ing stress analysis of a fracture experiment [7] conducted by the
authors using a flat disc single cell. ABAQUS was used as the analy-
sis code. Fig. 1 shows the element breakdown of the analyzed single
cell with flat disc shape. It is a laminated disc formed from three
layers—an anode, electrolyte and cathode—and the dimensions of
each are the same as in experiment [7]. The axial symmetric model
shown in Fig. 1 was used to take into account symmetry about the
central axis of the single cell. This calculation takes into account
residual stress produced at the time of single cell fabrication, ther-
mal stress, and stress due to chemically induced expansion of
Ce0.8Sm0.2O2−ı. Residual stress is the stress produced when the
temperature drops from the 1300 K sintering temperature of the
single cell to 298 K. Thermal stress is the stress which occurs when
the temperature rises from 298 K to the specified temperature
(873 K, 973 K, 1073 K). Only steady state analysis was conducted
due to the fact that the heating speed used in the experiment was
sufficiently slow, and thickness of the test specimen single cell was
small. That is, thermal stress analysis was conducted assuming that
temperature inside the single cell is fixed. Stress also arises due
to chemically induced expansion of the electrolyte material and
anode material used in this research. Stress arising due to chem-
ically induced expansion can be analyzed using the same method
as for thermal stress analysis. That is, the method evaluates strain
due to chemically induced expansion corresponding to the oxygen
partial pressure (oxygen potential) of each position at the specified
temperature, and the stress is estimated by calculating the inter-
nal strain. In the single cell fracture experiment described above,
the oxygen partial pressure distribution occurring inside the cell
was found analytically using the method indicated in Appendix A.
Table 1 gives the thermal expansion coefficients for the compo-
nent materials used in the calculation. However, no value is given
in the literature for the anode material in this research, and thus
it was estimated using the rule of mixtures based on the literature
Component Thermal expansion (×10−6 K−1)

Electrolyte 11.2
Anode 12.0
Cathode 12.5 [10]
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[12]. As shown in Fig. 4, there is an almost linear relationship
between the amount of oxygen nonstoichiometry and the amount
of chemically induced expansion for Ce0.8Sm0.2O2−ı. Therefore, if
the least-squares method is applied to the results in Fig. 4 for
ig. 2. Mechanical properties of anode (Cermets of Ni-20SDC), electrolyte
Ce0.8Sm0.2O2−ı), and cathode (La0.6Sr0.4Co0.2Fe0.8O3−ı) as a function of testing tem-
erature determined by SP method. (a) Elastic modulus (ESP) and (b) fracture stress
�fSP).

alculation that the effects of chemically induced expansion of the
node can be ignored.

. Results and discussion

.1. Mechanical and chemical properties of component materials

Mechanical properties of the component materials were eval-
ated using the SP testing method, in order to examine fracture
onditions based on stress analysis of the single cell. Fig. 2 shows
emperature dependence of the elastic modulus and fracture
trength of the anode, electrolyte and cathode materials, obtained
hrough SP testing. This experiment showed that all component

aterials exhibit brittle fractures.
For the electrolyte material, the elastic modulus and fracture

trength decrease as temperature rises from room temperature to
00 K, and both show a tendency to increase in response to further
emperature rises. On the other hand, the elastic modulus of the
athode material and anode material tends to drop somewhat as
he temperature increases. Fracture strength, in contrast, tends to
ncrease monotonically with temperature. The mechanisms under-

ying the temperature dependence of mechanical properties are
nknown at the present stage. However, for the electrolyte mate-
ial, unusual variation behavior is exhibited near 500 K, where the
xygen nonstoichiometry of the material begins to appear, and thus
t is conjectured that the mechanical properties of the electrolyte
Fig. 3. Chemically induced expansion of Ce0.8Sm0.2O2−ı as a function of oxygen
partial pressure.

material may vary due to changes in oxygen partial pressure. In the
future, it will be necessary to examine the effects of factors such as
oxygen partial pressure on mechanical properties.

Next, Fig. 3 shows the relationship between the amount of
chemically induced expansion and oxygen partial pressure for
Ce0.8Sm0.2O2−ı. The length variations were thus measure range of
873–1073 K. In this figure, the specimen length in the stoichio-
metric state (ı = 0) at each temperature chosen as a reference,
and the deviations from the reference (�L) are normalized to
the full length at room temperature (L0) to be plotted against
log(PO2 /atm). The most of the measured length variations were
in good reversibility. It was found that chemically induced expan-
sion occurs under an oxygen partial pressure environment of
about 10−18 atm at 873 K, about 10−15 atm at 973 K and about
10−12 atm at 1073 K. Atkinson [4,11] reports this phenomenon in
connection with the oxygen nonstoichiometry of Ce0.8Gd0.2O2−ı.
In this research too, let us examine the relationship with chemi-
cally induced expansion, based on data on the amount of oxygen
nonstoichiometry of Ce0.8Sm0.2O2−ı reported by Kobayashi et al.
Fig. 4. Relationship between the nonstoichiometry [12] and chemically induced
expansion for Ce0.8Sm0.2O2−ı .
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873 K, it is evident that the stress occurring at 973 K exceeds the SP
strength. At 1073 K, there has only been a description of part of the
stress inside the electrolyte, but this is because the stress occur-
ring there exceeds the upper limit of the scale. It was found that
ig. 5. Schematic of fracture pattern of Ce0.8Sm0.2O2−ı based SOFC single cell.

mO1.5, just like GdO1.5, then the relationship ı = 0.098ε is obtained
or 973 K, and the relationship ı = 0.28ε is obtained for 1073 K. How-
ver, since there are no values in the literature for the amount of
xygen nonstoichiometry at 873 K, it was not possible to obtain a
elationship between the amount of oxygen nonstoichiometry and
he amount of chemically induced expansion. Due to the above, it
s clear that oxygen nonstoichiometry is the cause of chemically
nduced expansion of Ce0.8Sm0.2O2−ı electrolyte.

.2. Stress analysis of the single cell taking into account
hemically induced expansion

The authors conducted fracture evaluation testing of the single
ell under a simulated operating condition [9], and observed the
ingle cell in detail after testing. As a result, fracture patterns were
lassified into three types, as shown in Fig. 5: vertical cracking in
he cathode, vertical cracking in the electrolyte, and delamination
ear the cathode/electrolyte boundary. From waveform analysis
nd frequency analysis obtained using the acoustic emission (AE)
ethod, the authors successfully traced the fracture process of the

ingle cell. As noted in Fig. 5, damage occurs from the surface of the
athode and near the boundary of the cathode/electrolyte around
40 K, and vertical cracking occurs in the electrolyte near 660 K.
n the other hand, no damage at all was evident on the anode

ide. This may be because there is tensile stress on the cathode
ide, and compressive stress on the anode side. The likely cause of
his stress is chemically induced expansion in the reducing envi-
onment of Ce0.8Sm0.2O2−ı contained in the electrolyte and anode.
irst, let us discuss the fracture process described above based on
he results of stress analysis. Fig. 6 shows calculation results for
ircumferential stress ���, relating only to residual stress and ther-
al stress, without taking into account the effects of chemically

nduced expansion. Note that stress in the thickness direction and
hear stress exhibited extremely small values compared to circum-
erential stress. Since stress was almost constant in all regions in
he radial direction, only stress at the center part is shown. For the
ingle cell used in this research, it is evident that there is almost
o residual stress inside the electrolyte. Stress occurring inside the
athode and anode was a maximum of about 3 MPa, and this is in
he range of about 3% or less of the fracture stress of the electrode
aterial determined through SP testing. In terms of thermal stress,
here was tensile stress of about 1 MPa on the electrolyte, and thus
racturing of the single cell is unlikely to occur due only to residual
tress and thermal stress. In fact, no damage occurred in uniform
eating experiments on the single cell using an atmospheric fur-
Fig. 6. Residual stress and thermal stress of Ce0.8Sm0.2O2−ı based SOFC single cell.

nace, and this supports the above calculation results. Next, let us
describe the results of stress analysis of the single cell under a sim-
ulated working environment, while taking into account chemically
induced expansion. Fig. 7 shows the results of stress analysis of the
center part of the single cell. Based on the data in Fig. 2, it shows the
fracture strength of the electrolyte material and cathode material
measured at 973 K. Since there are no 973 K results for the elec-
trolyte material, values were obtained by interpolating the data.
The respective fracture strengths of the electrolyte material and
cathode material were approximately 160 MPa and 140 MPa. In this
calculation, which took into account the chemically induced expan-
sion of Ce0.8Sm0.2O2−ı, it is evident that compressive stress occurs
on the anode side and tensile stress occurs on the cathode side.
If the results in Fig. 6, which do not take into account chemically
induced expansion, are compared with the results in Fig. 7, which
do take into account chemically induced expansion, it is evident
that the primary factor underlying cracking on the cathode side
and cracking of the electrolyte is chemically induced expansion of
the anode and the anode side of the electrolyte. Although tensile
stress in the cathode and electrolyte is smaller than SP strength at
Fig. 7. Internal stress of Ce0.8Sm0.2O2−ı based SOFC single cell under simulated
operating conditions.
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Table 2
Oxygen ion, electron and hall conductivities of Ce0.8Sm0.2O2−ı .

Temperature a0 (S cm−1)[14] �o
n (S cm−1)[15] ao

p (S cm−1) [15]

873 K 0.0165 2.69 × 10−8 3.12 × 10−5

973 K 0.0347 4.37 × 10−7 1.18 × 10−4
ig. 8. Prediction of damage using FEM and observation of damage using AE method.

he SOFC single cell used in this research fractured primarily due
o chemically induced expansion. In order to examine in detail the
racture conditions of the single cell’s component materials, Fig. 8
hows the maximum circumferential stress which occurs inside the
lectrolyte and cathode in the temperature range of 873–973 K. In
he diagram, arrows are used to indicate the temperature condi-
ions at the time of vertical cracking of the cathode and electrolyte,
stimated based on AE data. For the cathode, temperature is 640 K,
nd for the electrolyte it is 660 K. The fracture onset temperature,
stimated based on stress analysis, is shown simultaneously for the
athode and electrolyte. The temperature at the time the maximum
ircumferential stress calculated using the finite element method
xceeds the SP strength of the component material is taken to be the
ondition where fracture occurs. For the cathode this is 655 K, and
or the electrolyte it is 680 K. The estimation results based on these
tress analyses are comparatively close to the evaluation results
ased on AE data, and the difference is 5% for the cathode and 3% for
he electrolyte. The SP strength used to estimate the fracture con-
ition described above is the fracture strength under biaxial stress
ension conditions. On the other hand, even in the stress state in
he simulated working environment, the region at the center of the
ell is almost in a biaxial tensile stress state, and it is likely to be
lose to the stress state in the SP test method. This supports the
alidity of using SP strength to estimate the fracture condition of
he single cell in this research. Thus it has been shown to be possi-
le to quantitatively estimate the condition where fracture occurs

n the SOFC cell by using the strength of materials technique based
n fracture strength described in this paper.

In the temperature range of chemically induced expansion illus-
rated in Fig. 3, it was found that chemically induced expansion
annot be ignored, and is clearly the primary cause of the induced
tress. Under temperature conditions of 873 K or less, the amount
f chemically induced expansion is expected to be extremely small,
nd in the temperature range over 873 K, designs will have to
arefully take into consideration the factor of chemically induced
xpansion. In experiments on the single cell analyzed here, tem-
erature conditions and environmental conditions of the anode
nd cathode were simulated, but the experiments were done in the
pen-circuit state with no flow of current. According to the results
f recent preliminary stress analysis by the authors, the induced

tress corresponding to the oxygen potential distribution during
ower generation is expected to be smaller than that in the open-
ircuit state described in this research. Consequently, it is likely that
he stress analysis of the open-circuit state in this research can pro-
ide safety-related evaluation results for evaluating cell reliability.
1073 K 0.072 5.87 × 10−6 4.22 × 10−4

1173 K 0.129 4.98 × 10−5 1.15 × 10−3

1273 K 0.222 3.02 × 10−4 2.81 × 10−3

4. Conclusion

In this research, the component materials of a nonstoichiomet-
ric oxide based electrolytic SOFC were evaluated to determine their
mechanical and chemical properties, and stress analysis was con-
ducted on a single cell taking into account chemically induced
expansion. This was done with the aim of establishing methods
of SOFC evaluation and design. The cell used (Ce0.8Sm0.2O2−ı) as
the electrolyte material, Ni–Ce0.8Sm0.2O2−ı as the anode material,
and La0.6Sr0.4Co0.2Fe0.8O3−ı as the cathode material. The following
summarizes the main conclusions of this research.

1. The high-temperature mechanical properties of the electrolyte,
cathode and anode materials were evaluated using the SP test-
ing method. For the cathode and anode materials, the elastic
modulus decreased somewhat with rising temperature, but frac-
ture strength tended to increase. For the electrolyte material, on
the other hand, it was found that both the elastic modulus and
fracture strength showed varying behavior which exhibited a
minimum value. The mechanism underlying this is unknown,
but the possibility that structural phase transition has an effect
has been suggested, and in the future it will be necessary to
examine not only temperature, but also the effects of factors such
as oxygen partial pressure.

2. It was found that the amount of chemically induced expansion
measured for Ce0.8Sm0.2O2−ı exhibits a good linear relation-
ship with the amount of oxygen nonstoichiometry, and that the
chemically induced expansion of the material was induced by
oxygen vacancy and change valence.

3. Fracture conditions were examined by stress analysis, using the
finite element method and taking into account the chemically
induced expansion of Ce0.8Sm0.2O2−ı. Based on this stress anal-
ysis, it was found that residual stress at fabrication of the single
cell and thermal stress under high-temperature working condi-
tions were small, but stress due to chemically induced expansion
of Ce0.8Sm0.2O2−ı exceeded the fracture stress of the component
materials. This showed that stress due to chemically induced
expansion was the main cause of the fracturing observed in this
research, and that estimation of fracture conditions based on SP
strength is an effective approach.
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Appendix A.
The anode and the cathode are partly short-circuited by the
electron flux through the electrolyte itself. In the open-circuit con-
dition, the oxide ion flux (JO2− ) and the electron flux (Je) are balanced
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ig. 9. Distribution of oxygen potential and lattice expansion induced in a plate of
e0.8Sm0.2O2−ı .

very where inside the oxide [13]

O2− + Je = �O2−

2F

d�O2−

dx
+ �e

F

d�e

dx
= 0 (1)

Thus, the ratio of the electrochemical potential gradients of the
xide ion and the electron are determined by the ratio of the con-
uctivities

O2− x = RT

4F

∫ PO2
(x)

PO2
(0)

�O2− �e

�O2− + �e
d ln pO2 (2)

here R is the gas constant, T the temperature, F is the Faraday con-

tant. The electronic current is carried by hole (p-type conduction)
n the oxidizing atmosphere, and by electron (n-type conduction)
n the reducing atmosphere,

e = �0
n PO2

−1/4 + �0
p PO2

1/4 (3)

[

rces 195 (2010) 5481–5486

Using Eq. (3),

JO2− x = RT

4F

∫ PO2
(x)

PO2
(0)

(
�O2− (�0

n PO2
−1/4 + �0

p PO2
1/4)

�O2− + �0
n PO2

−1/4 + �0
p PO2

1/4

)
d ln pO2 (4)

Oxygen potential in the electrolyte PO2 (x) is defined as

x

L
=

∫ PO2
(x)

PO2
(0)

(
�

O2− (�0
n PO2

−1/4+�0
p PO2

1/4)

�
O2− +�0

n PO2
−1/4+�0

p PO2
1/4

)
d ln pO2

∫ PO2
(L)

PO2
(0)

(
�

O2− (�0
n PO2

−1/4+�0
p PO2

1/4)

�
O2− +�0

n PO2
−1/4+�0

p PO2
1/4

)
d ln pO2

(5)

The oxygen partial pressures and chemically induced expan-
sions in the electrolyte were thus measure range of 873–1073 K. The
calculated chemically induced expansion is summarized in Fig. 9
(Table 2).
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