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Abstract

Assembly of a planar SOFC or SOE stack involves the lami-
nation of cells and interconnect plates under an applied load.
In most designs a pattern of ribs on the interconnector makes
contact with a porous ceramic current collector layer on the
air side. These localised contacts are regions of increased
stress on the cells and can cause damage if the stresses
become too large. In this paper the mechanical response of an
anode-supported cell to localised loads from interconnector
ribs is simulated. The simulations show that the critical stress
for initiating and propagating a crack in the electrolyte
(~300MPa for a 10 mm thick electrolyte) is reached when the

interconnector displacement reaches 20 mm (after touching
the cathode) with reduced support, or 30 mm when in an
oxidized state. The difference is due to the lower stiffness of
the reduced support. The residual compressive stress in the
electrolyte layer has a major protective effect for the electro-
lyte. It is concluded that fracture is very unlikely for a geome-
trically perfect contact, but if the contact is non-uniform due
to manufacturing variability in the contact plate or cell, local
displacements >~20 mm can be dangerous. The simulations
are used in an example of contacting geometry optimisation.

Keywords: Contacting; Electrolyte Fracture, Finite Element
Modeling (FEM), Optimization, Solid Oxide Fuel Cell (SOFC)

1 Introduction

All SOFC and SOE devices require electronic current collec-
tion to the electrodes. In stacks of planar cells this involves
making a contact between the electrode and the interconnector
or bipolar plate. On the fuel side this is usually achieved using
a nickel mesh or nickel felt. On the air side, the contact is
usually made between ribs on the interconnector and the
porous air electrode itself, or a similar porous ceramic current
collector layer [1]. When the stack is assembled forces are
applied to compress the stack, for example by tie-bars between
relatively stiff end plates. This applied load serves to accom-
modate deviations from cell flatness and control or compress
seals. It also pushes the interconnector ribs into the air elec-
trode to make the current collection contact [2]. In this respect,
the externally applied force becomes a local load where the
interconnector rib contacts the air electrode. The average pres-
sures used in stack assembly are usually small: e.g. 1 MPa for
a stack with glass seals, up to 20 MPa for compressible seals
[3]. However, if the components making contact are not per-
fectly flat or smooth due to manufacturing variability, then the
loads can be magnified considerably at the initial places of
contact. Penetration of the rib into the electrode structure is
beneficial as it improves contact and also accommodates some
variations in manufacturing tolerances. However, if the local

load becomes too high it can cause damage to the cell. This is
a particular risk for cell structures having a thin electrolyte
layer such as anode-supported SOFCs. Fracture of the electro-
lyte can allow direct combustion of fuel and air during opera-
tion, leading to a local hot-spot and eventual destruction of
the cell. As the interconnector rib makes contact with the
cathode (in a SOFC) it compresses the cathode leading to
collapse of the porous ceramic structure and its local densifi-
cation. The load is transferred downwards deforming the elec-
trolyte layer and eventually the anode support, which is also
porous and capable of densification.

The aim of the current work is to study the mechanics of
this process by finite element (FE) simulation of the cell con-
tacting and to identify a suitable criterion for preventing
damage to the electrolyte in an anode-supported cell (ASC).
The approach adopted involves applying results of previous
indentation experiments and FE simulations of the local load-
ing of the cell component materials and layered structures
[4, 5]. Particular attention is given to a suitable description of
the collapse and densification of the porous materials under
compressive loading and the criterion for failure of the electro-
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lyte. The results are then used in a FE simulation of contacting
between an ASC cathode and an interconnector rib. In this
simulation the anode support is considered to be perfectly
supported on its lower surface and not able to bend under the
localised load at the cathode surface. This might not be the
case in an actual stack and depends on the details of the
anode-side current collection and stack design. Any bending
of the cell will help reduce the cathode side contact stresses.
This can also occur if there is misalignment of connector ribs
on the anode and cathode sides of the cell. Therefore this sim-
ulation represents a worst-case scenario for contact damage to
the electrolyte, but the longer range bending stresses could
threaten the integrity of the support.

The simulation is also used as an example in a design of
experiment analysis using the Taguchi method to explore
optimisation of the rib geometry from the point of view of
minimizing the stress in the electrolyte.

2 Simulation Procedure

2.1 Finite Element Model

As an example of the application of data obtained in earlier
studies, FE simulations were performed to simulate the con-
tact behavior between an anode-supported SOFC and an inter-
connector rib, as shown in Figure 1, with properties of the
components listed in Table 1. A 2D plane strain FE model was
used in Abaqus CAE 6.12 environment (Dassault Systemes,
USA). The structure was assumed periodic with a vertical
plane of symmetry at the center of the rib. This corresponds to
a large area interconnector and cell (all edge effects ignored)
with perfectly flat and smooth surfaces. The simulations are in
plane strain and are invariant in the third dimension (along
the direction of the ribs). A sandwich-shaped three-layer
model was built for the cell comprising a thin (10 mm for the
base case) dense electrolyte layer on a porous anode substrate
(oxidized or reduced states) having much larger thickness
(500 mm). On top of the electrolyte layer a porous LSCF cath-
ode layer sintered at 1,000 �C was built (30 mm thick in the base
case). The width of the semi-repeating unit was set at 200 mm.
The interfaces between the layers were assumed perfectly
bonded (i.e. no delamination or slippage allowed). In reality,

cells often contain other layers, such as a thin (e.g. 5 mm)
anode functional layer between the support and the electro-
lyte. For simplicity, such a layer is not included here as it is
relatively thin compared with the support and has similar
composition (although a finer microstructure) and would have
very similar mechanical properties to the support.

The schematic of the model is shown in Figure 1. The bot-
tom of the anode substrate was constrained to not allow verti-
cal movement (U2 = 0). All the edges on the symmetric axis
for all parts were constrained such that no horizontal move-
ment was allowed (U1 = 0). The periodicity required addition-
ally that the edges on the right hand side of each part were
constrained to have the same horizontal displacement (U1)
during loading and unloading. The dimensions of the individ-
ual parts for the base case are listed in Table 1.

Adaptive meshing was employed in the regions close to the
rib contact edge in order to improve the resolution of the stress
distribution in that critical region. A mesh convergence analy-
sis was performed to test the mesh size sensitivity of the
results and ensure that the results were not dependent on the

Fig. 1 Schematic of symmetrical and periodic model setup under plane
strain condition.

Table 1 Material properties and base case dimensions of the model.

Component Thickness /mm Material Elastic modulus /
GPa

Gurson yield stress /
GPa

Porosity Residual stress
/GPa

Anode support 500 NiO-8YSZ 151 3 0.146

Ni-8YSZ 80 0.96 0.301

Electrolyte 10 YSZ 219 – 0 –0.6 (oxidized) and
–0.4 (reduced)

Cathode 30 LSCF 44.5 0.9 0.363 0.1

Metallic rib height Width Crofer� 22
APU [3]

220 0.27(a) – –

500 400

(a) von Mises yield stress for the interconnector steel
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mesh resolution. A uniformly distributed load was applied on
the top surface of the interconnector plate by means of a rigid
flat plate constrained to have displacement only in the vertical
direction. The loading and unloading processes were simu-
lated by stepwise vertical displacement of the rigid plate into
and off the structures.

2.2 Input Material Properties

The mechanical properties shown in Table 1 for these com-
ponents were measured previously using spherical indenta-
tion experiments [5–7]. The properties for the porous cathode
layer are appropriate for one sintered at 1,000 �C. Typical
SOFC porous NiO-8YSZ anode substrates (oxidized condition)
of approximately 500 mm thickness with a 10 mm 8YSZ electro-
lyte on one side were used. Comparison was also made with
the model when the oxidized anode substrate was fully
reduced to Ni-8YSZ.
The material of the interconnector rib was assumed to be
Crofer� 22 APU (ThyssenKrupp VDM GmbH) ferritic stainless
steel, for which the mechanical properties [8] are also shown
in Table 1. The cell materials were assumed to be homoge-
neous and isotropic.
A key feature of the simulation is the way it deals with col-
lapse and densification of the porous materials. This was done
using the Gurson model [9] in which the yield condition is a
function of the porosity (f) and is given by the following
expression, Eq. (1),

F ¼ q
sd

y

 !2

þ 2f cosh � 3p
2sd

y

 !
� 1� f 2 ¼ 0 (1)

where sd
y is the yield stress of the dense matrix material, q is

the effective von Mises macroscopic stress and p is the macro-
scopic hydrostatic stress. Since we apply this relationship out-
side the limits of its strict validity we treat sd

y as an adjustable
parameter whose value is obtained by a best fit to the indenta-
tion response of the porous material (this is not necessarily the
same as the yield stress of the dense matrix). This is the
Gurson yield stress shown in Table 1 and was determined for
the individual materials in the cell from fitting loading and
unloading spherical indentation experiments and verified by
post-test characterization of deformed regions after inden-
tation. Details can be found in [5–7].

For the non-porous metallic interconnector the von-Mises
yield criterion was used for the onset of plastic deformation,

y ¼ sMises ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs1 � s2Þ2 þ ðs2 � s3Þ2 þ ðs3 � s1Þ2

2

s
(2)

where s1, s2 and s3 are the three principal stresses and sMises

is the von-Mises stress. The work hardening behavior of the
Crofer steel was included in the simulations as a look-up table
of true stress, strain and plastic strain converted from nominal

engineering stress-strain data provided by the material sup-
plier [8].

In addition, the cathode and electrolyte layers on these sub-
strates are known to have an in-plane equi-biaxial residual
stress resulting from thermal expansion differences. The elec-
trolyte residual stresses are -600 MPa in the oxidized state and
-400 MPa in the reduced state [10, 11]. The base case residual
stress in the cathode, for which no measurements were avail-
able, was estimated assuming elastic behavior using Eq. (3)

sthermal ¼
E

1� n2 ðaf � asÞðT0 � TÞ (3)

where af and as are TEC of the thin layer and thick substrate
and E and n are the elastic modulus and Poisson’s ratio of the
thin layer. T0 is the stress free temperature, which is regarded
as being close to, but slightly below, the sintering temperature,
and T is room temperature (25 �C). The residual stresses were
incorporated in the simulations as initial conditions. The bal-
ancing stress in the substrate is much smaller (because it is
much thicker than the electrolyte or cathode) and was
neglected.

The friction coefficient between metal and cathode was
assumed to be 0.5, which is a commonly assumed value for
similar contacting surfaces. The friction coefficient (m) at the
interface between the rib and cathode interface was varied to
see how much it would affect the simulated stress distri-
butions. The base case value of m was set at 0.5, and a smaller
m (= 0.1) was then used for comparison for both the oxidized
and reduced cases. It was found that the friction coefficient
has a significant effect on the stress distributions. When the
friction coefficient was reduced to 0.1 there was noticeably
more plastic deformation of the metal and greater displace-
ment of the edge of the rib towards the gas channel. The maxi-
mum tensile stress in the electrolyte was also reduced signifi-
cantly and its location displaced towards the center of the rib.
However, the maximum vertical displacement of the electro-
lyte remained almost unaffected. Although these results show
that the friction coefficient has a large influence on the stress
distribution, the value of 0.1 is unlikely to be encountered in a
contact involving a granular porous ceramic and therefore the
base case value of 0.5 should be more representative of a real
situation.

2.3 Design Optimisation Using the Taguchi Method

For the two types of specimen (oxidized and reduced),
three parameters were varied from the base case values in
Table 1 to examine their effects on the electrolyte stress. They
are rib edge curvature radius (R), cathode thickness (CT) and
electrolyte thickness (ET), as listed in Table 2. The Taguchi
design of orthogonal experiments method [12] was used to
perform a series of simulations to identify the importance of
these factors and the optimal values for the three factors, aim-
ing to generate the lowest peak maximum principal stress
(Smax) in the thin electrolyte layer.
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The base case simulations suggested that suitable applied
loads of 170 mN and 120 mN, for the oxidized and reduced
supports were appropriate. Therefore, all the orthogonal sim-
ulations are based on these fixed loads. However, the values
of the variable parameters (factors) were the same for both
oxidized and reduced cases.

Three value levels were used for each factor as shown in
Table 2. In all cases the range of each is a factor of 4 and the
values are typical of those used in actual cells. In this study, a
3·9 experimental array was adopted as shown in the orthogo-
nal table (Table 3).

The range analysis method was used to analyze and inter-
pret the results from the design of experiments. The optimum
levels of each factor were finally chosen to achieve the lowest
value of Smax in the electrolyte.

3 Results and Discussion

3.1 Critical Stress for Electrolyte Fracture

In order to determine whether a particular peak stress in
the electrolyte is likely to cause fracture, it is necessary to have
a suitable criterion for failure. Brittle failure of ceramics
involves first the initiation of a crack (e.g. at a defect or sharp
geometrical feature) and then propagation of the crack driven
by the stress field, which changes as the crack propagates. The
initiation is usually described in terms of a critical value of

stress (strength, sc) and the propagation by a critical energy
release per unit area of crack extension, Gc. For fracture the
conditions for both initiation and propagation must be satis-
fied, but often it is one that dominates. The strength depends
on the distribution of flaws and the probability that a critical
flaw exists in the stressed volume. The result is that the
strength decreases as the stressed volume increases. For any
initiating defect, or propagating crack, the opening mode ten-
sile stress is the most significant and therefore, from the FE
simulations, the key parameter is the maximum principal
stress in the complicated stress field near the contact.

In our previous study of damage to an electrolyte layer
caused by spherical indentation [5] the critical stress for elec-
trolyte fracture was estimated from its known fracture tough-
ness and the observed defects which were of the order of 1 mm
in size. This is not a suitable critical stress for the current anal-
ysis because the volume of electrolyte stressed by the rib is
much greater than for the spherical indenter and therefore the
chance of finding a larger defect in also greater. Since the elec-
trolyte is thin there will be a limit to the size of a pre-existing
defect. To obtain an estimate for the critical stress we assume
that the maximum credible defect is a short crack penetrating
from the top surface to the middle of the electrolyte. Under a
tensile component of stress in the plane of the electrolyte this
pre-existing crack could be initiated to penetrate the intact half
of the electrolyte. This problem was analyzed theoretically by
Beuth [13]. The expression relating critical stress for initiation
of fracture, sin, to the Mode I critical stress intensity, KIc, takes
the form

KIc

sinðphÞ1=2 ¼ F a; b;
a
h

� �
(4)

In this expression h is the film thickness and a the depth
of the crack. Therefore, for an initial defect penetrating to
the middle of the film a/h = 0.5. a and b are the Dundurs
parameters for the elastic mismatch at the interface between

film and substrate. The approximate
values for the oxidized support are
a = 0.18 and b = 0.05, and for the
reduced support a = 0.46 and b = 0.13.
The value of F was calculated numeri-
cally by Beuth as a function of these
parameters and is approximately
equal to 1 for both supports. For 8YSZ
KIc = 1.61 MPa m1/2 [14] and therefore
Eq. (4) predicts a critical stress for
initiation of 290 MPa.

Beuth also considered the lateral
propagation of a crack traversing the
film, a so-called channelling crack.
When longer than a few times the film
thickness the energy release rate (with
respect to increase in crack length) as
the crack extends laterally is constant
and given by

Table 2 Factors, levels and values for the Taguchi optimisation. Factors
are: rib edge curvature radius (R), cathode thickness (CT) and electrolyte
thickness (ET).

Factor Level 1 Level 2 Level 3

R / mm 12.5 25 50

CT / mm 15 30 60

ET / mm 5 10 20

Table 3 Simulation ‘‘experiments’’ for the Taguchi optimisation applied to the oxidized and reduced
cases.

Experiment
no.

Input factors and levels Simulation values

R CT ET Radius / mm Cathode
thickness /
mm

Electrolyte
thickness /
mm

1 1 1 1 12.5 15 5

2 1 2 2 12.5 30 10

3 1 3 3 12.5 60 20

4 2 1 2 25 15 10

5 2 2 3 25 30 20

6 2 3 1 25 60 5

7 3 1 3 50 15 20

8 3 2 1 50 30 5

9 3 3 2 50 60 10
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G ¼ 1
2

s2 1� n2
� �

h
E

pgða; bÞ (5)

where E and n refer to the film. The function g was also com-
puted numerically by Beuth and has the value 1.48 for the
materials in these cells. Furthermore, in plane strain,

K2
I ¼

EG
1� n2 (6)

and hence the final result is that the critical stress for crack
propagation as a channel crack in 1.16 times the critical stress
for initiation, or sprop = 1.16sin = 336 MPa. Since the values of
critical stress for both initiation and propagation are so similar
a suitable failure criterion is that a maximum principal stress
of approximately 300 MPa would lead to electrolyte failure.

3.2 Examples of Stress Distributions

Figure 2 shows examples of stress distributions at applied
loads that are just sufficient to reach the elastic limit of the
interconnector steel. This is when the von Mises stress in the
steel reaches the yield stress of 270 MPa, which is seen to occur
initially at the corner of the rib in contact with the cathode.
The mean pressure on the interconnector plate is obtained by
dividing the applied load by the total area of the top of the

interconnector plate and is higher for the oxidized support
because the support is stiffer than when reduced. Since in this
case the width of the rib is one half of the repeat unit then the
mean contact pressure is double the mean pressure.

Also shown in Figure 2 is the maximum principal stress in
the electrolyte, which never becomes tensile as the residual
compressive stress is not overcome. Therefore, it is concluded
that plastic deformation of the interconnector will always
occur before there is any danger of damage to the electrolyte
in this particular case.

Further simulations were carried out to explore the stress
distributions for higher mean pressures than those in Figure 2
and which would generate electrolyte stresses of the order of
the failure stress of 300 MPa. Figure 3 shows the distribution
of the maximum principal stress (note that ‘‘maximum princi-
pal stress’’ respects the normal sign convention of tensile stress
being positive) and the vertical displacement (U2) for the oxi-
dized and reduced specimens computed in the FE simulations
in the absence of any cracking at mean pressures of 0.78 GPa
and 0.63 GPa respectively. It can be seen from Figure 3 that
these pressures are sufficient to cause plastic deformation of
the metal interconnector, especially in the case of the oxidized
support. The general form of deformation of the electrolyte
layer is biaxial bending due to the less stiff substrate, which
occurs to a similar degree (as seen from the similar displace-
ment of the electrolyte beneath the rib), but at a lower applied

pressure, for the reduced support. The
maximum principal stress in the electro-
lyte is found at a location just outside the
edge of the contact.

3.3 Stress Gradient Across the Electrolyte
Thickness

In order to interpret the maximum
stresses in the stress distributions in terms
of the critical stress for electrolyte failure
it is necessary to determine the spatial
extent of the high stress region and partic-
ularly whether the high stress extends
across the electrolyte thickness. This is
because in estimating the failure stress it
was assumed that the electrolyte was
under a uniform applied stress. An exam-
ple of the variation in maximum principal
stress across the electrolyte thickness at
the location of maximum tensile stress
stresses is shown in Figure 4 for the same
loading mean pressures as used in
Figure 3. The plot shows that although
the maximum principal stress decreases
by approximately 30–40% across the elec-
trolyte thickness, the assumption of a con-
stant stress is reasonable considering the
other simplifying assumptions made in
estimating the failure stress. A related

Fig. 2 Stress distributions (in GPa) from FE simulation in the (a) oxidized and (b) reduced states
at applied loads corresponding to the onset of yielding (plastic deformation) of the rib. The maxi-
mum principal stress in the electrolyte is shown in the lower part of each figure.
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issue concerns the lateral extent of the maximum stress when
considering crack propagation as a channel crack. The contour
plots in Figure 3 indicate that the lateral extent of the high
stress region has a lateral extent of a few multiples of the elec-

trolyte thickness. As a channel crack propagates in a film, the
crack relaxes the stress (and releases the stored energy) over a
distance of the same order as the film thickness. Thus the pre-
existing stress outside of this region has no influence on the
propagation of the channel crack except to constrain its direc-
tion to remain within the high stress region. Therefore, it can
be concluded that the stress distribution in the high stress
region is sufficiently uniform for the estimation of critical
stresses for initiation and propagation of electrolyte cracks to
be reasonable and that the failure mode will be a crack initiat-
ing close to the edge of the contact rib and propagating along
the direction of the rib.

3.4 Sensitivity of Peak Smax to Applied Load

The relationship between the peak maximum principal
stress and the applied mean pressure is plotted in Figure 5 (a).
It shows that a threshold pressure, is required to overcome the
residual compressive stress in the electrolyte, but for pressures
above the threshold the peak tensile stress in the electrolyte
increases rapidly with applied pressure. The threshold pres-

Fig. 3 (a) Maximum principal stress distribution and (b) vertical displacement (U2) in the electrolyte, for simulations with oxidized and reduced sup-
ports, at applied mean pressures giving a maximum principal stress of ~0.350 GPa in the electrolyte (mean applied pressure: 0.78 GPa and
0.63 GPa, respectively, friction coefficient = 0.5).

Fig. 4 Maximum principal stress across the electrolyte layer thickness at
the location of the peak maximum principal stress.
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sure is of a similar magnitude to the residual compressive
stress and is insensitive to whether the support is oxidized or
reduced. However, above the threshold the reduced substrate
shows to a much faster increase of stress with applied pres-
sure, as expected from its lower stiffness. The dashed line in
Figure 5 (a) indicates the estimated critical stress for failure of
the electrolyte and shows that once the threshold pressure is
exceeded only a relatively small extra pressure of 100 (reduced
support) to 200 MPa (oxidized support) is required to fracture
the electrolyte.

Figure 5 (b) shows the peak maximum principal stress in
the electrolyte as a function of the displacement of the top sur-
face of the interconnector plate. It has a similar form to the plot
in Figure 5 (a) and shows that a displacement of approxi-
mately 10 mm is required to overcome the compressive residu-
al stress and a total of approximately 20 mm to reach the criti-
cal stress for fracture of the electrolyte on the reduced support,
or 30 mm on the oxidized support.

3.5 Sensitivity of Peak Electrolyte Stress to Residual Stress in
Cathode and Electrolyte

The sensitivity of peak maximum principal electrolyte
stress on the residual stress in cathode and electrolyte layers is
plotted in Figure 6 (a) and (b), for oxidized and reduced mod-
els, respectively. The residual stress in the cathode layer was
varied from 0 to 1,000 MPa (tensile), while fixing the residual
stress in the electrolyte at –600 MPa for the oxidized support
or –400 MPa for the reduced support. Similarly, the residual
stress in the electrolyte was varied from –1,000 to 0 MPa (com-
pressive), while the residual stress in the cathode layer was
fixed at 100 MPa.

The results show that the residual stress in the cathode
layer has very little influence on the peak maximum principal
stress in the electrolyte layer. Conversely the peak maximum
principal stress in the electrolyte layer is linearly dependent
on the residual stress in the electrolyte layer as a direct conse-
quence of the compressive residual stress acting in opposition
to the tensile stress induced by the applied pressure.

Fig. 5 (a) Peak maximum principal stress in the electrolyte layer as a function of applied mean pressure and (b) the vertical displacement of the inter-
connector plate top surface. The broken line indicates the estimated critical stress for fracture of the electrolyte layer.

Fig. 6 Peak maximum principal stress in the electrolyte layer as a function of the residual stress in the cathode and electrolyte layers for (a) oxidized
support and (b) reduced support.
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3.6 Implications for Dimensional Tolerance of Stack Components

The mean applied pressure in a stack depends mainly on
the method of sealing at the edges of cell components. In
many cases when glass/ceramic seals are used the mean pres-
sures on the stack are of the order of only 1 MPa [2]. When
deformable high temperature gaskets are employed these gen-
erally require higher mean pressures on the seal of typically
20 MPa [3], although hybrid versions (combined with a glass
coating) have been developed requiring seal pressures below
1 MPa [15]. The simulation results show that for a perfectly
manufactured cell and interconnector plate, much larger mean
applied pressures are required in order for the peak maximum
principal stress in the electrolyte to reach a level that is likely
to cause fracture of the electrolyte. This is due in large part to
the protective effect of the residual compressive stress in the
electrolyte. As a result, it is extremely unlikely that electrolyte
fracture would occur for such geometrically perfect compo-
nents.

However, real cells and interconnector plates are not per-
fect; they can have thickness variations or deviations from flat-
ness, e.g. waviness. The question arises regarding how large a
deviation from geometric perfection can be tolerated without
fracturing the electrolyte. If initial contact is made locally, the
local contact pressure can be much greater than the mean pres-
sure on the stack by a factor equal to the area of the stack
plane divided by the area of the local contact. In terms of dis-
placement, rather than pressure, the results in Fig. 5 (b) indi-
cate that a displacement of the interconnector plate of approxi-
mately 20 mm, relative to the plane of the base of the support,
is required to reach the critical stress for fracture of the electro-
lyte on the reduced support, and 30 mm on the oxidized sup-
port. It can therefore be estimated that in order not to risk frac-
ture of the electrolyte due to a local contact, the components
should be flat to less than approximately 20 mm.

The data used in the simulations described above relate to
formation of the contact at room temperature. When glass/
ceramic seals are used the contact is formed at a temperature
slightly above the design operating temperature and, even
with compressive seals, a pressure is maintained during

operation. At typical operating temperatures (500 to 800 �C)
the material properties are different and time dependent
deformation due to creep must also be considered. In general,
the elastic moduli, yield stress and fracture stress will all be
lower at higher temperature. In addition, residual stresses are
relaxed and, in particular for anode supported cells, the pro-
tective compressive stress in the electrolyte will be relaxed.
Therefore, it is not possible to conclude, based on the present
simulations and input data, whether electrolyte fracture is
more, or less, likely at operating temperature.

3.7 Results of the Design of Experiments (DoE)

The results for peak maximum principal stress, Smax, from
simulations using the input parameters shown in Table 3 were
analyzed using the direct analysis method to find the
optimum parameter combination for minimizing Smax. This
(Figure 7) showed that the lowest value of Smax would be
obtained with an edge radius of 50 mm, cathode thickness of
15 mm and electrolyte thickness of 20 mm for the oxidized sub-
strate, and radius of 12.5 mm, cathode thickness of 15 mm and
electrolyte thickness of 20 mm for the reduced substrate.

When interpreting these results with respect to the electro-
lyte thickness it is important to bear in mind that minimizing
the peak maximum principal stress in the electrolyte can be
misleading when the objective is to avoid electrolyte failure.
This is because the critical failure stress decreases in inverse
proportion to the square root of the electrolyte thickness
according to Eqs. (4) and (5). Thus the thinner the electrolyte
the more likely it is to survive, as well as contributing a lower
ohmic resistance to the cells.

4 Conclusions

When a contact is made between a ribbed interconnector
plate and an anode supported SOFC under an externally
applied load, the electrolyte layer is deformed in bending and
tensile stresses are developed just outside the edge of the con-
tact rib. If the mean applied pressure is sufficiently high, then

Fig. 7 Average degree of influence on the peak value of maximum principal stress for each factor in the optimisation, for (a) oxidized support and (b)
reduced support. The numbers 1, 2 and 3 indicate the levels for each factor which take the values given in Table 2.
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there is a risk of fracturing the electrolyte and propagating a
crack parallel to the rib direction. For a typical 10 mm thick
YSZ electrolyte layer the critical stress for initiating and propa-
gating such a crack is estimated to be approximately 300 MPa.
(The critical fracture stress depends on the electrolyte thick-
ness and is inversely proportional to the square root of the
thickness). FE simulations show that the mean applied pres-
sure required to induce a stress of this magnitude is approxi-
mately 700 MPa when the anode support is in an oxidized
state and 600 MPa when in a reduced state. The difference is
due to the lower stiffness of the reduced support which allows
easier bending of the electrolyte layer. The residual compres-
sive stress in the electrolyte layer has a major beneficial protec-
tive effect for the electrolyte and a mean applied pressure of
approximately 500 MPa is required in a typical case to over-
come this compressive stress. The critical mean pressure for
electrolyte fracture is so high that fracture is very unlikely for
a geometrically perfect contact. However, this is not the case if
contact preferentially occurs at one rib due to variability in
geometry due to manufacturing. In such a case the critical out
of flatness tolerance is estimated to be approximately 20 mm,
above which there is a danger of fracturing the electrolyte.

Other geometric parameters such as the corner radius of
the rib, the thickness of the cathode, the residual stress in the
cathode and the electrolyte thickness do not have a major
influence on the maximum tensile stress in the electrolyte.
However, thinner electrolyte layers are beneficial because the
critical stress for fracture is higher.

The materials data used in the simulations are appropriate
for room temperature. At higher temperatures the materials
will have different (usually inferior) mechanical properties,
creep deformation is possible and residual stresses will be
relaxed. Therefore, the conclusions cannot be applied to stack
loading at high temperature without further detailed simula-
tions.

The failure mode analyzed here is electrolyte fracture
because its consequence is gas leakage across the cell. The sup-
port is much thicker than the electrolyte and the contact stres-
ses in it are of short range, so any damage will not compro-
mise the cell. However, if the cell can bend then the support
could fail from tensile stress on its lower surface. Such a
scenario is not addressed in the current study.
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