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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 in exception of the cathode, i.e. anode, electrolyte and compensating
layer were considered in the analysis to account for the cell curvature. 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 cell, 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 cell cracking. In
the present paper, Part II, the occurrences of loss of gas-tightness in the compressive gaskets and/or
electrical contact in the gas diffusion layer were identified. In addition, the dependence on temperature
of both coefficients of thermal expansion and Young’s modulus of the metallic interconnect (MIC) were
implemented in the finite-element model to compute the plastic deformation, while the possibilities of
thermal buckling were analysed in a dedicated and separate model.
The value of the minimum stable thickness of the MIC is large, even though significantly affected by the
operating conditions. This phenomenon prevents any unconsidered decrease of the thickness to reduce
the thermal inertia of the stack. Thermal gradients and the shape of the temperature profile during
operation induce significant decreases of the contact pressure on the gaskets near the fuel manifold,
at the inlet or outlet, depending on the flow configuration. On the contrary, the electrical contact was
ensured independently of the operating point and history, even though plastic strain developed in the

gas diffusion layer.

. Introduction

The solid oxide fuel cell (SOFC) is a direct energy conver-

ion device, 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
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comes to commercialisation, since costs reductions and extended
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 compo-
nents can cause harmful conditions on the SOFC stack such as a
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
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Nomenclature

Symbols
C Constant
E young modulus [Pa]
Y yield limit [Pa]

Greek letters
� Poisson ratio
� density [kg m−3]

Indices
el elastic
Th thermal

Superscripts
* porous state
GDL gas diffusion layer

Acronyms
GDL gas diffusion layer
INI analysis steps during initialisation of the contact

simulations
IV analysis steps during current–voltage characterisa-

tion
LS analysis steps during the variation of the electrical

load
MIC metallic interconnect
RT room temperature
SH analysis steps during the rapid electrical load shut-

down and cooldown
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up, current–voltage (IV) characterisation, dynamic operation, load
SMR steam–methane reforming
TPOX thermal partial oxidation

ill affect the thermo-electrochemical behaviour of a planar SOFC
tack, through for instance local loss of electrical contact or gas-
ightness. These issues may themselves arise from the modification
f the temperature profile induced by the degradation of the cell
erformance. As a consequence, experiments usually end up by the
echanical failure of one of the components. Typical mechanical

ssues of interest are cell fracture, loss of gas-tightness of the gas
ompartments and buckling and plastic deformation of the metallic
nterconnects (MICs).

There are several causes of stresses in a cell. First, the sintering
hase during the manufacturing process induces residual stresses
ue to the mismatch between the coefficients of thermal expan-
ion (CTE) of the materials of the cell. Therefore, the mechanical
oad applied during the assembly of the stack has to account for the
urvature of the cell in order to ensure both the electrical contact
nd the gas-tightness of the compartments if compressive seals are
sed. Then, once loaded, friction prevents a stress-free expansion
f each component during heat-up and operation. The last manu-
acturing step of a SOFC stack is usually the reduction procedure of
he anode, which takes place when the fuel is fed for the first time.
he mechanical properties of the anode support change and influ-
nce the cell curvature. Thus the stresses in a stack after a thermal
ycle and after the assembly are expected to be different. Finally, the
emperature profile during operation causes additional stresses in
ll layers of the repeat unit. The features of the temperature profile
uring operation obviously depend on the stack design as well as

n the control strategy, flow configuration and fuel composition.
ones of relatively high temperature may induce buckling and will
ause a redistribution of the assembly load, which might lead to a
artial loss of electrical contact and applied pressure on the gas-
ources 193 (2009) 216–226 217

kets. The latter phenomena can also arise from the CTE mismatch
of adjacent components, typically gasket and gas diffusion layer
(GDL), if the assembly load is not sufficient. Hence, the tempera-
ture 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 diffrac-
tion 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 interconnects on the stresses through the differ-
ences in computed temperature profiles, during operation, heat-up
and shutdown procedures. Lin et al. [8] developed a finite-element
model of a 5-cell stack meshed with linear shell elements, which
included all components of their SOFC stacks. Plastic deformation
was considered. The probability of survival was monitored during
transient operation for tubular SOFC [9]. Nevertheless, most stud-
ies on standard repeat units (SRU) or stacks did not consider the
effect of the residual stress, i.e. stress state and change of curvature
of the cell, thermal buckling nor loss of either electrical contact or
gas-tightness.

The data on mechanical properties of the relevant component
is currently increasing but remains sparse, in particular when the
temperature dependence is regarded. The 2-parameter Weibull
analysis is widely accepted to characterise the ceramic components
[10–12]. Some key parameters are still difficult to find in literature,
due to the difficulty in manufacturing or testing. A typical example
is the properties of the reduced anode material at high tempera-
ture due to the need of a reducing atmosphere above approximately
673 K. The cathode materials are studied extensively in dense state
[13,14], but very little information on the properties of porous cath-
ode is available [11]. Engineering data on the properties of alloys
used as MIC material is available [15], even though detailed con-
stitutive models could not be found. Metallic foams can be used
as GDL. Extensive research has been carried out in the field, even
though not specifically on SOFC materials [16]. The mechanical
behaviour of compressive sealant materials used as gaskets for SOFC
is complex and has not been studied extensively, even though their
performance, measured as a leak flux has been estimated. [17–19]
showed that their compressive behaviour follows non-linear and
differentiated loading and unloading paths, together with plastic-
ity. The properties were found to change significantly during the
first loading cycles. Creep at high temperature was observed as well.

Thermo-electrochemical models are more common, and are
based on the knowledge acquired with micro-modelling of elec-
trodes [20–22]. Studies underscored the need for refined models
with dynamic capabilities to simulate the conditions a real stack
will have to face during operation [23].

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

The aim of the present work is to study the mechanical
issues in a standard SOFC repeat unit with an anode-supported
cell during the typical phases of its service, i.e. assembly, heat-
shutdown and cool-down. The approach consists in importing
into finite-element software the temperature profile computed
by a reasonably detailed and experimentally calibrated thermo-
electrochemical model of a SRU with dynamic capabilities. The
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esults are presented in two papers: the present one (Part II)
xplores the issues related to the compressive seal gaskets, to the
DL and to the MIC, i.e. loss of gas-tightness and/or electrical
ontact, plastic deformation and thermal buckling of the intercon-
ect, while Part I [24] focused on the description of the modelling
pproach, including the thermo-electrochemical model and the
omputation of the probability of failure of the cells. First, a sim-
le dedicated model is used to assess the occurrence of thermal
uckling of the MIC, depending on the operating conditions. Then,
mphasis is placed on the interaction between the components,
hrough contact simulations. Here, the previously computed min-
mum stable thickness of the MIC is a prerequisite condition. The
ontact simulations provide information on the distribution and
volution of applied pressure on the gaskets and the GDLs. Partic-
lar attention is paid to the choice of the material properties, by
onsidering the temperature dependence when data is available.
lastic deformation of the MIC and the GDL are implemented in
he model, while the constitutive law for the compressive gaskets
ncludes non-linear, differentiated loading and unloading paths.

. Modelling

.1. Thermo-electrochemical model

The capabilities of an existing thermo-electrochemical model
escribed by Larrain et al. [25] were extended. The equations were

mplemented in gPROMS, an equation-oriented process-modelling
ool [26]. Model evolutions include the adaptation of the geome-
ry to the FLAMESOFC stack, the modifications of the conservation
f species to handle internal steam-methane reforming, the imple-

entation of proportional integral derivative (PID) controllers and

n in-depth revision of the electrochemical model. The geometry
nd components of the SRU are depicted in Fig. 1.

An extensive description of the model has been provided in Part
[24]. Thus, the main features are only briefly listed hereafter:

ig. 1. Top: geometry and components of the standard repeat unit, indicated flow
irection holds for co-flow configuration. Location A and B refers to either air inlet
r outlet and correspond to points of interest, used for the monitoring of the evo-
ution of the contact status on the gaskets. Bottom: overview of the contributions
onsidered in the electrochemical model at the cell level.
ources 193 (2009) 216–226

• The SRU is spatially discretised in the in-plane direction and cou-
pled to a local one-dimensional electrochemical model, which is
discretised through the thickness of the cell.

• The model is not fully dynamic in terms of species transport and
heat transfer, since only thermal inertia of the solid structure is
accounted for.

• Boundary conditions include the heat losses to the environment
through the insulation. Heat exchange by radiation between the
stack and its surrounding is modelled in a simplified manner, i.e.
each node is coupled to an equivalent front node of the insula-
tion. The exchange with above/underneath and front/rear nodes
is neglected [27].

• The species on the fuel side are restricted to H2, H2O, CO, CO2,
CH4 and N2.

• The conservation of energy of gases as well as the conservation
of species accounts for variations of gas densities.

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

The core of the model is the electrochemical model. It considers
both ohmic and non-ohmic losses (see insert in Fig. 1):

• Ohmic losses include the ionic resistance of the electrolyte [28],
affected by current constriction in the case of thin layers [29], the
electrical resistance of the MIC and a small electronic conductivity
of the electrolyte, which induces a small leakage current [25].

• On the anode side, the dusty-gas model [30] is solved in one-
dimension through the anode support, along with the equation
of continuity. The water–gas-shift reaction is assumed at equilib-
rium until the interface between the anode and the electrolyte,
whereas steam–methane reforming is computed according to the
kinetic approach of Achenbach [31]. Currently only hydrogen is
electrochemically converted at the interface, according to the
relation from Bessler [32].

• On the cathode side, a model of mixed-ionic and electronic con-
ductor solves the charge balance along with the mass transport
[20–22]. The coupling between both systems is performed by the
transfer current, which is described following the approach of van
Heuveln [33].

Finally, three PIDs control (i) the air outlet temperature by the
air flow, (ii) the cell potential by the fuel flow and (iii) the electrical
power by the current density. Here, the aim is not to propose an
efficient control strategy, but rather to identify possible harmful
conditions that can be induced by a simple and unrefined control.

2.2. Mechanical model

2.2.1. Assessment of thermal buckling
The temperature profiles generated by the thermo-

electrochemical model are imported in a model of an isolated
MIC implemented in ABAQUS [34], a numerical tool based on
the finite-element method. The mesh was made of second-order,
reduced-integration elements (C3D20R) and geometric non-
linearity is enabled. The analysis proceeds in two steps. First,
the temperature profile is applied in conjunction with a small-
distributed pressure of the same shape as the temperature profile.
Then, the load is released and the final shape qualitatively observed
to identify a possible risk of buckling, in which case the MIC is
not flat at the end of the final step. Only elastic deformation is
considered to prevent any bias in the results that might be caused

by plastic deformation generated during the perturbation step.

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

putation of the stresses. The three-dimensional computer-aided
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esign (CAD) drawings were imported, assembled and meshed in
BAQUS. Three-dimensional reduced linear (C3D8R) and second-
rder elements (C3D20R) are used in combination to second-order
S8R) shell elements and linear gasket elements (GK3D8R). The
ontact algorithm of ABAQUS is used to compute the interaction
etween the components.

A detailed description of the model has been provided in Part
[24]. Thus, the main assumptions of interest for the present part
re briefly listed hereafter.

Small deformations,
Small-sliding, surface-to-surface, softened contact is assumed
between all components. A default value of 0.2 was used for the
friction coefficient for the tangential behaviour of all interactions.
The choice of 2.5 mm-thick MICs prevents any thermal buck-
ling. Thus the middle plane through the thickness of each MIC
is constrained to remain flat, whereas rotations around only the
y-axis (see Fig. 1) are allowed. Therefore, the computations are
performed for only one half of a repeat unit.
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.
The cathode is neglected in the contact simulations due to mem-
ory limitations, since it has the lowest Young modulus, hence the
lowest influence on the cell curvature.

All pre- and post-processing tasks are preformed by MATLAB
35] routines. They are required to (i) import the temperature pro-
le computed by gPROMS, which is performed for each in-plane

ayers of the ABAQUS mesh and the set of mechanical properties
ii) handle the ABAQUS analysis restarts. Such approach is required
hen plastic deformation is considered, due to the dependence on

he operation history. Moreover, mechanical loading, heat-up and
eduction steps have to be simulated prior to operation. This ini-
ialisation sequence starts first, by the sintering phase, which is
andled by setting artificial CTEs in the electrolyte, compensating

ayer [36] and cathode combined to an increase of temperature of
K (Part I [24]). Then, an additional initialisation step is added to
ccount for the possible variation of the initial thickness of the gas-
ets relative to the GDL to control the distribution of the assembly
oad: an anisotropic and artificial thermal strain is induced in the
askets prior to the assembly, in a similar manner to the sintering
tep. Finally, the mechanical properties of the anode support are
odified during the reduction step. A uniform value of 1073 K was

sed for all computations of the reduction process within this work.
he required parameters are listed in Table 1.

Compressive gaskets usually have a complex behaviour, as
hown in Fig. 2, where the applied pressure is plotted against the
losure, i.e. the effective strain ε − εTh. Gaskets elements embed-
ed in ABAQUS uncouple the in-plane and through-the-thickness
ehaviour. Non-linear, differentiated loading and unloading path
ogether with plasticity is considered for the latter. The full pattern
epicted in the bottom plot of Fig. 2 is required for the simulation
f the contact interactions in a stack [18]: the information provided
y Bram et al. [17], which consists in the evolution of the gasket
ehaviour during cyclic loading between no stress and 1.44 MPa is
ot sufficient for the present study. Therefore, the full pattern (Fig. 2,
op) was used, and the value of the closure at maximum pressure
dapted according to the data from Bram et al. [17].

Engineering stress–strain curves from alloy suppliers [15] were
mplemented in the model. GDLs made of metallic foam were con-

idered. Their properties were estimated by the relations proposed
y Gibson et al. [16] from the ones of the dense materials [15,41]:

Y∗
el

Es
≈ 0.05

(
�∗

�s

)2
(25)
Fig. 2. Typical behaviour of gaskets under compressive loading from [18] (top) and
[17] (bottom).

E∗

Es
≈ C1

(
�∗

�s

)2
,

G∗

Es
≈ C2

(
�∗

�s

)2
(26)

�∗ ≈ C1

2C2
− 1 (27)

2.3. Investigated cases

The same sets of cases investigated in Part I [24] are considered
for the present study. The analysis of the evolution of the contact
pressure on the GDLs and gaskets were performed for different cell
types, flow configurations, fuel fed into the SRU and initial thick-
nesses of the gaskets.

Cell suppliers propose different types of anode-supported cells
made of different materials. The curvature of the cell, hence con-
tact status at the interfaces of the components is of interest for
the present study and depends for a fixed anode support on (i) the
choice of the cathode and associated compatibility layer and (ii)
presence of an anode compensating layer, sometimes added to limit
the cell curvature and allow an easier and more precise assembly
[36]. 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-
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Table 1
Mechanical properties of the components of the standard repeat unit from [5–13,15–17,19,37–41].

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.



A. Nakajo et al. / Journal of Power S

Table 2
Fixed inlet conditions for the thermo-electrochemical cases.

Partially prereformed 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

c
b

t
s
u
t

•

•

•

T
V

I
I
I
I
I
I
L
L
L
L
L
L
L
L
L

T
R

A

M
M
M

CO2 0.044 0.043
AIR 973.15 973.15
FUEL 973.15 973.15

hemical model was calibrated. The associated loss of accuracy has
een underscored previously in Part I [24].

The history of a test is of main interest once plastic deforma-
ion is considered. The following sequence of structural analysis
teps was computed for both co- and counter-flow configurations
nder both TPOX and internal steam–methane reforming condi-
ions, leading to a set of 4 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: steady-state computation, gas flows fixed for the nominal
operating point. The air ratio was set to ensure a maximum
temperature in the SRU close to 1100 K. Six temperature pro-
files, ranging from open-circuit voltage (OCV) to the end of the
current–voltage characterisation were imported into the finite-
element tool. 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:

−2
1.4–3.5 nmlpm cm , air ratio: 3–4), nominal load
(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 PIDs, to achieve the fixed fuel utili-
sation (0.7–0.725), air outlet temperature (1100 K) and electrical

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.

nalysis step TPOX reformate

Co-flow Counter-flow

IV5 LS8 SH16 IV5 LS8

ax. local current density [A cm−2] 0.56 0.60 – 0.81
ax. thermal gradient [K m−1] 1988 3221 805 1548 206
ax. temperature difference [K] 126 163 105 132 1
ources 193 (2009) 216–226 221

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
in Table 2. Table 3 lists the values of the current density and poten-
tial for steps IV1-LS15, whereas Table 4 provides the maximum
thermal gradient and temperature difference for one analysis step
per group in the 4 different thermo-electrochemical cases, i.e. co-
and counter-flow configurations and with TPOX reformate or par-
tially steam-reformed methane. Thus, analysis steps IV1-6, LS7-15
and SH16-18 refer to IV characterisation, dynamic variation of the
electrical load and rapid load shutdown and cooldown, respectively.

All thermo-electrochemical cases in counter-flow configuration
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 sim-
ulations with the C2 cell included 5% thicker gaskets.

The evolution of the contact pressure was monitored at sev-
eral locations during the analysis steps, e.g. symmetry line or fuel
manifold. Analysis revealed the edge of the GDLs and SRU, namely
locations A and B in Fig. 1 at either air inlet or outlet as subjected
to the most important loss of contact pressure during operation. In

addition, location B is significantly affected by the changes in cur-
vature of the cell. Therefore, detailed results are presented only for
these locations.

The assessment of the possible occurrence of thermal buckling of
the MIC was performed for each thermo-electrochemical case: the

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

0.68 – 0.56 0.68 – 0.75 0.48 –
2 812 1948 1743 1030 1239 2332 711

73 95 144 130 105 109 120 78
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hickness for the calculation of the temperature profile was kept at
constant value of 2.5 mm, while it was varied in the finite-element

ool from 0.8 to 1.8 mm in increments of 0.1 mm, until no buckling
f the MIC was observed after the release of the load.

. Results and discussion

.1. Thermal buckling of the metallic interconnector

The computed temperature profiles display large temperature
ifferences and zones of relatively higher temperature as depicted

n Fig. 3. Thermal buckling of the MIC, for instance, can arise in such
onditions. Fig. 4 compiles the results of the computed minimum
table MIC thickness for the 3 different groups of analysis steps in
he thermo-electrochemical cases. It should be emphasised that the

inimum stable MIC thickness is expected to be yet slightly higher
n reality, since the applied temperature profiles were all gener-
ted from thermo-electrochemical simulations with a thickness of
.5 mm. Thicker MICs induce an increase of the effective in-plane
hermal conductivity of the solid and consequently tend to flatten
he temperature profile.

Operation with TPOX reformate is less critical than inter-
al steam–methane reforming. The same holds for counter with
espect to co-flow configuration, at the end of the current–voltage
haracterisation. Actually, the MIC is less prone to thermal buckling
n the co-flow configuration in the nominal range, i.e. at current
ensities lower than 0.4 A cm−2 (IV5). This change is caused by
he lower performance of the co-flow configuration. An increase
f the air flow would be required to maintain an identical air outlet
emperature among the thermo-electrochemical cases above the
ominal operating point (IV5). All critical cases occur during tran-
ient operation, where higher thermal gradients and local increase
f the temperature can arise (cf. Table 4). However, there is not nec-
ssarily a correlation between the risks of buckling and cell fracture
Part I [24]): the rapid load shutdown procedure (SH16), which did
ot induce particular harmful conditions for the cell in both co-
nd counter-flow configurations appears as the most critical case
n term of risk of thermal buckling for the co-flow configuration,

hen the SRU is fed with TPOX reformate.
The occurrence of thermal buckling can be acceptable if it does

ot provoke large displacements or plastic deformation. Fig. 5
epicts the temperature profile and the associated MIC vertical dis-
lacement along the symmetry line of the repeat element along the
as flows for the most critical operating conditions and a MIC thick-
ess of 1.2 mm. The maximum computed displacements are larger
han the thickness of the GDL on the anode side in almost all cases.
uch conditions are likely to cause the malfunction of the sealing
ystem and damage to the compliant metallic foam used here as
DL, which are harmful conditions for the stack integrity. In the
orst case, redistribution of the gas flows, due to a local decrease

f porosity of the plastically deformed foam can be expected. Such
phenomenon is difficult to control, but the dissymmetry in the

orrosion scales, e.g. air and fuel side and small pressure differ-
nces might be sufficient to force the buckling to occur in the
ame direction in all repeat elements of a stack. In addition, the
ield stress of the MIC material is very low at high temperature
15]: the convex side can undergo plastic deformation, which will
hen influence the behaviour during subsequent steps. Therefore
esigning a stack without preventing the occurrence of buckling
ppears as a very ambitious task at the current level of knowl-
dge. An increase of the thickness of the critical components is

he straightforward countermeasure. Unfortunately, it implies an
ncrease of the weight and of the thermal inertia of the stack,

hich affects its ability to comply with any application where fast
eat-up or cool-down are required. This is currently a key issue in
OFC.
ources 193 (2009) 216–226

A relatively simple indicator, such as the maximum thermal gra-
dient or the maximum temperature difference over the SRU, would
be of the highest interest during both the design and service phase
of the life of a SOFC stack. In the first case, it can assist the selection
of proper materials and test different geometries, depending on the
requirement. In the second case, it can be implemented in a control
strategy, if the indicator is simple to measure in a stack. Unfortu-
nately, as for the assessment of cell failure [24], a simple and reliable
relation could not be established between the risk of buckling and
thermal gradients nor temperature difference, as shown in Fig. 6.

3.2. Loss of contact pressure on the gaskets

Gas-tightness and electrical contact are conditions for the
proper operation of a stack. It is well confirmed from short-stack
experiments that both defaults usually lead to a premature failure
of the stack. Indeed, gas leaks have plethora of critical effects, which
range from loss of performance due to the leak to local reoxidation
of the anode or reduction of the cathode material [1].

Fig. 3 provides a qualitative overview of the phenomena. The
contact pressure is plotted for the most critical analysis steps (LS8
and LS9) in term of loss of contact pressure at location B, at the
air outlet. The comparison between the temperature profiles at the
nominal (IV5) and most critical conditions (LS8 and LS9) (middle
and right columns) highlights how a zone of relatively higher tem-
perature, located in the area of highest local current density can
develop during transient operation. The position of the maximum
contact pressure can be obviously determined from the observa-
tion of the temperature profile. It is the highest on the GDL (highest
local temperature), whereas a decrease occurs on the gaskets, at the
edge of the SRU (location B) at the air outlet. The extension of this
zone of lower contact pressure towards the fuel manifold is more or
less pronounced and affects either the fuel inlet or outlet manifold
in counter- and co-flow, respectively. Therefore, co- and counter-
flow configurations are expected to present a different resistance
towards the release of contact pressure at the air outlet, in favor of
the former since the decrease occurs at the fuel outlet, while the
inlet area is submitted to higher compressive stresses.

Fig. 7 depicts the evolution of the distribution of the contact
pressure on the fuel GDL along the central axis of symmetry, with
and without gasket preload, during the variation of the electri-
cal load, when the SRU is operated in counter-flow configuration
and fed with partially steam-reformed methane. The level of stress
is high for metallic foam in a high-temperature environment
and induces plastic deformation. In addition, the variations dur-
ing the different analysis steps are significant. History-dependent
behaviours were thus expected, but the simulations indicate that
electrical contact is ensured over the whole active area indepen-
dently of the analysis, even though loss of contact is observed at the
frontier between the gasket and the GDL. The affected area remains
very narrow and is not believed to induce a noticeable change of
the imported temperature profile.

The requirement is different for the gasket, since a compressive
stress, instead of simple contact has to be ensured during service at
all time. Fig. 8 depicts the evolution of the pressure versus closure
during the different analysis steps at 3 different locations of the air
gasket, namely (i) A, air outlet, (ii) B, air inlet and (iii) B, air outlet,
which can be identified in Fig. 1. A C1 cell is used, the SRU is operated
in counter-flow configuration, fed with TPOX reformate. The gasket
is preloaded. The evolution among the different analysis steps is as
follows:
• Assembly (grey lines and crosses): the contact pressure is locally
the highest at room temperature, after the assembly step. The
uneven distribution between locations A and B is due to the cell
curvature.
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Fig. 3. Contact pressure [MPa] on the GDL and gaskets on the fuel side (left) and corresponding temperature (middle) for the most critical analysis steps (LS8 and LS9), in term
of loss of contact pressure at the edge of the SRU (location B). Case of gasket preload. The temperature profile at nominal point (IV5) is 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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ig. 4. Minimum computed stable thickness of the metallic interconnector for the
different thermo-electrochemical cases.

Uniform heating (grey lines and crosses): the contact pressure
remains almost similar at the edge of the SRU (B). The temper-
ature increase reduces the residual stresses in the cell and thus
the curvature. Hence a more pronounced decrease of the contact
pressure is observed at the edge of the GDL (A).
Current–voltage characterisation (black squares): the contact
pressure decreases at the edge of both the SRU (B) and GDL (A) at
the air outlet, due to development of the zone of relatively higher
temperature located in the active area. The situation is the oppo-
site at the edge of the SRU (B), at the air inlet, due to the cooling
of the entering air (Fig. 3). Rotation of the MIC around the y-axis

(Fig. 1) is allowed and it therefore touches preferentially the areas
of locally highest temperature, as is qualitative best depicted in
Fig. 3. The contact pressure at the end of the IV characterisation
is higher than at room temperature and an increment of plastic
strain is generated (insert in Fig. 8). Hence, after a thermal cycle, a

ig. 5. Temperature profiles and associated vertical displacement during thermal
uckling along the symmetry line for the most critical analysis steps during the
V characterisation, the variation of the electrical load and rapid electrical load
hutdown. Thickness of the MIC of 1.2 mm.

Fig. 6. Correlation between minimum stable MIC thickness to prevent any thermal
buckling and temperature difference (top) and maximum thermal gradient (bottom)
over the SRU.

Fig. 7. Contact pressure on the gas diffusion layer with (black) or without (grey)
initial preload on the gaskets. C1 cell, partially steam-reformed methane, counter-
flow.
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Fig. 9. Evolution of the pressure versus closure with (higher contact pressure,
upper right group) or without (lower contact pressure, lower left group) initial

fold at room temperature and (ii) a slightly different stress profile
in the gasket compared to the assembly step, due to the friction.
The associated risks could not be assessed, since a failure criterion
could not be found for the gasket material. Nevertheless, the influ-
ig. 8. Details of the evolution of the pressure versus closure. C1 cell, TPOX reformate
nd counter-flow configuration. Locations A and B refer to Fig. 1. Assembly and heat-
p (grey crosses), current–voltage characterisation (black squares), variation of the
lectrical load (grey triangles) and load shutdown and cooldown (black stars).

permanent increment of plastic strain at location B is generated.
Thus the state of the gasket at room temperature after a thermal
cycle can be altered, depending on the operating sequence.
Variation of the electrical load (grey triangles): the contact pres-
sure varies depending on the shape of the temperature profile.
The decrease can significantly extend to the fuel manifold. A
change in unloading path is observed at the edge of the SRU, at
the air inlet, due to the increment of plastic strain generated at
the end of the IV characterisation.
Rapid load shutdown and cooldown (black crosses): the contact
pressure increases again.

The trends were similar when the SRU was fed with partially
team-reformed methane, except that no increment of plastic strain
as observed at the air inlet, due to the lower required air ratio.

Fig. 9 displays the influence of the gasket preload and types of
ell. A significant variation is observed. Unlike the gasket-preloaded
ituation depicted in Fig. 3, the GDL takes most of the assembly load
nd therefore releases the gaskets, when no preload is applied on
he latter (Fig. 7). In this case, the loss of pressure on the gasket
s almost complete at the 3 locations. The effect of the preload on
he gaskets is therefore beneficial, since it uniformises the contact
ressure over the SRU. Nevertheless, strong decreases during oper-
tion cannot be prevented and a drop in contact pressure as high
s 40%, compared to the state at room temperature, is observed
epending on the location. It should be emphasised that the above-
entioned comments do not necessarily hold for any selection of
aterials, since either loss of gas-tightness or electrical contact can

ccur, depending on the material properties, which will influence
he component that withstands most of the assembly load.

Finally, the effect of the cell curvature due to residual stresses on
he contact pressure at the edge of the GDL is observed in Fig. 9: this
henomenon is less pronounced for the C2 cell at room tempera-
ure, due to the compensating layer. In comparison, the edges of the
RU are not significantly affected, since the cell does not extend up
o this location.
.3. Plastic deformation in the metallic interconnect

The evolution of the maximum von Mises stress in the MIC and
he occurrence and incremental increase of the equivalent plastic
preload on the gaskets, for the C1 and C2 cell. Assembly and heat-up (grey crosses),
current–voltage characterisation (black squares), variation of the electrical load
(grey triangles) and load shutdown and cooldown (black stars). Partially steam-
reformed methane, counter-flow configuration. Locations A and B refer to Fig. 1.

strain is depicted in Fig. 10. The occurrence of plastic strain and
maximum probability of failure of the cell (see Fig. 6 of Part I [24])
do not appear at the same operating points. The highest plastic
strains are generated during the cool-down in the counter-flow con-
figuration and when the SRU is fed with partially steam-reformed
methane. Plastic strain is not directly related to highest stresses,
since the yield stress of the MIC material strongly depends on the
temperature. The plastic deformation (i) induces remaining stresses
around 72.7–82.1 MPa, which correspond to a value of 0.29–0.33,
relative to the 0.2% yield strength of the MIC material at room
temperature, and localised in narrow areas near the fuel mani-
Fig. 10. Evolution of the maximum equivalent plastic strain and von Mises stress in
the metallic interconnector during the different analysis steps. C1 cell.
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nce on cell probability of failure is negligible (see Fig. 5 of Part I
24]).

. Conclusion

Coupling a detailed thermo-electrochemical model to a finite-
lement tool enabled the structural analysis of the SOFC stack of
atest generation developed within the frame of the FLAMESOFC
tack at LENI-EPFL in collaboration with SOFCPower and HTceramix.
ll components of a single representative repeat unit were meshed
nd their interactions modelled through contact simulations.

Simple computations on a dedicated model showed that
uckling of the MIC appears as a likely and possibly harmful phe-
omenon in SOFC stacks and prevents at the current state of
nowledge any unconsidered decrease of the MIC thickness to
educe the weight and thermal inertia. Relations between the risk of
uckling of the MIC and maximum thermal gradient or temperature
ifference over the SRU could not be established. Similarly, the most
ritical situations in terms of thermal buckling do not correspond
o the one for cell fracture, which were computed in Part I.

Simulations showed that contact pressure on the GDL, hence
lectrical contact was ensured during the whole analysis, even
hough plastic strain was generated. On the other hand, a large
ecrease of contact pressure was observed in the gasket. Critically
ffected areas include the fuel manifold on the air outlet side: the
esistance of co- or counter-flow configurations towards such phe-
omena is expected to differ. Almost complete release occurred at
articular locations when no preload was applied on the gaskets.
he temperature profile and/or the residual stresses in the cell were
evealed as the causes for the observed behaviour, depending on the
ocation.
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