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a b s t r a c t

Structural stability issues in planar solid oxide fuel cells arise from the mismatch between the coefficients
of thermal expansion of the components. The stress state at operating temperature is the superposition
of several contributions, which differ depending on the component. First, the cells accumulate residual
stresses due to the sintering phase during the manufacturing process. Further, the load applied during
assembly of the stack to ensure electric contact and flatten the cells prevents a completely stress-free
expansion of each component during the heat-up. Finally, thermal gradients cause additional stresses in
operation.

The temperature profile generated by a thermo-electrochemical model implemented in an equation-
oriented process-modelling tool (gPROMS) was imported into finite-element software (ABAQUS) to
calculate the distribution of stress and contact pressure on all components of a standard solid oxide
fuel cell repeat unit.

The different layers of the cell, i.e. anode, electrolyte, cathode and compensating layer were considered
in the analysis by using the sub-modelling capabilities of the finite-element tool. Both steady-state and
dynamic simulations were performed, with an emphasis on the cycling of the electrical load. The study
includes two different types of cells, operation under both thermal partial oxidation and internal steam-
methane reforming and two different initial thicknesses of the air and fuel compressive sealing gaskets.

The results generated by the models are presented in two papers: Part I, focuses on the assessment of
the risks of failure of the cell, which was performed by Weibull analysis, while the issues related to the
other components are discussed in Part II.

Only the anode support contributed to the probability of failure, since the other layers underwent
compressive stresses independently of the operating conditions. The cell at room temperature after the

reduction procedure was revealed as a critical case. Thermal gradients and the shape of the temperature
profile generated during transient operation induced high probabilities of failure. The computed relia-
bility is incompatible with commercialisation, but the scatter induced by the experimental data covers
several orders of magnitude. Alternatively, the computed required strength of the anode material to fulfil
a probability of failure of 10−2 in a 50-cells stack during steady-state operation appears achievable. Finally,
extreme care is required when using the maximum thermal gradient or temperature difference over the

ll cra
SRU as an indicator for ce

. Introduction

The solid oxide fuel cell (SOFC) is a direct energy conversion
evice, which allows the production of electricity with high

fficiency while maintaining pollutant emissions at a low level.
rototypes have successfully proven their ability to achieve these
ims. However, the SOFC technology faces many challenges when it
omes to commercialisation, since costs reductions and extended
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lifetime are required. Under steady-state operation, failures of the
SOFC stack arise from the degradation of the materials, which is
induced by the high temperature and aggressive environment. In
addition, in a system in operation, failure of auxiliary components
can cause harmful conditions on the SOFC stack such as reduction–
oxidation (redox) cycle, which is a well-known cause of failure or
strong degradation of the cell performance in the best case [1,2].

The SOFC field is characterised by a strong coupling of the phe-

nomena. The efforts to increase the reliability of SOFC components
cover overlapping research fields. In particular, mechanical issues
will affect the thermo-electrochemical behaviour of a planar SOFC
stack, through for instance local loss of electrical contact or gas
tightness. These issues may themselves arise from the modifica-
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Nomenclature

A active area per unit volume (m2 m−3)
ASR area specific resistance (� m−2)
Bo permeability in the porous medium (m2)
ct total molar concentration (mol m−3)
c heat capacity (J kg−1)
d particle diameter (m)

effective Knudsen diffusivity of species i in porous
medium (m2 s−1)
effective bulk diffusivity of binary pair in porous
medium (m2 s−1)

Ea activation energy (J mol−1)
F Faraday’s constant (C mol−1)
h thickness (m)
hc convection heat transfer coefficient (W m−2 K−1)
H gas enthalpy (J kg−1)
io exchange current density (A m−2)
it transfer current density (A m−2)
j current density (A m−2)
ko kinetic constant (A K−1 m−2)
K experimental permeability coefficient
l distance between the particles (m)
Mi molecular weight of species i (kg mol−1)
Ni molar flux of species i (mol m−2 s−1)
p pressure (Pa)
•

Q volumetric rate generated thermal energy (W m−3)
r reaction order, dimensionless
R universal gas constant, 8.314 (J mol−1 K−1)
�i rate of production of species i (mol m−3 s−1)
�m

i
rate of production of species i due to electrochemical
reaction (kg m−3 s−1)

T temperature (K)
Tref reference temperature, 873 (K)
u gas velocity (m s−1)
V potential (V)
xi mole fraction of species i, dimensionless

Greek letters
˛ symmetry coefficient, dimensionless
� overpotential (V)
� thermal conductivity (W m−1 K−1)
� viscosity (Pa s)
� density (kg m−3)
�eff effective resistivity in the mixed ionic and electronic

conductor (� m)
� electrical conductivity (S m−1)
ω mass fraction of species i, dimensionless

Indices
a anodic
c cathodic
CT charge transfer
el electronic
g gas, either air or fuel
io ionic
s solid

Superscripts
an anode
atm one bar, 1.01325 (Pa)
cath cathode
elect electrolyte
eq equilibrium

red anode support in reduced state
Th thermal

Acronyms
0s zero-stress temperature
INI analysis steps during initialisation of the contact

simulations
IV analysis steps during current–voltage characterisa-

tion
GDL gas diffusion layer
LS analysis steps during the variation of the electrical

load
MIC metallic interconnect
MIEC mixed ionic and electronic conductor
RT room temperature
SH analysis steps during the rapid electrical load shut-

down and cool-down

SMR steam-methane reforming
TPOX thermal partial oxidation

tion of the temperature profile induced by the degradation of the
cell performance. As a consequence, experiments usually end up by
the mechanical failure of one of the components. Typical mechani-
cal issues of interest are cell fracture, loss of gas tightness of the gas
compartments and plastic deformation and buckling of the metallic
interconnects (MIC).

There are several causes of stresses in a cell. First, the sintering
phase during the manufacturing process induces residual stresses
due to the mismatch between the coefficients of thermal expan-
sion (CTE) of the materials of the cell. Therefore, the mechanical
load applied during the assembly of the stack has to account for the
curvature of the cell in order to ensure both the electrical contact
and the gas tightness of the compartments if compressive sealing
gaskets are used. Then, once loaded, friction prevents a stress-free
expansion of each component during heat-up and operation. The
last manufacturing step of a SOFC stack is usually the reduction pro-
cedure of the anode, which takes place when the fuel is fed for the
first time. The mechanical properties of the anode support change
and influence the cell curvature. Thus the stresses in a stack after a
thermal cycle and after the assembly are expected to be different.
Finally, the temperature profile during operation causes additional
stresses in all layers of the repeat unit. The features of the tempera-
ture profile during operation obviously depend on the stack design
as well as on the control strategy, flow configuration and fuel com-
position. Zones of relatively high temperature may induce buckling
and will cause a redistribution of the assembly load, which might
lead to a partial loss of electrical contact and applied pressure on
the gaskets. The latter phenomena can also arise from the CTE mis-
match of adjacent components, typically gasket and gas diffusion
layer (GDL), if the assembly load is not sufficient. Hence, the tem-
perature profile has to be known with accuracy and the reliability
of the thermo-electrochemical model is paramount.

Only few studies have been carried out on stresses in SOFC. Yak-
abe et al. [3,4] were among the first to address both the thermal
and chemical stress issues, by coupling thermo-electrochemical
models with structural analysis. Experimental work using the X-ray
diffraction method was carried out to compare the computed and
actual residual stresses in the electrolyte of an anode-supported

cell [5,6]. Selimovic et al. [7] considered the effect of the choice of
either metallic or ceramic interconnectors on the stresses through
the differences in computed temperature profiles, during opera-
tion, heat-up and shutdown procedures. Lin et al. [8] developed a
finite-element model of a 5-cell stack meshed with linear shell ele-
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accounted for. The energy conservation of the solid is calculated as

�s∇2Ts +
•

Q s = �scs
dTs

dt
(1)
A. Nakajo et al. / Journal of P

ents, which included all components of their SOFC stacks. Plastic
eformation was considered. The probability of survival was moni-
ored during transient operation for tubular SOFC [9]. Nevertheless,

ost studies on standard repeat units (SRU) or stacks did not con-
ider the effect of the residual stress, i.e. stress state and change of
urvature of the cell, thermal buckling nor loss of either electrical
ontact or gas tightness.

The data on mechanical properties of the relevant components
s currently increasing but remains sparse, in particular when the
emperature dependence is regarded. The 2-parameter Weibull
nalysis was widely accepted to characterise the ceramic compo-
ents [10–12]. Some key parameters are still difficult to find in

iterature, due to the difficulty in manufacturing or testing. A typ-
cal example is the properties of the reduced anode material at
igh temperature due to the need of a reducing atmosphere above
pproximately 673 K. The cathode materials are studied extensively
n dense state [13,14], but very little information on the properties
f porous cathode is available [11]. Engineering data on the prop-
rties of alloys used as MIC material is available [15], even though
etailed constitutive models could not be found. Metallic foams can
e used as GDL. Extensive research has been carried out in the field,
ven though not specifically on SOFC materials [16]. The mechan-
cal behaviour of compressive sealant materials used as gaskets is
omplex and has not been studied extensively, even though their
erformance, measured as a leak flux has been estimated. Refs.
17,18] showed that their compressive behaviour follows non-linear
nd differentiated loading and unloading paths, together with plas-
icity. The properties were found to change significantly during the
rst loading cycles. Creep at high temperature was observed as well.

Thermo-electrochemical models are more common, and are
ased on the knowledge acquired with micro-modelling of elec-
rodes [19–21]. Studies underscored the need for refined models
ith dynamic capabilities to simulate the conditions a real stack
ill have to face during operation [22].

The framework of the present study is the FP6 European project
LAMESOFC, which aims at developing a cogeneration system fore-
een for domestic application. A particular feature of the project
s a thermal partial oxidation (TPOX) reformer. The 2.5 kWe class
tack design was developed at LENI-EPFL, in collaboration with
Tceramix-SOFCPower. The manifold of the stack is external and
an accommodate both co- and counter-flow configurations. The
ctive area is 198.5 cm2.

The aim of the present work is to study the mechanical
ssues in a standard SOFC repeat unit with an anode-supported
ell during the typical phases of its service, i.e. assembly, heat-
p, current–voltage (IV) characterisation, dynamic operation, load
hutdown and cool-down. The approach consists in importing
nto finite-element software the temperature profile computed
y a reasonably detailed and experimentally calibrated thermo-
lectrochemical model of SRU with dynamic capabilities. The
esults are presented in two papers: the present one (Part I)
ocuses on the description of the modelling approach, including
he thermo-electrochemical model and the computation of the
robability of failure of the cells, while the issues related to the
ther components of the SRU, i.e. loss of gas tightness and/or elec-
rical contact and plastic deformation and thermal buckling of
he interconnect are explored in Part II [23]. The accuracy of the
hermo-electrochemical model is of paramount importance for the
eliability of the computation of the stresses. Its modelling approach
s presented but the results are not detailed, which will be done
lsewhere. This model is then coupled with a structural model,

hich considers all components of the SRU and models their inter-

ction through contact simulations. The assessment of structural
ailure of the cell is handled by the widely used Weibull analysis
nd performed on the stress profiles computed by a detailed cell
ub-model, which nodes are driven by the SRU contact model, for
ources 193 (2009) 203–215 205

different operating conditions, types of cells and initial thicknesses
of the air and fuel gaskets. Data from the literature on the strength
of the materials is used first, then requirements on the strength of
the material of the most critical component, the anode support, are
set to fulfil a fixed probability of failure in a 50-cell stack.

2. Modelling

2.1. Thermo-electrochemical model

The capabilities of an existing thermo-electrochemical model
described by Larrain et al. [24] were extended. The equations were
implemented in gPROMS, an equation-oriented process-modelling
tool [25]. Model evolutions include the adaptation of the geome-
try to the FLAMESOFC stack, the modifications of the conservation
of species to handle internal steam-methane reforming, the imple-
mentation of proportional integral derivative (PID) controllers and
an in-depth revision of the electrochemical model. The geometry
and components of the SRU are depicted in Fig. 1. The species on
the fuel side are restricted to H2, H2O, CO, CO2, CH4 and N2.

The SRU is spatially discretised in the in-plane direction and
coupled to a local one-dimensional electrochemical model, which
is discretised through the thickness of the cell. Thus, averaged
values for the properties of the solid structure are used. The valid-
ity and limitations of this assumption were tested in the early
stage of development of the model [24] and tested against a one-
dimensional model of a large stack. On the other hand, the variables
of the electrochemical model, such as molar fluxes of gas species,
reaction rates, ionic and electronic current densities include the cell
thickness as local third dimension.

The model is not fully dynamic in term of species transport and
heat transfer, since only thermal inertia of the solid structure is
Fig. 1. Top: geometry and components of the standard repeat unit, indicated flow
direction holds for co-flow configuration. Bottom: overview of the contributions
considered in the electrochemical model at the cell level.
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Boundary conditions include the heat losses to the environment
hrough the insulation. Heat exchange by radiation between the
tack and its surrounding is modelled in a simplified manner, i.e.
ach node is coupled to an equivalent front node of the insula-
ion. The exchange with above/underneath and front/rear nodes is
eglected [26].

The conservation of energy of gases as well as the conservation
f species accounts for variations of gas densities:

gug · ∇Hg + Hg

∑
�m

i =
•

Q g (2)

gug · ∇ωi + ωi

∑
�m

i = MiN
GDL-an/cath
i

hc
(3)

The exchange by convection between the gases and the solid
tructure as well as the thermal energy released by the chemical and
lectrochemical reactions are embedded in the rate of volumetric
hermal energy generated

•
Q s. The energy released by the chemical

eactions is computed from the balance of species at the anode–gas
nterface.

The gas velocity is described by the common Darcy law, which
s solved along with the mass conservation:

g = − K

�
∇p (4)

· (�gug) =
∑

�m
i (5)

The core of the model is the electrochemical model. It considers
oth ohmic and non-ohmic losses (Fig. 1, bottom). The first con-
ribution includes the ionic resistance of the electrolyte [27], the
lectrical resistance of the MIC and a small electronic conductivity
f the electrolyte, which induces a small leakage current [24]. Thin
lectrolytes used in anode-supported cells show a higher resistance
han thick ones relative to their thickness. Fleig et al. [28] attributed
his increase in resistance to current constriction, due to the uneven
nterface between the dense electrolyte and the porous electrodes.
he interpolated relation they proposed could satisfactorily repro-
uce finite-element calculations and is used in the present work:

SRelect
io = helect

�elect
ion

+ l

�elect
ion

(
(l/d) − 1
(d/l) + 1

)
(6)

More computing time is spent on the non-ohmic losses. On the
node side, the dusty-gas model [29] is solved in one-dimension
hrough the anode support, along with the equation of continuity.
he water-gas-shift reaction is assumed at equilibrium until the
nterface between the anode and the electrolyte, whereas methane
team-reforming is computed according to the kinetic approach
f Achenbach and Riensche [30], as the species diffuse toward the
nterface between the electrolyte and the anode. Hence the system
f equations to solve is as follows:

(7)

(8)

d
Ni = �i (9)
dz

z = han : NH2 = j

2F
, NH2O = − j

2F
, Ni = 0

for i = N2, CH4, CO, CO2 (10)
ources 193 (2009) 203–215

z = 0 : xan
i = xGDL

i p = patm (11)

Currently only hydrogen is electrochemically converted at the
electrolyte-anode interface, according to the relation from Bessler
[31]:

ian
t = ian

o xr1
H2

xr2
H2O

[
exp

(
˛an

a
F

RT
�an

CT

)
− exp

(
−˛an

c
F

RT
�an

CT

)]
(12)

The gas compositions at the interface are computed from the
dusty-gas model. The dependence on temperature of the exchange
current is considered:

ian
o = T · kan

o · exp
[
−Ean

a

R
·
(

1
T

− 1
Tref

)]
(13)

On the cathode side, a model of mixed-ionic and electronic con-
ductor solves the charge balance along with the mass transport
[19–21]. The charge balance is described by the following system of
equations,

d

dz
Vion = −�cath

ion jcath
ion (14)

d

dz
Vel = −�cath

el jcath
el (15)

�cath
MIEC = (Veq

ion − Veq
el ) − (Vion − Vel) (16)

d2

dz2
�cath

MIEC = A · (�eff
el + �eff

io ) · icath
t (17)

z = 0 : jion = 0 jel = 0 (18)

z = hcath : jion = j jel = 0 (19)

whereas the Eqs. (20)–(22) are solved for the mass transport:

(20)

z = 0 : xcath
i = xGDL

i (21)

z = hcath : jion = j jel = 0 (22)

The coupling between both systems is performed by the transfer
current, which is described following the approach of van Heuveln
and Bouwmeester [32]:

icath
t = icath

o xr3
O2

[
exp

(
˛cath

a
F

RT
�cath

MIEC

)
− exp

(
−˛cath

c
F

RT
�cath

MIEC

)]
(23)

icath
o = T · kcath

o · exp

[
−Ecath

a

R
·
(

1
T

− 1
Tref

)]
(24)

The values of the apparent reaction order on oxygen partial pres-
sure and the symmetry factor depend on the assumptions on the
mechanisms and in particular the choice of the rate limiting step.
The charge-transfer on adsorbed oxygen was considered for the
present work, which yields r3 = 3/8, ˛a = 3/2 and ˛c = 1/2 [21,32].

Values are available in literature for the different above-listed
parameters. They can vary within more or less large ranges, which
reflect for instance material, morphological or experimental varia-
tions. Thus, fitting parameters are required to describe precisely the
behaviour of a SRU. In the present study, the parameters were cal-
ibrated on experimental data [33] using the parameter estimation

capabilities of gPROMS. The final computation was performed on
25,000 measurements points on an anode-supported cell with LSCF
cathode, including different temperatures, fuel and oxidizer fluxes
and compositions and flow configurations. The parameter estima-
tion runs were performed with a one-dimensional version of the
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ig. 2. Comparison of simulated and measured current–voltage characteristics.
xperimental data from P. Metzger (DLR).

odel, coupled to the electrochemical model. Fig. 2 depicts a sam-
le of the calibration of the model on experimental current–voltage
haracteristics (IV). The agreement is satisfactory. Part of the dis-
repancy can be attributed to the time period of 400 h over which
he measurements were spread.

Finally, three PIDs, a standard feature included in gPROMS, con-
rol (i) the air outlet temperature by the air flow, (ii) the cell
otential by the fuel flow and (iii) the electrical power by the
urrent density. The PID parameters were coarsely determined
sing the empirical Ziegler-Nichols method and tuned on the one-
imensional version of the thermo-electrochemical model. Here,
he aim is not to propose an efficient control strategy, but rather
o identify possible harmful conditions that can be induced by a
imple and unrefined control.

.2. Mechanical model

.2.1. Model of standard repeat unit for contact simulations
The uncoupled linear thermo-elastic theory is used for the com-

utation of the stresses. The three-dimensional computer-aided
esign (CAD) drawings were imported, assembled and meshed in
BAQUS [34], a numerical tool based on the finite-element method.

combination of three-dimensional reduced linear (C3D8R) and

econd-order elements (C3D20R) are used in combination to
econd-order (S8R) shell elements and linear gasket elements
GK3D8R). The contact algorithm of ABAQUS is used to compute
he interaction between the components.

Fig. 3. Information flow b
ources 193 (2009) 203–215 207

The main assumptions of the contact model are

• Small deformations are assumed, i.e. geometric non-linearity is
not considered.

• The surface-to-surface contact discretisation is used to limit the
occurrence of interpenetrations of the surfaces.

• The small-sliding tracking method for contact pairs available in
ABAQUS allows reducing the computing time. Indeed, The algo-
rithm does not have to monitor slave nodes for interaction with
the whole master surface, since a local tangent plane of the master
surface is defined for each slave node. The underlying assump-
tions holds for the present case, since the relative motion of the
components of the SRU is expected to be small.

• Softened contact is assumed between all components for the nor-
mal behaviour. Indeed, all contact pairs involve either a metallic
foam or a gasket, which surfaces are usually uneven. In such
case, it is expected that the pressure is progressively transmit-
ted between the surfaces, even though no measurement could
be found. Hence, default values were used. The same applies for
the tangential behaviour, where no measurements of the friction
coefficients could be found: a default value of 0.2 was used for all
interactions.

• The choice of 2.5 mm-thick MICs prevents any thermal buckling
(cf. 3.1 Part II [23]). Thus the middle plane through the thickness of
each MIC is constrained to remain flat. Rotations are allowed only
around the y-axis (see Fig. 1), since the x-symmetry is assumed
to reduce the memory requirements. Therefore, the computations
are performed for only one half of a repeat unit, which is believed
to be representative of the conditions within a stack.

• The assembly load of 5000 N is transmitted to the SRU by an ana-
lytical rigid surface. This value was kept constant for the present
study, even though it can be easily varied.

• A fairly dense mesh of second-order elements is required for the
cell, since the cathode covers only partially the cell. This detailed
mesh of the cell could not be used for the contact analysis, due
to memory limitations. Therefore, a coarser version of the mesh
of the cell, which neglects the cathode, is used in the SRU con-
tact model. Indeed, the cathode has the lowest Young modulus
hence the lowest influence on the cell curvature. To overcome this
limitation, the sub-modelling capabilities of ABAQUS are used to
impose the boundary conditions computed by the SRU contact

model to the detailed cell sub-model. The information flow and
interactions between the gPROMS and the two ABAQUS models
are depicted in Fig. 3. The importation of the temperature pro-
file is performed for each layer of the ABAQUS mesh. All pre-
and post-processing tasks are performed by MATLAB [35] rou-

etween the models.
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Table 1
Mechanical properties of the components of the standard repeat unit [5–13,15–18,37–39,41].

Porosity (%) Layer
thickness (m)

Reduction
strain (%)

Zero stress
temperature (K)

Young’s modulus
(GPa)

Poisson’s
coefficient

Coefficient of
thermal expansion
(×10−6 K−1)

Elastic limit
(MPa)

Characteristic
strength (MPa)

Weibull
modulus

Cathode (LSM) RT
0.36 35E−6 – 1323a 29.7b 0.25 11.7 – 52b 6.7b

HT 75b 3.7b

Electrolyte (YSZ) RT
0 7E−6 – 1473

215
0.317 10.2c – 232 5.7

HT 185 154 8.6

Anode (NiO-YSZ) – 0.17 542E−6 – 1473 131b 0.317 12.2c
– 97 (86,110) 6.8 (4.3,9.8)

Anode (Ni-YSZ) – 0.36 542E−6 0.07 1473 69b 0.317 12.6c 79 (73,85) 7 (4.8,10.1)

Compensating layer (YSZ) RT
0 4E−6 – 1473

215
0.317 10.2c – 232 5.7

HT 185 154 8.6

GDL anode (Ni) RT
5w 1E−3 – – 0.154d

0.3 16.2c 0.63d
– –

HT 0.114d 0.188d

GDL cathode RT
5w 2E−3 – – 0.147d

0.3 11.9c 1.3d
– –

HT 0.114d 0.88d

Gasket (Flexitallic 866) – na 1–2E−3 – – 0.019e 0 13.9 – – –

Metallic parts (Crofer22APU) RT
0 0.5–2E−3 – – 216

0.3 11.9c 248 – –
HT 71 35

a Assumed values.
b 0.33 porosity.
c Value from RT to 1073 K. Temperature-dependent values implemented in the model.
d Computed from dense material.
e Through the thickness: Full non-linear pressure-closure relation.
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finite-element tool. The air ratio was set to ensure a maximum
ig. 4. Initialisation sequence for the contact simulations, i: layer of component, a:
node, e: electrolyte, c: cathode, cl: compensating layer, k: material.

tines. Finally, the stress profiles computed by the cell sub-model
are used to compute the probabilities of failure for each layer of
the cell. The reference volumes during ring-on-ring experiments
are computed in compliance with the C1499-04 ASTM standard.
Only tensile stresses contribute to the probability of failure in the
Weibull analysis, even though compressive stresses may induce
failure through other mechanisms such as delamination [2]. The
computation is performed according to [9].
Data from literature was used for the mechanical properties
(Table 1).

Mechanical loading, heat-up and reduction are necessary steps
efore the simulation of the operation of the stack. They imply a
odification of the properties of the materials. Fig. 4 shows the ini-

ialisation process. The modelling procedure used for the sintering,
asket preload and reduction steps are detailed hereafter.

First, the sintering phase is handled by setting artificial CTEs in
he electrolyte, anode-compensating layer [40] and cathode. The
alues of the artificial CTEs correspond to the mismatch strain
etween the oxidized anode and the considered layer (cf. indices i

n Fig. 4) from the zero stress temperature (0s) to room tempera-
ure (RT). The value of the zero stress temperature is of the highest
mportance for the determination of the magnitude of the residual
tresses in the cell. It differs from the sintering temperature since
he creep strain rate is not negligible at temperatures above the
ero stress temperature (usually around 1473 K) during the manu-
acturing process, typically ≥1573 K [10]. The values depend on the

aterial and are listed in Table 1. The CTE of the anode equals to
ero during this step. Thus, the sintering phase correspond to an
ncrease of 1 K of the cell. The actual CTE are then reinserted in the

odel for the subsequent steps.
Second, the thickness of the gaskets relative to the GDL can differ

efore the assembly. This is a design variable, which can be used to
ontrol the distribution of the assembly load on the SRU. An addi-

ional initialisation step is added for this purpose (“gasket preload”
tep in Fig. 4), where an anisotropic and artificial thermal strain is
nduced prior to the assembly, in a similar manner to the sintering
tep.
ources 193 (2009) 203–215 209

Finally, the reduction procedure of the anode induces a shrink-
age strain and modifies its mechanical properties, i.e. Young’s
modulus, CTE and strength. The reduction temperature is expected
to influence the stresses in the cell by modifying both the reduction
strain and the CTE. The discrepancy between the reduction strains
reported by several authors [36,41] is very large. Preliminary work
showed that the contribution of the change in CTE remains small.
A uniform value of 1073 K was used for all computations of the
reduction process within this work.

Compressive gaskets usually have a complex behaviour. Gas-
ket elements embedded in ABAQUS uncouple the in-plane and
through-the-thickness behaviour. Non-linear, differentiated load-
ing and unloading path together with plasticity are considered for
the latter, and the value of the closure, i.e. the effective compression
strain ε–εTh, at maximum pressure is set according to the data from
Bram et al. [17].

Engineering stress–strain curves from alloy suppliers [15] were
implemented in the model. GDLs made of metallic foam were con-
sidered. Gibson and Ashby [16] proposed relations to estimate their
properties from the ones of dense materials [15,37].

2.2.2. Investigated cases
Investigated cases differ in cell types, flow configurations, fuel

fed into the SRU and initial thicknesses of the gaskets.
Cell suppliers propose different types of cells made of differ-

ent materials. The most important variations concern the choice
of the cathode material. Typical standard cells are made of Ni-YSZ
anode, 8YSZ electrolyte and LSM-YSZ cathode. Compensating lay-
ers are sometimes added to limit the cell curvature and allow an
easier and more precise assembly [40]. Values for dense materials
were used for their mechanical properties, even though they are
porous in reality, to enable the diffusion of the gas species. There-
fore, two different types of cell were considered for the structural
analysis:

• C1: anode, electrolyte, LSM cathode
• C2: compensating layer, anode, electrolyte, LSM cathode

Their thickness and mechanical properties are listed in Table 1.
The electrochemical performance of C1 and C2 differs from the
anode-supported cell with LSCF cathode, on which the electro-
chemical model was calibrated (cf. Section 2.1). Furthermore, small
changes in in-plane conductivities and thermal inertia should be
considered. However, all thermo-electrochemical simulations were
performed for the LSCF cathode-based cell and used as input for the
structural analysis indifferently of the cell type, in order to inves-
tigate the issues associated to specific temperature profiles, rather
than technological solutions.

The history of a test is of main interest once plastic deformation
is considered. The following sequence of structural analysis steps
was computed for both co- and counter-flow configurations under
both TPOX and internal steam-methane reforming conditions, lead-
ing to a set of four thermo-electrochemical cases:

• Assembly: sintering and cool-down to room temperature, assem-
bly load at room temperature, heat-up and reduction at a uniform
temperature of 1073 K. These steps are referred as INI1-4.

• IV characterisation: steady-state computation, gas flows fixed at
nominal flow for the full load operating point. Six tempera-
ture profiles, ranging from open circuit voltage (OCV) to the end
of the current–voltage characterisation were imported into the
temperature in the SRU close to 1100 K. These steps are referred
as IV1-6, IV5 corresponding to the nominal point (0.4 A cm−2).

• Variation of electrical load: idle conditions (fuel flow:
1.4–3.5 nmlpm cm−2, air ratio: 3–4), nominal load
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Table 2
Fixed inlet conditions for the thermo-electrochemical cases.

Partially pre-reformed methane TPOX reformate

xH2 0.263 0.283
xH2O 0.493 0.060
xN2 0.000 0.489
xCH4 0.171 0.000
xCO 0.029 0.125
x
T
T

•
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t
a
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I
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L
L
L
L
L
L
L
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A
M
M
M

CO2 0.044 0.043
AIR 973.15 973.15
FUEL 973.15 973.15

(0.275 W cm−2), part load (0.175 W cm−2), minimum load
(0.1 W cm−2), and back to nominal load. Gas flows and current
density were controlled by the PIDs, to achieve the desired
fuel utilisation (0.7–0.725), air outlet temperature (1100 K) and
electrical power, respectively. Nine temperature profiles from
the dynamic simulations were selected depending on the value
of the thermal gradients and temperature difference over the
SRU and imported into the finite-element tool. These steps are
referred as LS7-15.
Rapid electrical load shutdown: OCV, fuel flow at minimum
allowed value (1.5 nmlpm cm−2), high air flow (100 nmlpm cm−2)
followed by a cool-down to room temperature. One typical tem-
perature profile was selected during the load shutdown. The two
last conditions are uniform temperatures of 673 and 298 K over
the SRU. These steps are referred as SH16-18.

The inlet conditions that were fixed for all simulations are listed
n Table 2. Table 3 lists the values of the current density and potential
or steps IV1-LS15, whereas Table 4 provides the maximum ther-
al gradient and temperature difference for one analysis step per
roup in the four different thermo-electrochemical cases, i.e. co-
nd counter-flow configurations and with TPOX reformate or par-
ially steam-reformed methane. Thus, analysis steps IV1-6, LS7-15
nd SH16-18 refer to IV characterisation, dynamic variation of the

able 3
alues of current density and voltage for steps IV1-LS15.

TPOX reformate

Co-flow Counter-flow

U (V) j (A cm−2) U (V) j (A cm−2)

V1 1.00 0.00 1.00 0.00
V2 0.89 0.10 0.89 0.10
V3 0.82 0.20 0.82 0.20
V4 0.76 0.30 0.77 0.30
V5 0.67 0.40 0.69 0.40
V6 0.62 0.42 0.66 0.42

S7 0.82 0.23 0.87 0.15
S8 0.74 0.38 0.75 0.37
S9 0.71 0.39 0.75 0.37
S10 0.70 0.40 0.72 0.38
S11 0.79 0.22 0.80 0.22
S12 0.84 0.12 0.85 0.12
S13 0.78 0.29 0.81 0.22
S14 0.72 0.38 0.72 0.38
S15 0.70 0.40 0.72 0.39

able 4
epresentative values for each group of analysis steps of the structural analysis.

TPOX reformate

Co-flow Counter-flow

nalysis step IV5 LS8 SH16 IV5 LS8
ax. local current density (A cm−2) 0.56 0.60 – 0.81 0.68
ax. thermal gradient (K m−1) 1988 3221 805 1548 206
ax. temperature difference (K) 126 163 105 132 173
ources 193 (2009) 203–215

electrical load and rapid load shutdown and cool-down, respec-
tively.

Finally the thermo-electrochemical cases in counter-flow con-
figuration were simulated for the C1 cell with two different initial
thicknesses of the gaskets, i.e. a value identical to, or 5% thicker than
that of the GDL. They are identified as cases of gasket “no preload”
and “preload”, respectively. The latter is the default case. Thus, all
simulations with the C2 cell included 5% thicker gaskets.

3. Results and discussion

3.1. Probability of failure of the cell at room temperature

The residual stresses in the cell can be easily computed with rea-
sonable accuracy by simple models [42]. For instance, it has been
often reported [41] that in the anode-supported cell, the support
is subjected to tensile stresses, while both the electrolyte and the
LSM-YSZ cathode are submitted to compressive stresses, since their
CTE is smaller than the one of the anode. The computations per-
formed in the current study show the same trend for both the C1
and C2 cells.

Fig. 5 depicts the evolution of the probability of failure at room
temperature for the two different types of cells and initial thickness
of the gaskets in the following states: as sintered and unconstrained
(INI1), after the assembly (INI2), and after a cool-down in reduced
state (SH18), which would correspond to a first thermal cycle. Only
the anode contributes to the probability of failure, since the other
layers undergo compressive stresses. A cool-down in reduced state
(SH18) is critical for the C1 and C2 cells. This is due to the reduction
strain, the larger CTE and the decrease in strength of the anode
support, induced by the higher porosity in the reduced state, which

is not completely compensated by the corresponding decrease in
Young modulus.

A prediction of the model that may induce disagreement with
common experimental observations is the decrease of the proba-
bility of failure during the assembly for both the C1 and C2 cells.

Partially steam-reformed methane

Co-flow Counter-flow

U (V) j (A cm−2) U (V) j (A cm−2)

0.97 0.00 0.99 0.00
0.81 0.10 0.89 0.10
0.77 0.20 0.84 0.20
0.75 0.30 0.81 0.30
0.73 0.40 0.77 0.40
0.71 0.44 0.75 0.44

0.79 0.05 0.74 0.37
0.65 0.42 0.78 0.36
0.75 0.37 0.82 0.34
0.79 0.35 0.84 0.21
0.79 0.35 0.84 0.21
0.83 0.21 0.86 0.18
0.86 0.12 0.87 0.12
0.80 0.35 0.82 0.34
0.76 0.36 0.81 0.34

Partially steam-reformed methane

Co-flow Counter-flow

SH16 IV5 LS8 SH16 IV5 LS8 SH16
– 0.56 0.68 – 0.75 0.48 –

2 812 1948 1743 1030 1239 2332 711
95 144 130 105 109 120 78



A. Nakajo et al. / Journal of Power Sources 193 (2009) 203–215 211

F
w

I
e
b
p
s
m
p
p
f
a
s
s
a
t
g
r
l
t

3

i
e
i
o
t
o
b
l

(
t
o
c
m
r
c

r
m
p

ig. 5. Probability of failure at room temperature for the two different types of cell,
ith and without gasket preload.

ndeed, the model indicates that the flattening of the cells low-
rs the magnitude of the maximum tensile stress at the interface
etween the anode and the electrolyte. This effect is obviously more
ronounced for the C1 cell, as a result of the absence of a compen-
ating layer. Failures experimentally observed during assembly are
ore likely related to the quality of the components: a stiff GDL of

oor quality, for instance, can induce very high local stresses. Such
henomena were not modelled and are expected to be negligible if
oams – as in the present work – or components of proper quality
re used. In addition, the fuel side of the anode is in compressive
tate when the cell is unconstrained. In the case of the C1 cell, the
tresses turn from compressive to tensile in this location during the
ssembly. Therefore, failure can arise from defects that did not ini-
iate fracture due to the compressive stress. The influence of the
asket preload is limited, but surprisingly beneficial in terms of
educed probability of failure (decrease down to 1.7E−2). Indeed, it
imits the bending of the cell in the area between the gaskets, hence
he magnitude of the probability of failure.

.2. Probability of failure of the cell during operation

The evolution of the probability of failure during operation
s depicted in Fig. 6 for the C1 cell, and the four thermo-
lectrochemical cases. The trend is quite similar for all cases
ndependent of the flow configuration or fuel type. The probability
f failure first increases during the current–voltage characterisa-
ion (IV1-6). The highest probabilities are reached during transient
peration (LS8) and are significantly larger than the ones related to
oth thermal cycling (SH18) and steady-state operation at nominal

oad (IV5).
This difference between nominal (IV5) and transient operation

LS8) is more pronounced in the co-flow configuration. Indeed,
he margin to accommodate severe conditions during transient
peration is less for an equivalent performance, compared to the
ounter-flow case. This applies for operations with both TPOX refor-
ate and partially steam-reformed methane. In comparison, the

apid load shutdown procedure does not induce particular harmful

onditions for the cell in both co- and counter-flow configurations.

The first principal stress in the anode of the C1 cell and the cor-
esponding temperature profile are displayed in Fig. 7 to provide
ore insights into the reason for the significant increase of the

robability of failure during transient operation and the difference
Fig. 6. Probability of failure in the C1 cell for the four thermo-electrochemical cases.

between the four thermo-electrochemical cases. The selected oper-
ating conditions refer to the highest probability of failures for each
thermo-electrochemical case, namely analysis step LS8. In Fig. 7, the
MIC is depicted in transparency and the deformation highly exag-
gerated (factor of 100) to appreciate the stresses around the fuel
manifold as well. It is observed that the zones of relatively high
temperature located mainly in the area of highest current den-
sity induce large tensile stress at the sides and the air outlet of
the anode support and induces a slight release of the compressive
stresses in the electrolyte. The comparison between the tempera-
ture profiles at the nominal point (IV5) and most critical conditions
(LS8) (middle and right column, respectively in Fig. 7) highlights
how a zone of relatively higher temperature can develop during
transient operation and so a corresponding increase in the proba-
bility of failure. This phenomenon is particularly pronounced when
the SRU is operated in counter-flow configuration and fed with
partially steam-reformed methane (LS7). Indeed, the decrease of
temperature induced by the steam-reforming reaction and the air
inlet acts on opposite sides: during the transient from idle to full
load, the zone of highest current density is located in the middle
of the active area of the SRU. In these conditions, the control of
the air flow on the air outlet temperature is not ideal, since the
controller cannot prevent the large temperature overshoot in the
middle of the SRU. Unfortunately, local temperature measurements
are very difficult to implement in large stacks and thus seldom
available. The same reasoning explains the differences between
the four thermo-electrochemical cases: internal steam-methane
reforming and counter-flow induce more harmful conditions than
thermal partial oxidation and co-flow, respectively. Unfortunately,
the opposite applies for the cell performance.

Some researchers used the maximum absolute value of the ther-
mal gradients to assess the risks encountered by the cell during
dynamic simulations or fixed operating point [43]. The results of
the present study show that such criterion is not fully reliable. Plot-
ting the probability of failure against the maximum temperature
difference or thermal gradient over the SRU does display a weak

correlation (see Fig. 8). But, particular care is required when using
thermal gradients or temperature profiles as an indicator for cell
failure. Indeed, a fixed value of maximum thermal gradient or tem-
perature profile can correspond to a wide range of probability of
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Fig. 7. 1st principal stress (MPa) in the anode (left) and corresponding temperature (middle) for the most critical analysis steps (LS8), in term of cell failure. The temperature
profiles at nominal point (IV5) are depicted for comparison (right). Internal steam-methane reforming, co-flow configuration (top), TPOX, co-flow configuration (second),
internal steam-methane reforming, counter-flow configuration (third), TPOX, counter-flow configuration (bottom).
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Fig. 9. Probability of failure for the two different cells with (C1 and C2) or without

rily, but design with such information is hazardous, and ideally as
much samples as possible should be used to obtain more reliable
data.
ig. 8. Correlation between probability of failure and temperature difference (top)
nd thermal gradients (bottom) over the SRU. C1 cell, IV1-LS15.

ailure, which overlaps more than two orders of magnitude. Thus,
uch a correlation holds imperfectly only for a given design, under
xed operating conditions and flow configuration. Hence, struc-
ural analysis is required prior to the use of a simple criterion. The
hape of the temperature profile and location of the thermal gradi-
nt within the components of the repeat element play an important
nd combined role.

During operation, as at room temperature, the anode is the only
ayer, which undergoes tensile stresses and which explains the dif-
erence in probability of failure between the two cell types (see
ig. 9): the compensating layer in the C2 cell induces slightly more
tress in the anode. The magnitude is small compared to the effect
f the operating conditions. Unlike the room temperature case, the
pplication of a preload on the gaskets is slightly less favourable.
he contribution of the residual stresses decreases with increasing
emperature. Therefore, the effect of the limitation of the bend-
ng induced by gasket preload is less pronounced. The maximum
ifference of 5.85E−3 occurs when the SRU is fed with partially
team-reformed methane and operated in counter-flow configura-

ion. In addition, the mismatch in CTE between the GDLs and the
askets induces slightly higher tensile stresses in these locations.

Fig. 10 provides the details of the contributions to the probabil-
ty of failure in the C1 cell in counter-flow configuration, when the
(C1) preload on the gaskets. TPOX reformate, counter-flow configuration. The trend is
similar when the cell is fed with partially steam-reformed methane and counter-flow
configuration.

SRU is fed with partially steam-reformed methane. The error bars
cover the variation corresponding to the 95% confidence interval
in the ring-on-ring strength test data. Confidence intervals were
provided only for the anode layer [12]. The lowest probabilities of
failures correspond to the most favourable case, i.e. highest Weibull
modulus and characteristic strength. The computed values overlap
several orders of magnitude. The trends can be detected satisfacto-
Fig. 10. Contributions to the probability of failure of the cells and scatter induced
by the 95% confidence interval. C1 cell, partially steam-reformed methane, counter-
flow configuration.
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Table 5
Probability of failure for a 50-cell stack.

Co-flow Counter-flow

5 cells 50 cells 5 cells 50 cells

TPOX reformate
Step IV5 1.4E−3 (1.3E−1, 2.2E−6) 1.4E−2 (7.6E−1, 2.2E−5) 4.2E−3 (2.3E−1, 1.5E−5) 4.1E−1 (9.3E−1, 1.5E−4)
Step LS8 3.4E−1 (1, 8.7E−3) 9.8E−1 (1, 8.4E−2) 4.6E−1 (1, 1.6E−2) 1 (1, 1.5E−1)

P
) 6.1E−2 (8.3E−1, 6.7E−4) 4.7E−1 (1, 6.7E−3)

1 (1, 3.4E−1) 1 (1, 9.8E−1)
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artially pre-reformed methane
Step IV5 2.2E−2 (5.9E−1, 1.4E−4) 2E−1 (1, 1.4E−3
Step LS8 9.3E−1 (1, 1.2E−1) 1 (1, 7.1E−1)

The probability of failure of a single repeat element is of little
nterest. Table 5 summarizes the probability that one cell fails in
50-cells stack at the nominal (IV5) and most critical (LS8) point.
verall, the probabilities are critical for a product. The uncertainty

nduced by the 95% confidence interval is tremendous. The com-
uted probabilities are more reasonable if the most favourable set
f Weibull parameters is used, which represent for the anode a
hange from 79.1 to 85.4 MPa in characteristic strength and 7.0–10.1
n Weibull modulus. The difference between the most critical case
LS8) and the nominal operating point (IV5) is significant. Thus,
mproper control strategy or failures of auxiliary components are
elieved to provoke rapidly harmful conditions. As a matter of fact,
he load sequence simulated in the present study is not even very
evere [22], since all devices, e.g. PID and mass flow controllers and
ensors were assumed to work flawlessly.

.3. Requirements on material properties

Typical required probabilities of failure for devices for station-
ry application are in the range of 10−5. The strength of ceramics
s not a material property, since it depends on the manufacturing
rocess, which might either induce or prevent critical defects. It is
herefore foreseen that the reliability can be enhanced by mate-
ial improvements. A decrease of the probability of failure can be
chieved by increasing either the Weibull modulus or the character-

stic strength. Figs. 11 and 12 depict the combinations of modulus
nd characteristic strength that ensure a probability of survival
f 0.99 in a 50-cell stack, which can be considered suitable for a
rototype. It should be emphasized that such plots are valid only
or a fixed reference volume and thus ring-on-ring measurement

ig. 11. Comparison between the requirement on the strength of the anode mate-
ial for the C1 cell, for the four different thermo-electrochemical cases to ensure a
robability of failure of 10−2 in a 50-cells stack.
Fig. 12. Comparison between the requirement on the strength of the anode material
for the two types of cells to ensure a probability of failure of 10−2 in a 50-cell stack.
Partially steam-reformed methane, counter-flow configuration.

device. The first figure focuses on the comparison between steady-
state (IV5) and most critical (LS8) for the C1 cell, whereas the
second compares the C1 and the C2 cell, all with gasket preload.
The requirements for steady-state operation are reasonable, inde-
pendently of the fuel, flow configuration or type of cell. A value of
10 for the Weibull modulus is often mentioned as a requirement
for technical ceramics. It would achieve the targeted probability
of survival for the C1 cell, combined to fairly high strengths of
90 MPa at 1073 K and reduced state, which lies slightly above the
95% confidence interval of the data measured at room tempera-
ture used in the present study. On the contrary, transient operation
is much more demanding. It is very challenging to achieve such
drastic improvements in the mechanical properties of the anode
material. Instead, a suitable control strategy, which does not focus
exclusively on performance or availability but on reliability as well,
is then of paramount importance.

4. Conclusion

Coupling a detailed thermo-electrochemical model to a finite-
element tool enabled the structural analysis of a SOFC stack of latest
generation developed within the frame of the FP6-FLAMESOFC
projects at LENI-EPFL in collaboration with HTcearmix-SOFCPower.
All components of a single representative repeat unit were meshed
and their interactions modelled through contact simulations.
The probabilities of failures for the cell were computed for each
layer from a detailed sub-model coupled to the SRU contact model.
In both the C1 and C2 types of cell, only the anode contributed to the
probability of failure at both room and operating temperature. In
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he former case, residual stresses due to the manufacturing process,
ombined to the reduction strain and the decrease of the strength
f the reduced anode material revealed the cool-down as a critical
ituation. The model predicted a decrease of the probability of fail-
re during the assembly, which is not consistent with experimental
bservations. One reason for the discrepancy is likely the presence
f local defects in the components, which were not modelled.

The most harmful operating conditions were found to occur dur-
ng transient operation and induced higher probabilities of failure in
he counter-flow configuration, when the SRU is fed with partially
team-reformed methane. Tensile stresses in the anode were gen-
rated around the zones of locally highest temperature. The latter
ere found to be possibly promoted more significantly and in a dif-

erent form during the variations of the electrical load than during
teady-state (i–V) calculations. As a general trend, thermal partial
xidation and co-flow configuration were found more favourable
han internal steam reforming and counter-flow respectively, the
rend is opposite for the cell performance. However, co-flow con-
guration can be potentially more prone to sudden failure during
ransient operation.

Thermal gradient and temperature differences over the SRU can
e used in a limiting and careful manner to assess the risks related to
temperature profile. Nevertheless, the indicators are valid only for
given design and thermo-electrochemical case. Hence, structural
nalysis cannot be neglected.

The computed probabilities of failure of a 50-cell stack were
nacceptable for a product. However, the source used for the
eibull parameters included a limited number of samples in ring-

n-ring experiments. Computed values changed significantly if a
ore favourable set of parameters within the 95% confidence inter-

al was used. Considering the problem from a material point a view,
he requirements were acceptable for steady-state operation but
eyond the range of foreseen possible improvements of the anode
aterial during transient operation. The need for a suitable control

trategy is thus highlighted.
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