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a b s t r a c t

A typical operating temperature of a solid oxide fuel cell (SOFC) is above 600 ◦C, which leads to severe ther-
mal stresses caused by the difference in material mechanical properties during thermal cycling. Interfacial
shear stress and peeling stress are the two types of thermal stresses that can cause the mechanical fail-
ure of the SOFC. Two commonly used SOFC configurations (electrolyte-supported and anode-supported)
were considered for this study. The paper developed a mathematical model to estimate the thermal
stresses and to predict the lifetime of the cell (Ni/8YSZ–YSZ–LSM). Due to the mismatch of the material
mechanical properties of the cell layers, a crack nucleation induced by thermal stresses can be predicted
odeling
hermal cycling
hermal stress
ailure
egradation

by the crack damage growth rate and the initial damage distribution in the interfacial layer for each
thermal cycle. It was found that the interfacial shear stress and peeling stress were more concentrated
near the electrode free edge areas. The number of cycles needed for failure decreased with the increase
in the porosity of electrode. The number of cycle for failure decreased with increase in electrolyte thick-
ness for both anode- and electrolyte-supported SOFC. The model provides insight into the distribution
of interfacial shear stress and peeling stress and can also predict damage evolution in a localized damage
area in different SOFC configurations.
. Introduction

Degradation of a solid oxide fuel cell (SOFC) is often referred
o as the decrease of a cell’s electrical performance or mechanical
ailure [1–4]. The consequences of thermal stress and redox cycle
here the nickel anode is repeatedly oxidized and reduced lead

o performance degradation and shortening of the SOFC lifetime
5]. It has been reported that the decrease of the overall cell elec-
rical performance is mainly due to the degradation of the anode

icrostructure [6–9]. For the Ni anode SOFC, there are three anode
egradation mechanisms [1]: (1) material transport mechanism;
2) thermomechanical mechanism; and (3) deactivation and pas-
ivation mechanism. There have been reports and observations of
atastrophic mechanical failure of SOFCs during thermal cycling
4,10–13]. As the operating temperature of a SOFC is typically above
00 ◦C, thermomechanical mechanism is likely the cause of such

brupt failure. Severe thermal stress induced by different mate-
ial mechanical properties during the thermal cycling can make the
nterface layers to delaminate.
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The two main failure modes of a SOFC, delamination and trans-
granular fracture, have been observed by several researchers. Cai
et al. [14] investigated the constrained densification of Al2O3/ZrO2
laminates fabricated by tape casting and sintering. Several kinds of
damage or crack occurred during the process including channeling
in the tensile layer, edge effect cracks, delamination or interface
cracking, and cracks parallel to the interface in the compressive
layer. An investigation in room and high temperature failure mech-
anisms in SOFC electrolytes was carried out by Lowrie and Rawlings
[15]. They found that for 8 mol% yttria-stabilized zirconia (YSZ), the
room temperature flexure failure test was dependant on surface
flaws with fracture initiating at porous defects. At higher tem-
peratures, however, crack initiation and propagation mechanisms
changed and fracture also occurred at featureless areas. Overall,
the increase in temperature caused a 23–30% reduction in flexu-
ral strength. Experiments on ceramic layers (Ni/YSZ–YSZ–LaMnO3)
under thermal shock loading revealed that the dominant failure
modes to be transgranular fracture at locations of high thermal
gradients and inter-granular at high temperature regions. Spalling
failure of SOFC components was due to cracking normal to the

planes, but interfacial cracking was also present [16]. The frac-
ture toughness and stable crack growth behavior of the treated
YSZ was investigated and was compared with that of pure YSZ by
Kumar and Sorensen [17]. The crack mode for all the surface treated
ceramics was found to be principally transgranular. Studies on

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:gykim@iastate.edu
dx.doi.org/10.1016/j.jpowsour.2009.10.064
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Nomenclature

a material constant.
b the average spacing between microscale damage.
D the average size of microscale damage.
E1, E2 Young’s moduli for materials of bonded layers.
Ea Young’s modulus for materials of bonded layers.
E′

i
the plane strain modulus.

Ga shear modulus of interfacial layer.
h1, thickness of top layer.
h2 thickness of bottom layer.
ha thickness of interfacial layer.
K stress intensity factor.
KI opening stress intensity factor.
KII in plane shear stress intensity factor.
l1, l2 half length of top and bottom layers.
n material constant.
N the number of thermal cycle.
Nnucleation the maximum number of thermal cycling the

material sustain before a macroscopic crack
appears.

p porosity of electrode.
u additional cyclic sliding.
v additional cyclic stretching.
�1, �2, Poisson’s ratio of top and bottom layer.
�a, Poisson’s ratio of interfacial layer.
˛1, ˛2 coefficient of thermal expansion for materials of

bonded layers.
ˇ material constant.
� value variation.
�KI mode I cyclic stress intensity factor at a microcrack

tip.
�KII mode II cyclic stress intensity factor at a microcrack

tip
� calculation parameter.
ıopen crack opening displacement.
ıshear crack sliding displacement.
�� amplitude of local cyclic normal stresses.
�� amplitude of local cyclic shear stresses.
� the ratio of damage cluster size to average microc-

rack spacing.
� calculation parameter.
� peeling stress.
�thermal interfacial stress at the free edge (x = l1).
�peeling interfacial peeling stress.
�interfacial interfacial shear stress.
	 calculation parameter.
ω non-dimensional damage parameter.
ωaverage the average damage level in the localized damage

region of interfacial layer.
ωmax the maximum damage level in the localized damage

p
l
c

m
w
e
a
d
f

region of interfacial layer.
“′ ′′

normalized parameter.

roduction techniques found lower strengths for electrolyte–anode
ayers when sintered at higher temperatures due to higher interfa-
ial fracture toughness deflecting cracking through the layers [18].

Cycling of SOFCs can cause thermomechanical degradation in
aterial integrity and in performance, which increases rapidly

ith redox cycles and especially with thermal cycles. Sarantaridis

t al. [12] investigated oxidation failure modes of nickel-based
node-supported SOFCs aiming at understanding how much oxi-
ation such a cell can tolerate before catastrophic mechanical
ailure happens. Faes et al. [13] carried on redox study of anode-
ces 195 (2010) 2310–2318 2311

supported SOFCs. They applied two techniques to quantify the
anode expansion after a redox cycle of nickel at different tem-
peratures. Both of Sarantaridis and Fase experiments showed the
cracking of electrolyte after the cycling of SOFCs. As to the thermal
cycling performance of SOFC, Bujalski et al. [5] studied the tran-
sient performance of three types of SOFCs under different thermal
cycling conditions in order to understand the degradation mecha-
nisms. Taniguchi et al. [19] have investigated electrolyte-supported
planar SOFC. They found the electrolyte cracked in the area con-
tacting glass sealing materials after one thermal cycle. The thermal
cycling performance can be improved by modifying sealing mate-
rials and configuration. Hart et al. [20] investigated the thermal
cycling of SOFC fabricated by screen printing. It was found that
thermal cycling performance degraded greatly during the fifth cycle
while the open circuit voltage (OCV) was not reduced significantly
during the whole 10 cycles. Tang et al. [21] have investigated the
thermal cycling performance of an anode-supported cell between
200 and 750 ◦C and reached 50 thermal cycles with average OCV
loss of 1 mV cycle−1. Schiller et al. [22] reported the results of ther-
mal cycling performance of a metal supported SOFC. The electrode
polarization resistance increased and OCV decreased, which was
cycled between 180 and 800 ◦C for 10 thermal cycles. They con-
cluded that the resistance increase indicated some minor electrode
delamination and the drop of OCV could be due to the leakage as a
result of crack formation in the electrolyte or at seals. Ivers-Tiffěe
et al. [10] found that SOFC degradation caused by thermal cycling
was mainly due to the electrode delamination. The delamination
may happen after only several thermal cycles under specific oper-
ation conditions. Since the real delamination area was difficult to
measure during thermal cycling, finite element (FE) and numerical
analysis approaches have been used to estimate the area of delam-
ination in SOFC. However, FE analysis requires a pre-existing crack
tip or initial interfacial flaw in SOFC structure [10,13,23,24] and is
usually confined to a specific configuration.

Currently, much attention has been focused on the analysis of
SOFC performance under thermal cycling conditions. Much of the
existing work, however, relied on finite element-based approach
rather than modeling from first principles of delamination in
layered structures. There have been very few thermomechani-
cal modeling techniques that can be used to assess the reliability
and durability of different configurations of SOFC. A fundamental
theory-based numerical model is better suited for incorporation
within a design and lifetime cycle prediction framework. In this
paper, a multi-scale micromechanics model [25] capable of calcu-
lating thermal stresses and predicting crack nucleation has been
developed. The model integrates thermal stress calculation into
crack nucleation model to predict the SOFC lifetime. The model
is capable of providing stress distribution and crack nucleation
under thermal cycling conditions. This thermomechanical model
is generalized and utilized for the lifetime prediction of SOFCs with
different configurations.

2. Thermomechanical modeling

A SOFC consists of an anode, electrolyte, and cathode. Amongst
SOFCs, most widely used electrolyte is the YSZ ceramic, which
exhibits high ionic conductivity, good thermal and chemical stabil-
ity, and great mechanical strength at high temperatures [26–28].
Commonly, the anode is made of nickel yttria-stabilized zirconia
composites (Ni/8YSZ) and is usually 20–40% porous, which dis-

plays excellent catalytic properties for fuel oxidation and good
current collection capability [29,30]. Because Sr-doped lanthanum
manganate (La0.75Sr0.2MnO3) has high electronic conductivity and
is also effective catalyst for the dissociation of O2, it has also
been frequently used as cathode [31,32]. This study considers two
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Fig. 1. Schematic of the c

ariations of SOFC configuration: electrolyte-supported and anode-
upported. Electrolyte-supported SOFC operates around 1000 ◦C.
he thickness of an electrode is about 50 �m and that of electrolyte
s thicker than 100 �m. In the anode-supported configuration,
he electrolyte is usually very thin (less than 20 �m), and cath-
de is thicker than the electrolyte but much thinner than the
node (50 �m). The thickness of anode varies between 0.3 and
.5 mm. Since the operating temperature is mainly determined by
he nature of the electrolyte, such as the thickness of the elec-
rolyte and its ionic conductivity [33], it can be lowered if the
lectrolyte becomes thin or has better ionic conductivity. Compared
ith electrolyte-supported SOFC with a much thicker electrolyte,

n anode-supported SOFC operates at lower operating tempera-
ures, typically 700–800 ◦C. Due to the thinner electrolyte thickness
node-supported SOFCs exhibit high electrochemical performance
ven at reduced temperatures with substantially lower ohmic resis-
ance of the electrolyte [4,34,35].

The thermomechanical model consists of two parts: thermal
tress calculation and crack nucleation, which is shown in Fig. 1.
he two thermal stresses, interfacial shear stress and peeling stress,
re calculated from the mismatch of material mechanical proper-
ies of the cell layers. By applying the thermal stresses and using the
aris law [36], the crack damage rate in a localized damaged area
n the interfacial layer can be obtained. Then, the crack nucleation
an be predicted from the crack damage rate and the initial dam-
ge distribution in the interfacial layer under the thermal cycling
ondition.

.1. Modeling of interfacial shear stress and peeling stress

Many studies [37–40] show that an interfacial zone or layer

xists between the electrolyte and electrode because of chemi-
al reactions and diffusion under thermal and redox cycling. This
nterfacial zone or layer contains the electrochemically active sites
nd is vulnerable to microstructure changes during cell operation.

ig. 2. Schematic of different SOFC configuration (a) Electrolyte-supported (b)
node-supported.
t of modeling approach.

Therefore, a hypothetical interfacial layer was assumed between
the electrodes and the electrolyte, as shown in Fig. 2, where ha � h1
and h2. The cell is subject to thermal cycling from room temper-
ature to operating temperature, �T. Thermal cycling exits in the
SOFCs operation, e.g., due to maintenance, fuel supply interruption,
or shut-down and restart of plant or device. Also, thermal cycling
has been used as a method to investigate SOFC performance degra-
dation and reliability of SOFC structure. A plane strain deformation
was assumed in the analysis. Prior research [14–18] suggested that
the delamination and transgranular fracture are the two types of
SOFC failure. Interfacial shear stress (�) causes different adjacent
layers to detach from each other in parallel direction, and peel-
ing stress leads to different adjacent layers to detach in vertical
direction (see Fig. 3). These two types of thermal stresses in a multi-
layered structure lead to such failures seen in SOFCs. Based on the
traction-free boundary condition at the free edge, the interfacial
shear stress (�) and the peeling stress (�) near a free edge can be
expressed as [25,41]:

�interface = �thermal exp (−�x) (1)

where

�thermal = Ga

ha�
[(1 + �1)˛1 − (1 + �2)˛2]�T (2)

Ga is the shear modulus of the interfacial layer, and is expressed in
the following form:

Ga = Ea

[2(1 + �a)]E
(3)

Parameter � is given by

� = 2

√
Ga

ha

(
1

E′
1h1

+ 1
E′

2h2

)
(4)

E′
i

is the plane strain modulus, given by

E′
i = Ei

1 − �2
i

, i = 1, 2 (5)

The peeling stress developed by Jiang et al. [42] is obtained as,
�peeling = ��thermal�0(x) (6)

where

�0(x) = exp(−�x) + exp(−	x)

Fig. 3. Schematic diagram of half-SOFC structure with an isothermal and porous
homogenous interfacial layer.
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×
(

�2

2	2
sin(	x) −

(
�2

2	2
+ 2	

�

)
cos(	x)

)
(7)

arameter 	 and � are given by,

=
[

3
E′

a

ha

(
1

E′
1h3

1

+ 1

E′
2h3

2

)]1/4

(8)

= 3(1/E′
1h2

1 − 1/E′
2h2

2)(ha/Ga)�

4(1 − �a)(1/E′
1h1 + 1/E′

2h2)2 + 6(1/E′
1h3

1 + 1/E′
2h3

2)(ha/Ga)
(9)

.2. Modeling of crack nucleation

When a multi-layer structure is subjected to thermal cycling,
he fracture begins with nucleation of micro-defects, which are fol-
owed by propagation of micro-cracks. Eventually, it will lead to the
racture of the multi-layer structure.

The model developed by Huang et al. [43] is generalized and
pplied to the SOFC structure shown in Fig. 3. During the cyclic
oading, a simple form of the kinetic equation can be taken from
aris’ law [36],

dD

dN
= C

(
�K

E′
a

)n

(10)

is the micro-crack size, C and n are material constants; N is the
umber of cycles. To simplify the calculation and analysis, ω is

ntroduced as a non-dimensional damage parameter:

= D

b
(11)

is the micro-crack spacing (see Fig. 3). If ω = 0, no damage is
resent. When ω = 1, the micro-crack has coalesced into a larger
raction-free crack and is considered as nucleation of a macroscopic
rack. Therefore, for each loading cycle, the stress intensity factor
hanges,

K = ��

√
2b tan

�D

2b
= ��

√
2b tan

�

2
ω (12)

�KI and �KII are the different mode stress intensity factors.
�KI means opening stress intensity factor variation (mode I) and

KII means in plane shear stress intensity factor variation (mode
I).) For the periodic thermal cycle, the cycle stress intensity factors
re given by [44].

KI = ��

√
2b tan

�

2
ω (13)

KII = ��

√
2b tan

�

2
ω (14)

� and �� are the amplitudes of local cyclic normal and shear
tresses, respectively. The fatigue growth rate described by Paris’
aw is expressed below, where ˇ and n are material constants.

dD

dN
= ˇ(

√
�K2

I + �K2
II )

n

(15)

ecause of the opening and sliding of micro-crack shown in Fig. 3,
here will be additional stretch v and additional sliding u across the
ocalized damage band, which can be obtained by averaging the
rack opening and crack sliding displacements in damaged layer,

1
∫ D/2
=
b −D/2

ıopendx (16)

= 1
b

∫ D/2

−D/2

ısheardx (17)
ces 195 (2010) 2310–2318 2313

The crack opening and crack sliding displacement can be analyzed
by using a configuration of periodical cracks described by Tada et
al. [44]

ıopen = 4�b

�E′ cosh−1 cos(�x/b)
cos(�x/2b)

for |x| ≤ D

2
(18)

ıshear = 4�b

�E′ cosh−1 cos(�x/b)
cos(�x/2b)

for |x| ≤ D

2
(19)

Additional cyclic stretching �v and additional cyclic sliding �u will
generate because of the opening and sliding of the micro-cracks in
the interfacial layer. The additional cyclic stretching �v and addi-
tional cyclic sliding �u can be obtained by substituting Eqs. (18)
and (19) into Eqs. (16) and (17), respectively.

�v =
(

4
�

)(
1 − �2

a

Ea

)
b�� ln

(
1

cos(�D/2b)

)
(20)

�u =
(

4
�

)(
1 − �2

a

Ea

)
b�� ln

(
1

cos(�D/2b)

)
(21)

Chandra et al. [25] developed a model in which the localized band
containing micro-cracks are modeled as an array of dislocation.
Therefore, local normal stress �� and local shear stress �� can
be expressed as

��(x) = ��peeling − Ea

4�(1 − �2
a)

∫ ∞

−∞

∂�v(�)
∂�

× d�

x − �
(22)

��(x) = ��interface − Ea

4�(1 − �2
a)

∫ ∞

−∞

∂�u(�)
∂�

× d�

x − �
(23)

Normalizing the variables in those equations above, the following
non-dimensional parameters are obtained [25]:

� ′ = ��

�thermal
, � ′ = ��

�thermal
, x′ = x

b

v′ = �v
(b�thermal(1 − �2

a))/Ea
, u′ = �u

(b�thermal(1 − �2
a))/Ea

(24)

Then, Eqs. (20)–(23) can be rewritten as:

v′ = 4
�

� ′ ln
1

cos((�/2)ω)
(25)

u′ = 4
�

� ′ ln
1

cos((�s/2)ω)
(26)

� ′ = ��0(x) − 1
4�

∫ ∞

−∞

∂v′

∂�′ × d�′

x′ − �′ (27)

� ′ = exp(−�x) − 1
4�

∫ ∞

−∞

∂�u′

∂�′ × d�′

x′ − �′ (28)

Therefore, the damage growth rate obtained from Eq. (15) can be
expressed as:

dω

dN′ =
(

tan
�

2
ω
)n/2

(� ′ + � ′)n/2 (29)

The damage distribution ω(x) is updated with an increment of cycle
�N′ for the next cycle number N′ + �N′.

The critical thermal cycle is denoted by Nnucleation, which is

the maximum number of thermal cycles the material can sus-
tain before a macroscopic crack appears in the interfacial layer.
Nnucleation depends on the material property, �thermal and the ini-
tial damage distribution. Following Ohno and Hutchinson [45] and
Chandra [25], the initial distribution of damage is used to represent
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Table 1
Material properties and geometries used for model validation.

Layer Young’s modulus (GPa) Poisson ratio Thickness (�m) CTE (×10-6 ◦C−1) �T (◦C) Number of cycle at failure

Experiment Calculated

Case 1 [55] 8 9
Anode (Ni/8YSZ) 60 [54] 0.3 [48,56] 1000 12.5 [52,53] 750
Electrolyte (YSZ) 200 [54] 0.31 [48,56] 10 10.8 [52,53]
Case 2 [4] 9 8
Anode (Ni/8YSZ) 56.8 [49,50] 0.258 [49,50] 1500 12.5 [47] 780
Electrolyte (YSZ) 190 [48] 0.308 [48] 10 10.8 [46,51]

As to Case 1, the material property is assumed based on product from Versa Power System Ltd. with 40% porosity anode and 5% porosity electrolyte.

Table 2
Material properties and geometries used for the calculation of thermal stresses and lifetime prediction.

Layer Young’s modulus (GPa) Poisson ratio Thickness (�m) CTE (×10-6 ◦C−1)

Electrolyte-supported SOFC
Anode (Ni/8YSZ) 220 [54,56] 0.3 [48,56] 10,25,40, 12.5 [52,53]
Electrolyte (YSZ) 205 [54,56] 0.31 [48,56] 250 10.3 [52,53]
Cathode (LSM) 114 [54,56] 0.28 [48,56] 25 12.4 [52,53]
Interfacial layera 213/160 0.3 1 11.4

Anode-supported SOFC
Anode (Ni/8YSZ) 220 [54,56] 0.3 [48,56] 1000 12.5 [52,53]
Electrolyte (YSZ) 205 [54,56] 0.31[48,56] 10,20,30, 10.3 [52,53]
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The material properties of different components of a
typical electrolyte-supported or anode-supported SOFC
(NiO–8YSZ/YSZ/LSM) are chosen from relevant literatures
Cathode (LSM) 114 [54,56]
Interfacial layera 213/160

a The material properties of interfacial layer are assumed between those of anod

cluster of damage in the interfacial layer around the electrode
dge.

(x) = ωaverage + (ωmax − ωaverage)exp

[
−1

2

(
x

�b

)2
]

(30)

average and ωmax are the average and maximum damage level in
he band. The damage distribution depends much more greatly on
max than on � [25]. Since the anode layer is porous structure,

he analysis of SOFC structure life prediction is based on the ini-
ial damage parameters ωaverage = 0.1, ωmax = 0.6 (porosity p = 47%),
max = 0.5 (porosity p = 32%), ωmax = 0.4 (porosity p = 17%).

. Material properties for the cell and validation

The modeling results have been compared with two different
xperimental cases. Parameters used in the simulation for the two
ases are summarized in Table 1. The material properties of differ-
nt SOFC layer used in the validation were chosen from previous
iteratures [46–54]. In Case 1 [55], it was assumed that the critical
hermal cycle for failure was reached when the redox cycle caused
ignificant cell voltage degradation. The modeling calculated crit-
cal thermal cycle Nnucleation = 9, which was almost the same with
he value reported in Waldbillig et al. experiment [55] (8 cycles).
n Case 2 [4], the critical thermal cycle for failure was estimated by

he dramatically increased specific ohmic resistance. The modeling
alculated critical thermal cycle Nnucleation = 8, which was in agree-
ent with the cycle number (9 cycles) in Laurencin et al experiment

4].

able 3
oung’s modulus of electrode at different porosities.

Porosity Anode (GPa) Cathode (GPa) Interfacial layer (GPa)

E0 E1 E0 E1 E0 E1

17% 220 99 114 51 213/160 96/72
32% 220 79 114 40 213/160 76/57
47% 220 30 114 15 213/160 29/22
[48,56] 25 12.4 [52,53]
1 11.4

ectrolyte.
Fig. 4. Thermal stress comparison between anode-electrolyte and cathode-
electrolyte in electrolyte-supported SOFC (a) Shear Stress (b) Peeling Stress.
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ig. 5. Thermal stress comparison with different porosity in electrolyte-supported
OFC (a) Shear Stress (b) Peeling Stress.

48,52–54,56] and are summarized in Table 2. Solid state reaction
nd inter-diffusion phenomena result in the formation of an

nteraction zone between the electrodes and the electrolyte under
OFC thermal and redox cycling [40], which forms an interfacial
ayer reported in [37,39]. The material properties of the interfacial
ayer are assumed to be between those of the electrode and
he electrolyte respectively as shown in Table 2. Based on the

ig. 6. SEM image of a partially delaminated anode layer on YSZ electrolyte [11].
Fig. 7. Thermal stress comparison with different thickness in electrolyte-supported
SOFC (a) Shear Stress (b) Peeling Stress.

interfacial zone or layer thickness in those experiments [37,39,40],
the interfacial layer in the modeling calculation is assumed to be
1 �m.

Since the electrode is a porous structure, its Young’s modulus E
changes with different porosity. The apparent modulus, E1 can be
calculated as a function of porosity for the same pore structure with
semi-empirical correlations. Since the average porosity of anode
layer is about 20–40%, three porosities (17%, 32% and 47%) are cho-
sen to analyze the effect of electrode porosity on peeling stress (�)
and interfacial stress (�). Based on the correlation described in rel-
evant literature [57], the corresponding E1 with different porosities
is summarized and shown in Table 3.

4. Result and discussion

The thermal stresses of anode–electrolyte and
cathode–electrolyte interfaces are compared in Fig. 4. The thermal
stresses between the anode and electrolyte interface are larger
than those between the cathode and electrolyte, and therefore,
anode and electrolyte interface is more likely to crack or delam-
inate under the combined peeling and interfacial shear stresses.
This result is in good agreement with other research results report-
ing delamination susceptibility of the anode–electrolyte interface
[2,58,59]. Moreover, the degradation of the anode microstructure
mainly determines the overall cell electrical performance [6–9],
and therefore, anode–electrolyte was chosen as the focus of this

study.

Fig. 5 shows anode porosity effects on interfacial shear and
peeling stresses in electrolyte-supported SOFC. With the increase
of anode porosity, the interfacial shear stress and peeling stress
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It can be seen from Fig. 11, the critical thermal cycles for both
electrolyte-supported SOFC and anode-supported SOFC decrease
with the increase of porosity. Although the increasing porosity
of anode reduces the thermal stresses under thermal cycling, it
ig. 8. Thermal stress comparison with different porosity in anode-supported SOFC
a) Shear Stress (b) Peeling Stress.

ecrease. When the anode porosity increases from 17% to 47%,
he interfacial shear stress almost doubles. The location of peel-
ng stress peak indicates a vulnerable region, which would likely
rack or delaminate first. The interfacial shear stress is nearly zero
round the center of the specimen and increases sharply towards
he edge because of the combined effect of material and geo-

etrical singularities. The peeling stress undergoes severe change
rom a maximum tensile value to compressive stress near the
dge. This trend is similar to layered assemblies under the ther-
al cycling condition [60]. The combination of these two stresses

eaches maximum around the edge of electrode, which is in good
greement with other simulations and measurements made in a
imilar SOFC configuration. Based on the Weibull approach for fail-
re prediction in a similar SOFC configuration, Laurencin et al. [4,59]
redicted that the region around the interfacial area at the edge of
lectrolyte–electrode will first show signs of damage under ther-
al cycling. This prediction is confirmed by experimental results by

elcuk et al. [11], which shows a partial delamination of the anode
ayer edge on the YSZ electrolyte (see Fig. 6).

The effect of anode thickness on interfacial shear and peeling
tresses is shown in Fig. 7. With the increase of anode thickness,
he thermal stresses increase. For example, if the anode thickness
ncreases from 10 to 40 �m, the interfacial shear stress is almost
oubled. Experiment and simulation results performed by Yakabe
t al. [35] show that the thermal stresses measured by X-ray diffrac-

ion in the cell increases with the increase in anode thickness.

Anode porosity effect on interfacial shear stress and peeling
tress in anode-supported SOFC is shown in Fig. 8. The interfacial
hear stress and peeling stress have similar trends with those in
lectrolyte-supported SOFC shown in Fig. 5. The peak value of ten-
Fig. 9. Thermal stress comparison with different thickness in anode-supported SOFC
(a) Shear Stress (b) Peeling Stress.

sile stress and the amplitude of peeling stress are larger than those
in an electrode-supported SOFC (Fig. 9).

Based on the distribution of thermal stresses, the crack nucle-
ation model described in Section 2.2 can predict the damage
evolution in the local damage area of the interfacial layer. A typ-
ical damage evolution curve is shown in Fig. 10. The propagation
of damage accelerates as the cells undergo thermal cycling. The
anode-supported SOFC also showed a similar trend.
Fig. 10. Damage evolution in electrolyte-supported SOFC (ωmax = 0.4 and the anode
layer porosity p = 47%).
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Fig. 11. Anode porosity effect on number of cycles to failure in different SOFC con-
figurations.
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Fig. 12. Anode thickness effect on critical thermal cycle.

ncreases the initial damage distribution, which also greatly influ-
nces the damage evolution. For example, ωmax increases from 0.4
o 0.6 with the porosity increasing from 17% to 47%, which has great
nfluence on the critical thermal cycles for failure (see Eq. (30)).
hat is the reason for the decrease in the thermal cycle numbers to
ailure with the increase in anode porosity.

The effects of anode thickness variation and electrolyte thick-
ess variation on critical thermal cycle are shown in Fig. 12. It
an be clearly concluded that the number of thermal cycles to fail-
re decreases with the increase of anode thickness or electrolyte
hickness.

. Conclusion

A fundamental theory-based numerical model has been pro-
osed and developed to predict the failure of an electrolyte- and
node-supported SOFC under thermal cycling conditions. The mod-
ling approach considered thermal stresses, i.e. interfacial shear
tress and peeling stress, arising from the material mismatch
etween the electrode and electrolyte, and integrated them into
he crack propagation model to predict the number of cycles to
ell failure. Numerical results were validated against available
xperimental results, which showed a good agreement. Following

onclusion has been drawn from this study.

The model can effectively provide insight into the evolution and
distribution of the thermal stresses during thermal cycling and
predict the lifetime of the cell in different configurations.

[

[

ces 195 (2010) 2310–2318 2317

• The interfacial shear stress and peeling stress were more concen-
trated near the free edge of SOFCs, which theoretically explains
the damage near the cell edges frequently observed in experi-
ments under thermal cycling conditions.

• For the case of nickel-based SOFCs, the anode–electrolyte inter-
face was found to be more prone to delamination under thermal
cycling conditions, which explains the high possibility of anode
delamination in the electrolyte-supported SOFC in the reported
experiments.

• The effects of structural and geometric parameters on the cell life-
time under thermal cycling conditions were investigated. As the
porosity and the thickness of anode increased, the lifetime of the
cell decreased for the electrolyte-supported cell. A similar trend
was found for the anode-supported structure when electrolyte
porosity and thickness were varied.

In the future, the model will aid analysis and designing of
cell structure for reduced thermal stress and longer cell life, and
is expected to contribute towards SOFC reliability and durabil-
ity research. Currently, integration of degradation mechanisms
involving electrochemical pathways such as the influence of the
electro-migration on SOFC lifetime is underway. Overall, the model
can be used as an effective tool for designing and optimizing the
cell structure. A similar modeling framework as described in this
study can be applied to analyze the interface reliability in other
components of the cell stack that has multi-layered structure.
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