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a b s t r a c t

Thermal stresses and probability of failure of a functionally graded solid oxide fuel cell (SOFC) are
investigated using graded finite elements. Two types of anode-supported SOFCs with different cathode
materials are considered: NiO-YSZ/YSZ/LSM and NiO-YSZ/YSZ/GDC-LSCF. Thermal stresses are signifi-
cantly reduced in a functionally graded SOFC as compared with a conventional layered SOFC when they
are subject to spatially uniform and non-uniform temperature loads. Stress discontinuities are observed
eywords:
olid oxide fuel cell
unctionally graded electrodes
inite element methods
hermal stress analysis

across the interfaces between the electrodes and the electrolyte for the layered SOFC due to material
discontinuity. The total probability of failure is also computed using the Weibull analysis. For the regions
of graded electrodes, we considered the gradation of mechanical properties (such as Young’s modulus,
the Poisson’s ratio, the thermal expansion coefficient) and Weibull parameters (such as the characteristic
strength and the Weibull modulus). A functionally graded SOFC showed the least probability of failure

mech
eibull method
robability of failure

based on the continuum

. Introduction

A solid oxide fuel cell (SOFC) is an electrochemical device, which
onverts the chemical energy of hydrocarbon fuels into electri-
al power at elevated temperatures [1,2]. It has recently received
ncreasing attention due to its high power density, fuel flexibility,
nd strong potential for generating electricity and heat for indus-
ry and auxiliary power in vehicles. In addition to high-temperature
HT) SOFCs, intermediate-temperature (IT) SOFCs have also gained
onsiderable attraction. A reduced operating temperature allows
ow cost metallic interconnects [3], helps avoid material compati-
ility challenges pervasive at high temperatures [4], reduces sealing
nd thermal degradation problems [5], and eventually acceler-
tes the commercialization of SOFC technology. The mechanical
trength of SOFC components is one of the key issues for deter-
ining their performance and reliability under transient and

teady-state thermal loading. Stresses in SOFC components can
rise from manufacturing process (e.g. residual stresses); mismatch
n thermal expansion coefficients (TEC) of cell components; spa-

ial or temporal temperature variations; oxygen activity gradients;
edox cycling, and external mechanical loading. The magnitude of
tresses depend on material properties, operating conditions and
eometry of the cell design [6]. Stresses caused by thermal gradi-

∗ Corresponding author. Tel.: +1 860 486 2746; fax: +1 860 486 2298.
E-mail address: jhkim@engr.uconn.edu (J.-H. Kim).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.017
anics approach used herein.
© 2010 Elsevier B.V. All rights reserved.

ents and TEC mismatch tend to increase with increasing in-plane
dimensions. Further, SOFC stacks are usually clamped during oper-
ation in order to secure proper alignment and good contact between
the cell components. This, together with the seals required around
the edges of planar cells to separate the fuel and air compart-
ments, can cause higher mechanical stresses transmitted to brittle
elements in the stacks.

Selimovic et al. [6] studied steady state and transient thermal
stresses caused by spatial and temporal temperature gradients and
TEC mismatch. Nakajo et al. [7] studied mechanical issues in a
standard SOFC repeat unit with an anode-supported cell during
assembly, heat-up, current–voltage (IV) characterization, dynamic
operation, load shutdown and cool-down phases using a thermo-
electrochemical model. They also calculated the probability of
failure of the cells using the Weibull method [8]. Laurencin et al.
[9] developed a numerical tool to study the risk of cell failure due
to residual stresses arising after the manufacturing process, at both
operating temperature and after anode re-oxidation, and also due
to the presence of material singularity like crack. Lin et al. [10]
performed finite element analysis to predict thermal stress distri-
bution in a planar SOFC stack at various stages using a temperature
field obtained from an integrated thermo-electrochemical model

[11]. Khaleel et al. [12] developed an electrochemisty module to
supplement the capability of commercial finite element analysis
package MARC to model SOFCs. Williford and Singh [13] developed
a two-layered porous high performance cathode design as a means
of exploring new microstructure and material options for SOFCs.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jhkim@engr.uconn.edu
dx.doi.org/10.1016/j.jpowsour.2010.04.017


6660 G. Anandakumar et al. / Journal of Power Sources 195 (2010) 6659–6670

t
Z
i
o
m
d
t
(
(
d
b
t
e
s
c
i
m
t
d
t
f
l
a
e
p
h
l
m
t
b
u
[

a
a
t
b
m
t
b
j
v
r
n
m
m
t
t

Fig. 1. Schematic of a unit cell SOFC with graded electrodes.

For a traditional layered SOFC with Strontium-doped Lan-
hanum Manganite (LSM) as the cathode and Yttria Stabilized
irconia (YSZ) as the electrolyte, the performance is often lim-
ted by the oxygen reduction processes at the cathode [14–16]. In
rder to improve the SOFC performance, material composition and
icrostructural skeleton must be optimized to provide a higher

ensity of active sites such as triple phase boundaries. Towards
his end, several composite electrodes such as YSZ-LSM, LSM-GDC
e.g. Ce0.8Gd0.2O2, Gadolinium Doped Ceria), and GDC-LSCF (e.g.
La,Sr)(Co,Fe)O3, Lanthanum Strontium Cobalt Ferrite) have been
eveloped to improve electrode reactions and increase triple phase
oundaries [17]. Grading both the anode and the cathode elec-
rodes will enhance interlocking between the electrodes and the
lectrolyte and may improve electrochemical performance. Fig. 1
hows schematic of a SOFC with graded electrodes utilizing the
oncept of a functionally graded material (FGM). Graded regions
n both electrode sides are realized by varying its composition,

icrostructure and porosity. As the composition changes, so do
he effective material properties, thereby avoiding sharp material
iscontinuities which may otherwise result in delamination during
hermal cycling [17]. Zha et al. [18] showed that graded cathodes
abricated using a sol–gel/slurry coating process led to relatively
ow polarization resistance at intermediate temperatures. Ni et
l. [19] found that grading both porosity and particle size in the
lectrodes are effective to enhancing SOFC performance. Holtap-
els and Bagger [20] showed that five and nine layer cathodes
ave better electrochemical performance than a conventional two

ayer cathode mainly because of gradation of the composition and
icrostructure. From a mechanical viewpoint, the use of FG elec-

rodes would greatly improve bonding strength and compatibility
etween electrodes and electrolyte, reduce the magnitude of resid-
al and thermal stresses, and may reduce the crack driving force
21–23].

During the operation of the solid oxide fuel cell, rapid start-up
nd shut-down may be necessary in portable and transportable
pplications which may lead to rapid temperature changes. Rapid
emperature change leads to significant temperature differences
etween the surface and the mean body leading to a state of ther-
al shock. A thermal shock introduces stress in a material due to

emperature differences between the surface and the interior, or
etween different regions of the body [24]. When a body is sub-

ected to an external disturbance thermally by sudden contact or
ery rapid body heating, the dynamic effect then depends on the
atio of two significant times: the thermal time (tT ) over which sig-
ificant change in the external disturbance takes place i.e. the time

easuring the rapidity of temperature rise in the body, and the
echanical time (tM) characterizing the wave propagation across

he body. Inertia plays a significant role in thermoelasticity if the
hermal time is of the same order as that of the mechanical time
Fig. 2. Homogeneous vs. graded finite elements. (a) Property variation along the
x-axis; (b) homogeneous elements; (c) graded elements. Note that the property of
the homogeneous element corresponds to the property at its centroid [26].

[25]. The transient nature of the temperature field in SOFC is partly
due to the electrochemical reactions occurring in it. Although the
temperature field in the SOFC is dynamic in nature when it goes
through heat-up, steady state and shut-down phases, we can see
that inertia does not play a significant role in the transient ther-
mal stress analysis in the viewpoint of its temporal variation. As
compared to high thermal gradients, a spatially uniform thermal
loading can also create a state of thermal shock [25] in a body but
the thermal time (tT ) has to be of the same order as that of the
mechanical time (tM). For the model considered in this paper, the
mechanical time (=L/c, where L is the largest distance from the
point where the external disturbance (thermal shock) occurs and c
is the velocity of wave propagation) is of the order of few microsec-
onds or lesser. This specific thermal shock problem is not quite
relevant to SOFC applications.

The objective of this paper is to perform thermal stress
and probability of failure analyses of functionally graded SOFC
under spatially uniform and non-uniform temperature loads. We
have not considered inertia effects and residual stresses the
latter of which are specific to various steps of manufacturing
processes and cell dimensions and configurations. All of the
materials are assumed to behave as linear elastic and isotropic.
Although SOFC electrodes are porous in reality, we modeled
them as contiua with effective thermo-mechanical properties.
We analyzed three-dimensional (3D) SOFCs consisting of NiO-
YSZ/YSZ/LSM (LSM, La0.8Sr0.2MnO3) and NiO-YSZ/YSZ/GDC-LSCF
(GDC, Ce0.8Gd0.2O2; LSCF, La0.58Sr0.4Co0.2Fe0.8O3−ı). We also stud-
ied a semi-functionally graded HT-SOFC which has functional layers
placed between the electrodes and the electrolyte. The total prob-
ability of failure of the SOFC cell layers are computed using the
Weibull analysis [8].

This paper is organized as follows. Section 2 presents 3D graded
finite element formulation. Section 3 presents thermal stress anal-
ysis of layered, semi-FG, and FG SOFCs under spatially uniform and
non-uniform thermal loads. Section 4 presents the probability of
failure analysis of the SOFC using the Weibull analysis. Section 5
addresses conclusion and potential extension of the current work.

2. Three-dimensional graded finite elements

In this study, we used the displacement-based finite element
method and graded finite elements [26] to model spatial mate-
rial gradation using the direct Gaussian integration formulation.
Fig. 2 shows graded finite elements compared with the conven-
tional homogeneous finite elements. By means of the principle of
virtual work, the element stiffness matrix (ke) and the equivalent
nodal force vector (fext) (under an initial strain (ε0)) of a finite ele-

ment are formulated as:

ke =
∫

˝

BT D(x)Bd˝, fext =
∫

˝

BT D(x) ε0 d˝ (1)



G. Anandakumar et al. / Journal of Power Sources 195 (2010) 6659–6670 6661

Fig. 3. A schematic of HT-SOFC.
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Fig. 4. A schemat
here superscript T stands for transpose, B is shape function deriva-
ive matrix, N is shape function matrix, D(x) is constitutive matrix
elating stresses to strains, ε0 = ˛(x)�T , �T is the temperature
ifference between current state and stress free state, ˛(x) is the
o-efficient of thermal expansion obtained at the Gauss points. The

Fig. 5. A schematic
emi-FG HT-SOFC.
integral for the stiffness matrix and the equivalent thermal load
vector are evaluated using Gaussian quadrature, and the matrix
D(x) can be directly obtained by employing the Young’s modu-
lus and the Poisson’s ratio at each Gaussian integration point. The
resulting element stiffness matrix and the thermal load vector, for

of IT-SOFC.
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Table 1
Material properties of fuel cell materials.

Cell layer Thickness (�m) Young’s modulus (GPa) Poisson’s ratio Density (kg m−3) Thermal expansion coefficient (10−6 ◦C−1)

NiO-YSZ 600 82 [43] 0.2 [44] 4200 [45] 13.2 [6]
YSZ 10 205 [43] 0.3 [46] 6010 [45] 10.4 [46]
LSM 50 40 [43] 0.25[46] 6350 [45] 11.4 [46]
GDC 10 155 a 0.3 b 7310 [28] 10 c [28]
LSCF 40 155 a 0.3 b 6350 [28] 11 c [28]
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a The 98.5% relative density is considered for LSCF-GDC.
b Assumed.
c Room temperature TEC.

D problems, become

e =
n∑

i=1

n∑
j=1

n∑
k=1

BT D (� ) B J wiwjwk, (2)

ext =
n∑

i=1

n∑
j=1

n∑
k=1

BT D(� )ε0 J wiwjwk (3)

here i, j, and k indicate the Gauss sampling points in the 3D finite
lement, � =

(
�, �, �

)
are the Gauss point locations in the global

omain, J is the determinant of the Jacobian matrix (J), i.e., J =det(J)
nd wi, wj , and wk are the weights of the sampling points. The ther-
al stress analysis is performed by solving the following linear

quation:

u = Fext (4)

here K and Fext are the stiffness matrix and the external load vec-
or of the finite element (FE) system, respectively, obtained after
pplying the boundary conditions, and u is the nodal degrees of
reedom (DOF). Elastic strains (stresses) can be obtained from the
isplacement using a standard procedure (see for example [27]).

. Thermal stress analysis of SOFCs

Figs. 3–5 show schematic of SOFC unit cell with boundary
onditions and material properties variation, respectively for HT-
OFC, semi-FG HT-SOFC, and IT-SOFC. A quarter symmetric model
ith dimensions (1 mm × 0.66 mm × 1 mm) is used. Linear varia-

ion in material properties is assumed for anodes and cathodes

uch as NiO-YSZ, LSM (La0.8Sr0.2MnO3), GDC (Ce0.8Gd0.2O2), and
SCF (La0.58Sr0.4Co0.2Fe0.8O3−ı) whereas constant homogeneous
aterial properties are used for YSZ. For the semi-FG HT-SOFC, a

unctional layer of thickness 10 �m is placed between the elec-
rodes (NiO-YSZ and LSM) and the electrolyte (YSZ). Table 1 shows

ig. 6. The 3D finite element mesh consisting of 8704 8-node brick elements and 10,115 n
he mesh at the top corner region.
material properties of fuel cell materials used for the present ther-
mal analysis. Some are obtained from the literature and mechanical
properties of the LSCF-GDC cathode are characterized in our
present experiments (see Section 3.2.1 for more detail) [28].

We performed thermal stress analysis of SOFCs using the com-
mercial finite element software ABAQUS [29]. Material variation
within a finite element is obtained by implementing a user-defined
subroutine (UMAT). Finite element results using ABAQUS agreed
well with those obtained by our in-house finite element code,
which are not provided in this paper. Following are Sections 3.1
and 3.2 which present thermal stress analysis results for anode-
supported HT and IT SOFCs, respectively.

3.1. High-temperature SOFC: NiO-YSZ/YSZ/LSM

Fig. 6(a) shows the 3D finite element (FE) mesh of the quarter
model (1 mm × 0.66 mm × 1 mm) of the SOFC unit cell. The FE mesh
consists of 8704 8-node linear brick elements and 10,115 nodes for
FG and layered HT-SOFC unit cell, and 8960 8-node linear brick ele-
ments and 10,404 nodes for semi-FG HT-SOFC unit cell. As shown
in Fig. 6(b), finite elements are smaller through the thickness in
size near the electrolyte–electrode interface to capture high stress
grandients. A spatially uniform thermal loading is applied to the FE
model of the unit cell along with symmetric displacement boundary
conditions.

3.1.1. Functionally graded versus layered electrodes
Figs. 7 and 8 show contours of the maximum principal stress

(MPS) in the layered and FG HT-SOFCs, respectively, under a uni-

form temperature loading of 800 ◦C. As expected, the stress is
symmetric about the diagonal due to the symmetric boundary
conditions. The FG SOFC undergoes considerably lower stresses
as compared to the layered SOFC. Considerable difference in the
peak tensile MPS is seen in three layers of NIO-YSZ/YSZ/LSM in the

odes in the (a) quarter symmetric model of a HT-SOFC unit cell and (b) close-up of
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ig. 7. Maximum principal stress (Pa) contour of the layered HT-SOFC under spati
ull SOFC model and NiO-YSZ layer, respectively. Plots (c) and (d), and (e) and (f) sh

ayered SOFC whereas the difference is negligible in the FG SOFC.
ensile stresses contribute significantly to crack initiation and
rowth in fuel cell ceramic layers although compressive stresses
ay lead to failure through delamination [30]. The peak com-

ressive MPS in the layered SOFC is considerably lower compared
o the peak tensile MPS. Stress discontinuities occur along the
lectrolyte–electrode interfaces in the layered SOFC due to mate-
ial discontinuity. For the FG SOFC, the peak compressive MPS is
omparable to the peak tensile MPS.

Comparing fracture strengths of individual fuel cell layers (see

able 2) with the MPS results, we see that the anode (NiO-YSZ)
ayer of the layered SOFC undergoes peak tensile stress (120 MPa)
igher than its fracture strength (50–100 MPa). It occurs in a region
lose to the electrolyte interface (see Fig. 7(b)) which may indi-

Table 2
Fracture strength of SOFC materials considered.

Cell layer Fracture strength (MPa)

NiO-YSZ 50–100 [47]
YSZ 300 [48]
LSM 52 [49]
GDC 322 [24]
iform temperature loading of �T = 800 ◦C. Plots (a) and (b) show contours of the
ntours of bottom and top surfaces of YSZ and LSM layers, respectively.

cate interfacial cracking under the thermal loading considered
herein. Considering the gradation of fracture strength from 50 to
100 MPa to 300 MPa, the anode layer (NiO-YSZ) of the FG SOFC
undergoes the peak tensile MPS (52.7 MPa) near the electrolyte
interface that is lower than the assumed graded fracture strength.
The peak tensile MPS of the electrolyte (YSZ) layer (509 MPa)
in the layered SOFC is also higher than its fracture strength of
300 MPa whereas it (49.8 MPa) is well below its fracture strength
in the FG SOFC. The cathode layer of the layered SOFC undergoes
the peak tensile MPS (49.5 MPa) that is lower than its fracture
strength. The cathode (LSM) layer of the FG SOFC undergoes peak
tensile MPS (56 MPa) near the electrolyte interface and is well
below the fracture strength of 300 MPa at the electrolyte–electrode
interface and comparable to 52 MPa at the outer boundary of the
cathode.

3.1.2. Semi-functionally graded electrodes
Fig. 9 shows MPS contour of the semi-FG SOFC under a spatially
uniform temperature loading of 800 ◦C. Tensile MPS is maximum
in the anode functional layer (AFL) and least in the cathode (LSM)
layer. We also see that the anode layer (NiO-YSZ) undergoes the
peak tensile MPS (114 MPa) that is higher than its fracture strength.
The peak tensile MPS of the anode functional layer (AFL) (513 MPa)
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ig. 8. Maximum principal stress (Pa) contour of the FG HT-SOFC under spatially
OFC model and NiO-YSZ layer, respectively. Plots (c) and (d), and (e) and (f) show

ccurs near the interface and is also higher than its fracture
trength. Similarly, the peak tensile MPS of the cathode func-
ional layer (CFL) (474.7 MPa) occurs near the interface and is also
igher than its fracture strength. The peak tensile MPS (39.3 MPa)
f the cathode layer (LSM), however, is lower than its fracture
trength.

.2. Intermediate-temperature SOFC: NiO-YSZ/YSZ/GDC/LSCF

The material data for various volume fractions of LSCF-GDC
vailable in the literature is not comprehensive for our present
odeling. Thus we characterized material proparties such as

oung’s modulus and the thermal expansion coefficient of the LSCF-
DC cathode using state-of-the-art techniques, and using such
roperties, we performed a realistic finite element analysis for ther-
al stresses.

.2.1. Material chacterization: LSCF-GDC
The LSCF (La0.58Sr0.4Co0.2Fe0.8O3−ı)-GDC (Ce0.8Gd0.2O2) com-
osite cathodes with different composition ratios were prepared
or potential application for IT-SOFC with multifunctional graded
athodes. The LSCF La0.58Sr0.4Co0.2Fe0.8Ox with a specific area
2.2 m2 g−1 was purchased from SEIMI Chemical Cooperation, and
he GDC Ce0.8Gd0.2O2 with a specific area 11.4 m2 g−1 was pur-
m temperature loading of �T = 800 ◦C. Plots (a) and (b) show contours of the full
rs of bottom and top surfaces of YSZ and LSM layers, respectively.

chased from DKKK in Japan. LSCF-GDC cathode powders were
prepared by ball milling LSCF and GDC powders for 24 h in ethanol
to achieve good mixing. Monolithic pellets and rectangular bars
were obtained by dry pressing powders at about 200 MPa and then
sintering at 1200 ◦ C respectively in air for 2 h with a heating rate
2 ◦C/min. The linear shrinkage was calculated along the longitudi-
nal dimension after sintering. The bulk density was determined by
the Archimedes method. Theoretical density was calculated using
the lattice parameters obtained from the diffraction analysis. The
sintered bars were about 3 × 4× 50 mm in dimension. Pellets were
about 10 mm in diameter and 2 mm in thickness. Rectangular sam-
ples were used for thermal expansion tests. Thermal expansion
properties were measured using the NETZSCH 402PC dilatometer
in air over a range from the room temperature to 1000 ◦ C with a
heating rate 3 ◦C/min. Standard alumina rod was used for calibra-
tion. The average thermal expansion coefficient (˛) was calculated
from the expansion. Nano indentation test was done using the MTS
Nano Indenter XP. All pellets were tested at room temperature with
50 g applied load held for 30 s. All the data were recalculated using

frame stiffness 3.9E+6. Young’s modulus was calculated as follows:

1
Er

= 1 − 	2
indentor

Eindentor
+

1 − 	2
sample

Esample
(5)
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ig. 9. Maximum principal stress (Pa) contour of the semi-FG HT-SOFC under spati
OFC model and NiO-YSZ layer, respectively. Plots (c) and (d) show bottom and top

here 	indentor and 	sample are the Poisson’s ratios of the indentor
nd the sample, respectively and Eindenter and Esample are the Young’s
odulus of the diamond indenter and the sample, respectively [31].

he Young’s modulus of the sample was calculated using 	indenter

0.07 and Eindenter = 1140 Pa for the diamond indenter and assuming
sample =0.3 [32].

Fig. 10 shows the characterized Young’s modulus and the rel-
tive density data. The relative density has a trend similar to the
odulus change with LSCF contents. Young’s modulus is insensi-

ive to flaw size and is a measure of bonding at an atomic level,
ut porosity lowers the Young’s modulus of ceramic materials. The
odulus and density results of boron suboxide are successfully

tted using linear or power law [33]. We observe that the elas-
ic modulus significantly depends on the density. Samples of 100%
SCF and 100% GDC in this experiment showed similar modulus

alues and we use identical Young’s modulus values (155 GPa) for
nite element modeling considering constant 98% relative density

n the entire graded cathode region. The variation of the modu-
us is mainly due to the density rather than LSCF volume fraction.

ig. 10. Elastic modulus (measured by nano indentation) and the relative density
measured by the Archimedes method) for composite cathode samples with various
SCF volume fractions.
niform temperature loading of �T = 800 ◦C. Plots (a) and (b) show contours of full
ces of the YSZ layer, respectively.

All the samples sintered at 1200 ◦ C for 2 h were measured for
the thermal expansion coefficient. They are comparable to the lit-
erature [34–39]. Fig. 11 shows the linear thermal expansion of
LSCF-GDC composite cathode with 0, 50, 70, 90, and 100 wt% LSCF
as a function of temperature. As expected, the percentage thermal
expansion increases with temperature for all the samples. Among
these three samples, the expansion is found to be the lowest for the
GDC electrolyte. The doped samples had closer thermal expansion
properties to one another than pure LSCF and GDC samples.

3.2.2. Finite element analysis
The 3D finite element (FE) mesh of the quarter model contains

8192 8-node linear brick elements and 9537 nodes which is similar
to the mesh shown in Fig. 6. In this example, we considered both
spatially uniform and non-uniform thermal loadings.

Following are finite element results for the uniform temperature
fields in the SOFC unit cell. Figs. 12 and 13 show MPS contours of

the layered and FG SOFCs, respectively, under a spatially uniform
temperature loading of 600 ◦C. The FG SOFC undergoes consider-
ably lower stresses as compared to the layered SOFC. Peak tensile
MPS (104 MPa) for the anode (NiO-YSZ) layer in the layered SOFC
is higher than its fracture strength (50–100 MPa). The electrolyte

Fig. 11. Temperature-dependent thermal expansion coefficients (TECs) of LSCF/GDC
composite measured in air.
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ig. 12. Maximum principal stress (Pa) contour of the layered IT-SOFC under spati
OFC model and NiO-YSZ layer, respectively. Plots (c) and (d) show bottom and top

YSZ) layer (286 MPa) and the GDC interlayer (265 MPa) undergo
eak tensile MPS within the range of their fracture strengths of
00 MPa and 322 MPa, respectively. Since the fracture strength of
SCF is not found in the literature, no comparison is made for the
eak tensile MPS in LSCF. The peak tensile MPS in the FG SOFC are

ell below its fracture strengths.

High temperature gradients occur in the SOFC layers during
teady state and transient operation (heat-up, start-up, and shut-
own) [6] and due to the grading of the porous electrode matrix and
ue to non-uniform Joule heating [40]. So far, we have studied the

ig. 13. Maximum principal stress (Pa) contour of the FG IT-SOFC under spatially uniform
odel and NiO-YSZ layer, respectively. Plots (c) and (d) show bottom and top surfaces of
iform temperature loading of �T = 600 ◦C. Plots (a) and (b) show contours of full
ces of the YSZ layer, respectively.

thermal stress behavior of the unit cell subjected to a spatially uni-
form temperature difference loading. In this section, we subject the
unit cell SOFC to a linear temperature difference loading and study
the stress behavior of layered and FG SOFC. The temperature differ-
ence loading is varied from 550 ◦ C at the left end (x = 0 mm) to 600 ◦
C at the right end (x = 1 mm). Same displacement boundary condi-
tions are applied to the model as before. This type of temperature
gradient may simulate some extreme thermal gradients in the cell
(e.g. 50 ◦C/mm). Fig. 14 show MPS contours of the FG SOFCs under
this spatially non-uniform (linearly varying) temperature loading.

temperature loading of �T = 600 ◦C. Plots (a) and (b) show contours of full SOFC
the YSZ layer, respectively.
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ig. 14. Maximum principal stress (Pa) contour of the FG IT-SOFC under linearly vary
ayer, respectively. Plots (c) and (d) show bottom and top surfaces of the YSZ layer,

he results for the layered IT-SOFC is not provided due to page limit.
he FG SOFC undergoes lower MPS (tensile) than that for the lay-
red SOFC. The stress is not symmetric due to the non-symmetric
on-uniform temperature variation. Comparing fracture strengths
ith the peak tensile MPS in the cell, we see that the anode layer

f the layered SOFC undergoes higher peak tensile MPS than its
racture strength. The YSZ electrolyte and the GDC interlayer of the
ayered SOFC undergo peak tensile MPS values close to their frac-
ure strengths. The fuel cell layers in the FG SOFC undergo peak
ensile MPS values much lower than their fracture strengths.

The advantage of having smooth material gradation at interfaces

s to avoid stress discontinuity which usually leads to fracture and
amage. We observed that stress discontinuity occurred for the lay-
red SOFCs across the electrode–electrolyte interfaces. Fig. 15(a)
nd (b) shows the variation of MPS along the vertical thickness in
T- and IT-SOFCs, respectively, subject to a spatially uniform ther-

ig. 15. The maximum principal stress (
1) along the thickness for (a) HT-SOFC (see Fig
aterial properties. Spatially uniform temperature loadings of 800 ◦ C (HT-SOFC) and 600
mperature loading. Plots (a) and (b) show contours of full SOFC model and NiO-YSZ
ctively.

mal loading of 800 ◦ C and 600 ◦C, respectively. The location selected
for the stress output is near the region x = 1 mm and z = 1 mm of
the FE model. We see that there is a huge stress jump for the lay-
ered SOFC at the interfaces because of the material discontinuity;
however, for the graded SOFCs, the stress varies smoothly acorss
the of the unit cell thereby leading to no stress discontinuities.

4. Probability of failure analysis

Ceramics including porous ceramics behave as brittle materials
and exhibit a statistical strength distribution [9]. Thus the deter-

ministic stress analysis for cermet materials as addressed so far
may not lead to accurate and reliable physical interpretation. To
this regard, the Weibull method [8] is utilized to estimate the risk of
rupture and fracture. The method allows us to calculate the survival
probability Ps of a structural component loaded with an applied

. 3) and (b) IT-SOFC (see Fig. 5) SOFCs considering layered (solid) and FG (dashed)
◦ C (IT-SOFC) are applied.
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Table 3
Weibull parameters of SOFC materials considered.

Cell layer Weibull modulus, m Characteristic strength, 
0 Reference volume, V0 (mm3)

NiO-YSZ [50,49] 11.8 187.0 0.578
YSZ [51] 7.0 446.0 0.350
LSM [50,49] 7.0 52.0 1.21
GDC [52] 4.1 144.0 1.00 a

t

P

w
r


W
i
l
f
i
s
p

P

F
u

LSCF b 4.1

a Assumed equal to 1.0 mm3.
b Assumed equal to GDC values.

ensile stress 
:

j
s(
, Vj) = exp

(
−
∫

Vj

(




0

)m dVj

V0

)
(6)

ith j = anode, electrolyte or cathode layer of the SOFC and Vj

epresents the volume of the jth layer. The characteristic strength
0 represents a scale parameter for the distribution whereas the
eibull modulus m corresponds to a shape parameter. The term V0

s a reference volume linked to the characteristic strength. Table 3
ists the Weibull parameters of the cell layers which are obtained
rom the literature or assumed otherwise. The SOFC cell structure
s usually subjected to a multi-axial stress state. Hence, the total
urvival probability can be calculated as a product of each survival
robability determined for the three principal stresses 
i as [9]:

3
( ∫ ( ) )
j
s(
̄, Vj) =

∏
i=1

j
P
s
(
i, Vj) with

j
P
s
(
i, Vj)= exp −

Vj


i


o

m dVj

V0

(7)

ig. 16. Comparison of the total probability of failure of HT-SOFC considering layered (◦)
niform temperature loads.
144.0 1.00

Total probability of failure (TPOF, Pf ) can be calculated using the

equation Pf =1.0−Pj
s(
̄, Vj). Only tensile principal stresses are used

for calculating the probability of survival in Eq. (7) although com-
pressive stresses may induce failure through other mechanisms
such as delamination [30].

The probability of failure analysis is performed for the SOFC
unit cell under various spatially uniform thermal loadings (�T =
100, 200, . . . , 800 ◦C). The integrand in Eq. (7) is numerically inte-
grated within the volume of the individual cell layers by summing
up the product of the principal stress values (
i)

m at the Gaussian
integration points (multiplied by the determinant of the Jacobian
and its Gauss weight) and the Weibull parameters (

(
1/
0

)m
/V0)

listed in Table 3.
Fig. 16 shows a semi-log plot of the total probability of failure

(TPOF) of the layered and FG HT-SOFC under various uniform ther-
mal loadings. For the graded regions, the Weibull parameters such

as the characteristic strength (
0) and the Weibull modulus (m) are
linearly graded for NiO-YSZ and LSM layers. The reference volume
V0 is kept a constant. We see that the TPOF in layers of the FG SOFC is
considerably lower as compared to the layered and semi-FG SOFCs.

and graded (*) material properties and semi-FG (♦) HT-SOFC, which are subject to
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Fig. 17. Comparison of the total probability of failure of IT-SOFC considering layered (◦) and graded (*) material properties whichis subject to uniform temperature loads.

Table 4
Total probability of failure for IT-SOFC under constant and linearly varying temperature variation.

�T Model Full model NiO-YSZ YSZ GDC LSCF

F
f
b
t
p
l

t
v
o
C
t
t

s
u
o
l
e
0
p
F
h
f

I
l

Linear Layered 8.67E−02 1.33E−11
Graded 1.58E−04 6.25E−06

Constant Layered 1.76E−01 3.30E−08
Graded 7.35E−05 3.68E−12

or the anode layer, the FG SOFC undergoes slightly higher TPOF
or temperature loads up to 500 ◦C. For practical applications, it has
een pointed out that the failure probability of SOFCs should be less
han 1E-05 [41] or even 1E-06 [41,42]. For the FG SOFC, the failure
robabilities are lower than these practical values for all the three

ayers.
For the layered HT-SOFC, we see that except for the anode layer,

he electrolyte and the cathode layers undergo much higher TPOF
alues than these practical limits. In particular, the TPOF of the cath-
de of the layered SOFC is about 0.09 for the thermal loading of 800 ◦

which is significantly higher than the practical limits. We also see
hat the TPOF for the full FG SOFC is significantly lower than that of
he layered and the semi-FG SOFC.

Fig. 17 shows the semi-log plot of the TPOF of the IT-SOFC con-
idering layered and FG material properties under various spatially
niform thermal loadings. We see that the TPOF of the cell layers
f the FG unit cell SOFC is considerably lower as compared to the
ayered unit cell SOFC. The TPOF values of GDC and LSCF for the lay-
red SOFC at the operating temperature loading of 600 ◦ C is about
.15 and 0.02, respectively, which are significantly higher than the
ractical limits. The TPOF of GDC (2.5E−5) and LSCF (8.5E−5) for the
G SOFC at the operating temperature loading of 600 ◦ C is slightly

igher than the practical limits. We also see that the TPOF for the

ull FG SOFC is significantly lower as compared to the layered SOFC.
Table 4 shows the total probability of failure obtained for the

T-SOFC considering layered and FG material properties under the
inearly-varying temperature loading of 550 ◦ C at the left end
5.91E−02 2.93E−02 1.09E−06
1.04E−05 8.84E−06 1.33E−04

1.47E−03 1.57E−01 2.02E−02
5.88E−13 2.52E−05 8.50E−05

(x = 0 mm) to 600 ◦ C at the right end (x = 1 mm). We see for con-
stant and linear temperature loads that the TPOF is significantly
lower for the graded SOFC as compared to the layered SOFC. For
the given boundary and loading conditions considered, the TPOF of
the layered IT-SOFC under the linear temperature load is less than
that for the constant temperature load, and the opposite for the
graded IT-SOFC.

5. Concluding remarks

Thermal stress and probability of failure analyses of SOFCs
with functionally graded electrodes under spatially uniform and
non-uniform temperature loads are performed using the finite
element method. The novelties of this paper are the considera-
tion of functionally graded electrodes in HT and IT SOFCs. The
enhanced mechanical durability of FG SOFCs was observed over
non-graded SOFCs. Material gradation modeled using graded finite
elements is the main factor of this improvement. Two different
material configurations of SOFCs are considered: NiO-YSZ/YSZ/LSM
and NiO-YSZ/YSZ/GDC-LSCF. A user-defined subroutine (UMAT) is
developed to discretize material properties which are graded in

the SOFC unit cell. For the selected material sets, cell configura-
tions, displacement and loading boundary conditions as well as
no-residual-stress assumptions, functionally graded SOFCs expe-
rience considerably less thermal stresses and TPOF than those for
the layered SOFC.
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Assumptions and limitations of the present work are as follow.
e assumed linear elasticity and isotropic material behavior. We

lso assumed spatially uniform and lineary-varying temperature
elds. We have not considered inertia effects and residual stresses.
he change of porosity and mechanical properties in the anode
omposite NiO-YSZ due to redox cycling is not considered. A poten-
ial and natural extension of the present work is to consider realistic
emperature loads, include residual stresses, and use temperature-
ependent properties for the finite element modeling, and perform
ultiscale modeling which addresses microstructure of porous

lectrodes in combination with flow, thermal, chemical and elec-
rochemical phenomena.
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