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Abstract

The stress state and cell degradation have been modelled considering the classical solid oxide fuel cells (SOFCs) materials (Ni—YSZ//YSZ//LSM).
The anode-supported cell is found to be un-cracked after its elaboration. However, the high level of energy stored in the thin electrolyte layer
lowers the cell robustness as it constitutes the driving force for interfacial delamination. The elaboration of the electrolyte supported cell leads to
the anode layer cracking. The heating up to 800 °C and the cermet reduction allow relaxing the stress level in the cell. For the anode-supported
cell, the cermet re-oxidation induces cathode damage as soon as the anodic strain exceeds 0.05-0.09% whereas the electrolyte fracture occurs for
strain ranging between 0.12% and 0.15%. For the electrolyte supported cell, the cermet re-oxidation induces a triggered risk of anode/electrolyte
delamination when the anodic strain is higher than 0.3-0.35%. The risk of rupture initiation in cell singularities has been also investigated. A pure
material electrode/electrolyte singularity is harmless. A perpendicular corner at the electrode/electrolyte free edge constitutes a harmful singularity.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are devices allowing the
conversion of the chemical energy into electricity. As these
kinds of fuel cell operate at high temperatures, they present
the advantage of high efficiency and large fuel flexibility. For
instance, SOFCs are able to oxidize hydrogen, carbon monox-
ide, methane and potentially other hydrocarbon fuels. The cell
or Multiple Electrode Assembly (MEA) is mainly constituted
of three ceramic layers: two porous electrodes separated by a
dense electrolyte. The usual materials employed for the MEA
are yttria-stabilized zirconia (YSZ) for the electrolyte, Ni-YSZ
cermet for the anode and strontium-doped lanthanum manganite
(LSM) for the cathode.! Because of the low mechanical strength
and intrinsic brittleness of these materials, the MEA constitutes a
critical component regarding to SOFC reliability. Therefore, the
mechanical degradation of the cell remains a major limitation to
the industrial developments of SOFCs.

* Corresponding author. Tel.: +33 4 38782210; fax: +33 4 38784139.
E-mail address: laurencin @chartreuse.cea.fr (J. Laurencin).

0955-2219/$ — see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2007.12.025

The cell is submitted to various kinds of mechanical loading
with several origins. Residual stresses arise at room temperature
because of the cell manufacturing process. In addition, stresses
can appear during SOFC operation: these stresses can be caused
by an external loading of the cell in a stack or by a possible
thermal gradient. If the fuel supply is accidentally stopped, the
cermet re-oxidation may occur. This re-oxidation step generates
an anodic bulk expansion which can lead to a high level of stress
in the cell layers.

On its edges, the cell presents some material and geometrical
singularities where the stress (in principle) tends to infinity.? The
points A, C, and D in Fig. 1 can be described as a combination
of material and geometrical singularities whereas the point B
is a pure material singularity. The stress field in such area is
the sum of two independent terms: the first one is related to the
regular far-range stress field which is dominant in the whole
structure except in the singular zone, and the second one is the
singular stress field which is only dominant in the vicinity of
the singularities. Because of the high stress level reached in the
neighbourhood of the singularities, these particular points of the
cell structure are potentially harmful for its mechanical integrity.

This work is based on the calculation of stress field arising in
planar cell configuration. The two geometrical variants with an
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Fig. 1. Axisymmetric representation of the two studied variants of planar cells:
(a) anode-supported cell configuration and (b) electrolyte-supported cell con-
figuration.

anode or electrolyte support have been investigated. The stress
field has been determined at room temperatures and during cell
operation. The effect of anode re-oxidation has also been studied.
Then, the risk of cell degradation has been predicted thanks to a
statistical approach of failure based on the Weibull theory. The
failure probabilities have been calculated for the classical regular
stress field. A special attention has also been paid to estimate
the risk of damaging induced from singularities.

2. Mechanical models and failure analysis methodology
2.1. General assumptions

The cell geometries considered in the present work exhibit
a circular shape with an external diameter equal to 116 mm. In
the case of the anode supported cell, the electrolyte and cathode
are thin layers deposited onto the anodic substrate: their thick-
nesses have been chosen as 0.02 and 0.06 mm, respectively. The
thickness of the porous anode has been fixed to 1 mm. As illus-
trated in Fig. 1a, the cathode layer overlaps only partially the
electrolyte one. These two layers are assumed to shape an ideal
perpendicular corner at the edge of the cell (point A in Fig. 1a).

In the case of the electrolyte-supported cell, the thin elec-
trodes are deposited onto the dense electrolyte. The thicknesses
of the MEA layers are 0.150 mm for the electrolyte and 0.06 mm
for each of the electrodes. As illustrated in Fig. 1b, the electrode
radius is assumed to be smaller than the electrolyte one. The
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Fig. 2. Mesh refinement at singularities for the anode supported cell configura-
tion: (a) arrangement of elements surrounding the singularity A (see point A in
Fig. 1). (b) Arrangement of elements surrounding the singularity B (see point B
in Fig. 1).

free edge of the cell presents two perpendicular corners between
electrodes and electrolyte (points C and D in Fig. 1b).

Owing to the circular geometry of the cell, an axisymmetric
numerical analysis has been used (Fig. 1). The stress calcula-
tions have been carried out with the software Cast3m? based on
the finite element method (FEM). The mesh has been designed
with 8-node 2D elements. As illustrated in Fig. 2, a mesh
refinement has been made in the neighbourhood of the singu-
larities to compute the stress field divergence accurately. The
constitutive laws chosen to perform the simulations are repre-
sentative of a purely elastic behavior for each cell layer. The
usual SOFC cell materials have been considered for this study
(i.e. Ni-YSZ//YSZ//LSM). Their elastic properties are given in
Table 1. Itis worth noting that the Young’s modulus of the anodic
cermet heavily depends on the oxidized or reduced state of the
nickel phase. The observed decrease in magnitude of elastic
modulus is mainly caused by the increase in porosity of the
material as a result of NiO reduction.*> Values given in Table 1
correspond to an anodic porosity of 43% in the Ni-YSZ reduced
state and a residual porosity of 23% in the NiO-YSZ oxidized
state.
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Table 1
Elastic properties of each cell material

Young’s Poisson’s Thermal expansion
modulus (GPa) ratio coefficient TEC
(x1076°C~1y
NiO-YSZ 112.3%° 0.284%° 12.5%
(oxidized anode)
Ni-YSZ (reduced 56.843 0.258%3 12.50
anode)
YSZ (electrolyte) 190.07 0.3087 10.8811
LSM (cathode) 35.0° 0.3610 11.711

2 Assumed to be equivalent to Ni-YSZ.

2.2. Stress field simulation

2.2.1. Residual stress calculation at room temperature

It has been assumed that the anode supported cell is stress free
at the anode/electrolyte co-sintering temperature, taken here at
the usual value of 7=1350°C.!? The calculated residual stress
is then assumed to be only caused by the thermal expansion coef-
ficients (TECs) mismatch between the cell layers and induced
by the cooling from 1350 °C to the room temperature.

In the case of the electrolyte-supported cell, the anode
is firstly deposited onto the electrolyte substrate and fired
at 1350°C. The LSM cathode is layered in a second step
and usually sintered at temperatures ranging from 1100 to
1300 °C.'31% These two elaborating steps have been modelled as
follows:

(i) Step 1: the thermal residual stress of the anode/electrolyte
half-cell is calculated for a cooling from 1350 °C to the
room temperature. The risk of the bi-layer cracking and
stress relaxation is then evaluated.

(i1) Step 2:the residual stress of the complete MEA is calculated
considering a cooling from 1200 °C to the room tempera-
ture. This calculation is carried out by accounting the initial
loading of the cell (due to the thermal residual stress at
1200 °C of the anode/electrolyte bi-layer).

For both the anode and electrolyte-supported cells, the
fabrication process is classically performed under oxidizing
atmosphere (air). Consequently, the calculations have been
carried out considering the anodic cermet into its NiO-YSZ
chemical state.

2.2.2. Stress calculation during cell operation

In the present model, the cell is free to bend and is not
constrained in any way by the interconnect plates. This last
assumption is realistic if the glass seals maintaining the cell are
viscous at high temperature and, hence, introduces no external
loading. To estimate the evolution of the cell stress field during
operation, the starting process of a SOFC cell has been simulated
considering two steps:

(i) Step 1: the cell is heated from room temperature to the
SOFC operating temperature (7=800 °C). This tempera-
ture increase is performed under oxidizing atmosphere (air).

It means that the anodic cermet remains into its NiO-YSZ
chemical state.

(ii) Step 2: hydrogen is introduced and NiO is reduced into
Ni. Since no shrinkage has been currently reported in open
literature during the NiO—YSZ reduction,'>-1¢ this step has
been simulated by taking into account only the decrease in
the anode elastic constants (see Table 1).

After the cermet reduction, the fuel cell is finally connected
to an external electrical circuit. The current density across the
cell induces a cell warming and an inhomogeneous temperature
distribution. The temperature gradient depends strongly on the
stack design, the operating conditions and the gas flow configu-
rations (cross or counter flow). It is out of the scope of this paper
to deal with the effect of a potential temperature gradient on the
cell stress state.

2.2.3. Stress calculation after anode re-oxidation

As mentioned above, the first reduction of the anodic cermet
is accompanied by a negligible change in bulk dimension. How-
ever, if the fuel supply is stopped, the re-oxidation of the nickel
phase can occur. It has been shown that this re-oxidation step
generates a bulk expansion of the anodic material.'>~'7 Some
authors have measured this volume change using dilatometry
and have shown that the expansion magnitude depends strongly
on parameters such as the initial porosity,'° the nickel content!®
or the oxidation rate of the composite.'® As a consequence, the
dimensional changes measured by the authors exhibit a substan-
tial discrepancy. Thus, the measured anodic deformation can
spread from 0% for coarse microstructure up to about 2.5% for
a finer microstructure.'®

In the present analysis, the volume expansion is considered as
a parameter and its effect on cell fracture has been investigated.
The re-oxidation step has been supposed to occur at a constant
temperature 7'=800 °C.

The stress field resulting to the cermet re-oxidation
aff'o"ida‘i"“ has been calculated by adding two components:

re-oxidation __ _1350°C—800°C Ni—NiO
ok =0j + oj; (1)

The first term ¢330 C=>800°C corresponds to the thermal
residual stress calculated at the temperature of 800 °C consider-
ing the elastic constants of the oxidized NiO-YSZ cermet. The
second term alNi_’NiO is due to the bulk expansion of the anode.
It is calculated by imposing a strain €.« to the anode layer. This
variation is simulated in the finite element analysis by a thermal
expansion induced by a fictive cell heating ATH1Ve_ In order to
avoid a volume variation of the cathode and electrolyte layers,
their TEC are forced to 0 in this calculation step:

fictive
Eox = Qanode AT (cathode = Qelectrolyte = 0) (2)

The simulations have been performed choosing the fictive
cell heating in such way that the anode strain vary within the
range of 0.05% to 0.3-0.4%.
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Table 2
Weibull parameters of each cell material

‘Weibull modulus, m

Characteristic strength, o9 (MPa) Reference volume, Vo (mm?)

NiO-YSZ (at room temperature)’20 11.8 187.0 0.578
YSZ (at room temperature)>! 7.0 446.0 0.35

YSZ (at SOFC operating temperature)>! 8.0 282.0 0.270
LSM (at room temperature)7'20 7.0 52.0 1.210
LSM (at SOFC operating temperature)”-2 4.0 75.0 2.810

2.3. Failure analysis methodology

The aim of this section is to present the methodology used in
this work to study the mechanical cell degradation. A statistical
approach has been adopted to predict the bulk failure of each
cell layer (see Section 2.3.1). The method used to study the
interfacial delamination between the cell layers is based on an
energetic approach (see Section 2.3.2).

2.3.1. Bulk failure of the MEA layers

2.3.1.1. The Weibull approach for failure prediction. Ceramics
and especially porous ceramics behave as brittle materials
and exhibit a statistical strength distribution. For this reason,
the Weibull approach of failure'® has been considered to
estimate the risk of rupture of each cell layer (i.e. the dense
electrolyte and the porous electrodes). The Weibull method
allows calculating the survival probability P of a structural
component loaded with an applied tensile stress o

. o \"dVv;
Pl(0, V}) = ex —/ () —
H P ( vi\oo) Vo

with j = anode, electrolyte or cathode 3)

where V; represents the volume of the cell layer (anode, elec-
trolyte or cathode). The characteristic strength oo represents a
scale parameter for the distribution whereas the Weibull modulus
m corresponds to a shape parameter. The term Vj is a reference
volume linked to the characteristic strength. The Weibull param-
eters for SOFC materials used in this study are listed in Table 2.

The SOFC cell structure is usually submitted to a multi-axial
stress state. In this case, the total survival probability can be
calculated as the product of each survival probability determined
for the three principal stresses o;:

Vj=eleclrob;te

Fig. 3. Definition of the volume V; in which the Weibull probability is calculated
(case of the electrolyte-supported cell).

calculated with Eq. (4). The volume V; considered for this calcu-
lation is chosen by excluding the singular volumes Viing ; from
the volume of the whole layer Viq:

Vj = Vtot,j - Z Vsing,j (5)

As illustrated in Fig. 3 for the electrolyte-supported cell, the
term Viing; is defined by the radius Ry corresponding to the
cross-section area of the singular zone. Ry, is linked to the cell
geometry and can be estimated through a simple geometrical
rule (see Section 4.1).

2.3.1.3. Risk of rupture initiation at singularities. The aim of
this sub-section is to present the methodology used in this work
to evaluate the risk of rupture initiated in the singular zone. The
stress field in the vicinity of the singularities” (points A—D of the
cell structure) is usually expressed using the local coordinates
(p, ) (see insets in Fig. 12):

o i=3 . . , o; \"av;
P/ (3, V) = P01, V)) with Pl(0i, V)) =exp —/(6;) 70’ €

Vi
This last equation assumes that the three principal stresses
act independently on fracture.

2.3.1.2. Failure probability induced by the regular field. The
stress field is the sum of a regular and singular component. The
singular field is only dominant in a small region surrounding
the singularity whereas the regular one is dominant into the
remaining structure. The aim of this sub-section is to present
the methodology used in this work to assess the failure risk
induced by the regular field. The survival probability has been

oij =kip M fij1(@, &) + kap " fij2(w, &) for p < Ry (6)

where k denotes the generalized stress intensity factor, A the
singularity order and ¢ a parameter linked to the elastic con-
stants mismatch for the bi-material. The subscripts 1 and 2 refer
respectively to the symmetric and anti-symmetric mode of load-
ing. This multi-parameter description of the singular stress field
can be replaced by a one-parameter description on the form?:

0ij = keqp 4 fijeq(w, &) for p < Ry (7
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keq and Aeq are respectively the equivalent stress intensity fac-
tor and equivalent singularity order. It is worth noting that the
stress tends to infinity when p — 0 (the exponent Aeq is higher
than 0). As the stress divergence spreads on a very small region
surrounding the singular point, the application of the Weibull
theory requires a specific methodology which has been detailed
elsewhere.?? This methodology is based on the finite element
method and allows to state if the singularity is harmful or harm-
less. The main steps of the procedure are the followings:

(i) The singular area is simply meshed considering an ideal
shape (an ideal perpendicular corner at B or C singularity
for instance).

(i) The finite element computation is performed and the stress
fields are extracted. The previous fields are integrated on
each element to determine the failure probability.

(iii) The failure probability is computed again after removing
from the domain of integration the first rings of elements sur-
rounding the singularity tip and contained in the Rj radius.

(iv) Ifthe failure probability is not sensitive to the excluded zone,
it means that the couple of the singularity and the Weibull
modulus is harmless: the failure probability can be directly
calculated on the mesh of the whole cell layer.

(v) If the failure probability is sensitive to the excluded zone,
it means that the couple of the singularity and the Weibull
modulus is harmful. The probability has to be evaluated by
one of the two equivalent methods:

(a) the probability is evaluated by meshing the real notch
tip radius (Ryotch)-

(b) the survival probability can be also calculated by
excluding from the domain of integration a volume
smaller than the singular zone surrounding the studied
singularity:

Vj = Vtot,j — Vexcluded(Rex)  With Rex < Ry (®)

where V; represents the volume of integration and Vi ; the vol-
ume of the whole cell layer. The term Ry represents the radius of
the cross-section corresponding to the excluded zone. It is worth
noting that the size Rx of this excluded zone can be linked to
the radius of the notch tip Ry (for a 90° notch opening angle
and a Weibull modulus =7: Ryoich ~ 10Rex).

2.3.2. Risk of interfacial delamination

Because of the weakness of SOFC materials, a thin layer sub-
mitted to a residual tensile stress is expected to fail by traversing
cracking trough the layer thickness previous to de-bonding from
its substrate. Failure at interfaces between film and substrate will
happen if the film is subjected to a sufficient high compressive
stress state. Indeed, the compressive stress can cause the layer
to buckle from its substrate. This failure mechanism requires
an initial interfacial flaw (a small region where the adhesion is
poor) which can propagate when the elastic strain energy stored
in the film exceeds the energy required to remove the film from
its substrate (i.e. the interfacial toughness). If there is no interfa-
cial defect, the delamination onset requires a second condition:
a critical interfacial traction has to be applied on the interfaces.

In this work, the risk of delamination has been merely inves-
tigated by calculating the elastic strain energy stored in the
compressive thin layer.

3. Calculation of the regular stress field and failure
analysis

In this paragraph, the regular stress field is presented and its
effect on cell mechanical failure is investigated.

3.1. Residual stress field at room temperature due to the
cell elaboration

For the both axisymmetrical configurations, cooling down to
the room temperature generates a uniform in-plane equi-biaxial
stress state in each cell layer.

3.1.1. Stress field across the cell

3.1.1.1. Anode supported cell. The contraction of the thick
anode induces a compressive stress in both electrolyte and cath-
ode layers. This result is illustrated in Fig. 4a where the principal
stress o, (equal to oyp) is plotted along the axisymmetric axis.
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Fig. 4. Residual stress profile at room temperature across the cell. The equi-
biaxial principal stress o, (radial stress) has been plotted as a function of the
z axial location (r=0): (a) anode-supported cell and (b) electrolyte-supported
cell.
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A slight stress gradient along this axis can be observed inside
the thick cermet substrate. This gradient is linked to the cell
bending and leads to a maximum tensile stress of about 50 MPa
located close to the anode/electrolyte interface. The magnitude
of the equi-biaxial compressive stress calculated in the elec-
trolyte layer is about —530 MPa. This result is found to be in the
same order as the stress level measured by several authors.?>2°
For instance, Fisher et al.?® have determined a compressive stress
of —560 MPa inside the YSZ layer by X-ray diffraction. This
last value, slightly higher than that calculated in the present
paper, can be explained by a thinner electrolyte (about 10 pm)
compared to the one simulated here (20 pm).

The stress component o, normal to the cell interfaces has
been found to be close to 0 MPa. Indeed, the cell is a very thin
structure in which the stress plane conditions are well verified.
Moreover, the cell curvature é remains very slight in comparison
to the cell radius (6/Rce;p =0.0126).

3.1.1.2. Electrolyte supported cell. The elaboration of the
anode/electrolyte bi-layer leads to a high equi-biaxial
tensile stress in the anode layer at room temperature
(0,=09~286.5MPa at r=0mm). The NiO-YSZ cermet is not
able to withstand this loading and the failure probability cal-
culated for the anode layer reaches a value of 100%. It can be
inferred from this remark that the anode layer must be com-
pletely cracked soon after its sintering onto the electrolyte.

Consequently, the account of the damaged cermet in the sec-
ond step of the cell manufacturing process (i.e. the cathode
elaboration) has been taken by considering an apparent anodic
Young’s modulus of 0 GPa. The simulation results show that
there is again a very slight cell curvature (6/Rcejj =0.0124) and
the stress component o, normal to the cell interfaces is again
close to 0. The equi-biaxial stress is found to be in tension in
the cathode film and in compression in the electrolyte substrate
(Fig. 4b).

The stress level in the cathode layer computed by using the
finite element method is equal to about 54.5 MPa. It can be
remarked that this value is consistent with the analytical one
(crfe‘th"de = 53.5 MPa) determined through Eq. (9) related to the
thermal residual stress in a thin film on a thick substrate?’ (ignor-
ing any interaction with the other existing anode thin layer):

Ucathode _ (@ysz — Ocathode) AT )

" (1 = veathode)/ Ecathode
+((hcathode/ hysz)(1 — vysz)/Eysz)

where « is the thermal expansion coefficient, AT the change in
temperature, v the Poisson’s ratio and E is the Young’s modulus.

3.1.2. Failure analysis due to the regular stress field

3.1.2.1. Anode supported cell geometry. Calculations have
shown that the cathode and electrolyte are subjected to a com-
pressive loading. Under this specific stress state, no extension
of the ceramic defects inducing rupture is expected to occur.
On the other hand, it has been also highlighted that the porous
anodic cermet undergoes a tensile stress in region close to the
anode/electrolyte interface. This tension leads to an anode sur-

vival probability of about 60%. In this calculation, the whole
anode volume Vj-node has been considered in Egs. (4) and (5).
In fact, the failure risk is localised near the anode/electrolyte
interface. This remark can be demonstrated by calculating the
survival probability on a smaller part of the anode where the
traction is the highest. This region spreads as a layer from the
anode/electrolyte interface onto a distance of 20 wm inside the
anodic material. Since the calculated probability value is found
to be still close to 60%, it can be concluded that the possible
rupture should be initiated in this particular region.

As the cathode and electrolyte thin layers are submitted to
compression, the interfaces could delaminate. The strain energy
stored in the cathode layer is only about 1.7 J/m? whereas the
energy stored in the electrolyte layer reaches 20 J/m?. This value
exceeds the estimated anode/electrolyte interfacial toughness
(~10J/m?).28 An interfacial flaw resulting from cell elabora-
tion can then propagate. However, without pre-existing defects,
the delamination is unlikely to be initiated because there is no
residual tensile stress applied on interfaces.

3.1.2.2. Electrolyte supported cell geometry. As already men-
tioned, the sintering of the anode layer onto the electrolyte
substrate induces a high tensile stress in the NiO-YSZ cermet.
Because its survival probability falls to 0%, it can be concluded
that the NiO-YSZ cermet is not able to withstand the stress
induced by the manufacturing process. Therefore, the tensile
stress has to be relaxed by the onset of a connected network
of traversing cracks in the anode film. These conclusions are in
good agreement with the experimental result of Selcuk et al.>
Indeed, they have observed an extensive channel cracking of the
NiO-YSZ anode by scanning electron microscopy (SEM).

The electrolyte substrate is subjected to a safe compressive
stress state whereas the cathode thin layer undergoes a tensile
equi-biaxial stress. However, the survival probability calculated
for the cathode remains at 100%, and therefore, the LSM film is
foreseen to bear the residual stress induced by the cell manufac-
turing process. This result is also in agreement with the results
of Selguk et al.?”: the observation of cathode surfaces by SEM
has revealed the absence of cracks.

Since no traversing crack is expected through the thin cath-
ode layer, delamination between this layer and the electrolyte
substrate is unlikely to occur. Furthermore, the residual tensile
stress in the thin cathode allows storing only a low level of elastic
energy (~4.5 J/m?).

3.2. Stress field during cell operation

Fig. 5a and b illustrates the evolution of the equi-biaxial stress
or (equal to o) in electrodes and electrolyte layers after the cell
heating and after the cermet reduction.

3.2.1. Stress field after the cell heating

For both cell configurations, heating from the room temper-
ature to SOFC operating temperature (7=800°C) lowers the
stress level in each cell layer.

In the case of the anode-supported cell, the maximum ten-
sile stress at the anode side is decreased to ~22 MPa whereas
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Fig. 5. Stress evolution (i) after elaboration at room temperature, (ii) before
reduction at 800°C and (iii) after reduction at 800°C. The stress o, (equal
to 0p) has been taken in the electrolyte, cathode and anode at the cell centre
(r=0): the given numbers correspond to the average values calculated along the
axisymmetric axis excepted for the anode substrate (anode-supported cell) where
the given value corresponds to the maximum tensile stress: (a) anode-supported
cell and (b) electrolyte-supported cell.

the dense electrolyte and the porous electrodes remains sub-
mitted to a compressive stress (~ —220 MPa for the electrolyte
and —16 MPa for the cathode). In the case of the electrolyte-
supported cell, the tensile stress in cathode is lowered to
~18 MPa and the electrolyte substrate remains under a slight
compressive loading.

In conclusion, for the both cell configurations, heating from
the room temperature to the SOFC operating one allows relaxing
partially the residual stresses: under such condition, the thermal
cycling between the room temperature and the SOFC operating
one should not induce any cell degradation.

3.2.2. Stress field after the anode reduction

Upon NiO-YSZ reduction, the cermet Young’s modulus is
lowered (see Table 1). In the case of the anode-supported cell,
as the anode is the thick substrate supporting the electrolyte and
cathode films, its reduction tends to decrease the cell stiffness.
This phenomenon leads to a stress relaxation as shown in Fig. 5a.
However, this relaxation is limited: for instance, the compres-
sive stress in the electrolyte layer is decreased from —220 to
—190 MPa.

For the electrolyte-supported cell, the anode is already
cracked and then the cermet reduction does not affect the appar-
ent Young’s modulus of the damaged anode. Therefore, the stress
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Fig. 6. Radial stress o, at 800°C after the anode re-oxidation plotted as a
function of the anodic strain g0, for anode, electrolyte and cathode layers
(anode-supported cell).

state of the electrolyte-supported cell will not be changed after
the cermet reduction.

It can be concluded from the previous result that the cermet
reduction is safe and should preserve cell integrity whatever its
geometry.

3.3. Stress field induced by the first re-oxidation cycle

3.3.1. Case of the anode-supported cell

3.3.1.1. Stress field after anode re-oxidation. The bulk expan-
sion of the thick anode induces an equi-biaxial tensile stress
inside the electrolyte and cathode films in addition to the initial
stress field. This traction balances the initial electrolyte com-
pressive stress as soon as the anodic volume change exceeds a
strain of about 0.1% (Fig. 6). In the same time, an anode expan-
sion equal to &ox =0.05% is found to be sufficient to induce a
tensile stress in the porous cathode.

3.3.1.2. Failure analysis. The electrolyte and cathode thin films
are submitted to a tensile stress caused by the cermet re-
oxidation. This loading is safe for the interfaces but could lead
to the degradation of the cathode and electrolyte films.
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Fig. 7. Survival probability of the cathode and electrolyte films plotted as a
function of the anodic strain &,x (anode-supported cell).
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Fig. 8. Evolution of stress before and after the cathode failure (for an anodic
strain of &ox =0.15%) (anode-supported cell).

The survival probability of these two thin layers has been
plotted as a function of the investigated anodic strains (Fig. 7).
It can be concluded from these results that the cathode lay-
ers will be damaged as soon as the anodic expansion reaches
values between 0.05% and 0.09% meanwhile the electrolyte
layer is predicted to fail for cermet expansion ranging from
0.12% to 0.16% (considering the undamaged cathode). This
prediction is in good agreement with the result by Saran-
taridis et al.”® Indeed, they have found (by an approach
based on the release of stored elastic energy) that an oxida-
tion strain of 0.1-0.2% can be detrimental for the electrolyte
integrity.

However, the cathode rupture must lead to a re-distribution
of the stress state in the cell. This phenomenon has been taken
into account in the calculations by forcing the cathode Young’s
modulus to tend to 0 GPa (as soon as the cathode has failed).
As illustrated in Fig. 8, the level of stress in the electrolyte
layer is found to be increased slightly while the cathode load-
ing falls to 0. Therefore, the cell stress re-arrangement due to
the cathode failure induces a slight decrease of the electrolyte
survival probability (Fig. 9): the electrolyte fracture is fore-
seen to occur for anodic expansion ranging between 0.12% and
0.15%.
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7| =0— Electrolyte survival probability: |7
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Fig. 9. Survival probability of the electrolyte plotted as a function of the anodic
strain &ox calculated before and after the cathode cracking (anode-supported
cell).
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Fig. 10. Stress induced in the anode layer as a function of the cermet oxidation
strain £0x (electrolyte-supported cell).

3.3.2. Case of the electrolyte-supported cell

3.3.2.1. Stress field after anode re-oxidation. As mentioned in
the Section 3.1.2, the elaboration of the anode layer leads to
its degradation into a connected network of cracks surrounding
islands of intact film. For instance, the observations carried out
by Selguk et al.>” on thin layers of NiO-YSZ cermet have shown
that, in their case, the crack separation was about 200 pm. In
order to investigate the effect of the anode re-oxidation, the local
stress inside these islands has been estimated. Considering the
elastic parameters of the un-damaged cermet and neglecting the
stress relaxation in the vicinity of the anodic cracks, the equi-
biaxial stress in the middle of the islands remains described by
the Eq. (1): the stress field is the sum of one contribution due to
the thermal residual stress and one contribution caused by the
cermet bulk expansion. In this approach, the thermal residual
stress in island will be taken equal to its maximum expectable
value before cracking.

In Fig. 10, the calculated stress after the re-oxidation has been
plotted as a function of the anode expansion. It can be seen that
the thin layer is subjected to a compressive stress field as soon
as the anode strain is higher than g,x ~ 0.07%.

3.3.2.2. Failure analysis. Because of the biaxial compressive
stress state, the un-cracked islands of anodic film could delam-
inate. Fig. 11 shows the evolution of the energy stored in these
islands as a function of the cermet strain &ox. In our case (for an
anode thickness of 60 m), the estimated interfacial toughness
(~10J/m?>)? is expected to be overtaken as soon as the anodic
strain is equal to gox ~ 0.18%.

4. Effect of singularities on the cell degradation
4.1. Singular stress field and k-dominance radius

The local coordinates (p, w) related to each cell singularities
(points A-D in Fig. 1) have been used to express the singu-
lar fields. The logarithm of the simulated hoop stress ¢, has
been plotted as a function of the distance from the singularity
tip along the interface (i.e. for w =0°). These curves have been



J. Laurencin et al. / Journal of the European Ceramic Society 28 (2008) 1857-1869 1865

40

30

20

elastic energy (J/m?2)

0 ' : :
0.05 0.1 0.15 0.2 0.25 0.3
anode oxidation strain &, (%)

Fig. 11. Elastic energy stored in the anode layer after its re-oxidation
(electrolyte-supported cell).

established for each investigated cell loading (i.e. the residual
stresses at room temperature, during cell operation and after
the anode re-oxidation). As an illustration in Fig. 12a and b,
the residual stress components o, after the cell elaboration
has been plotted in the neighbourhood of the singularities A
and C for anode and electrolyte supported cells, respectively.
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Fig. 12. In the local coordinates (p, w) of the singularity, the logarithm of the
0 e Stress due to the cell manufacturing process has been plotted as a function of
the distance from the singularity tip (along the interface: w =0°): (a) singularity
C of the electrolyte-supported cell and (b) singularity A of the anode-supported
cell.

According to Eq. (7), the linear part of the curve defines the
k-dominance radius Ry in which the fields are governed by the
singularity. In all investigated cases, it has been found that the
k-dominance radius is about Ry ~ 2 wm for the anode supported
cell configuration and Ry ~ 6 pm for electrolyte supported cell
configuration. Therefore, it can be concluded that the radius Ry
may be taken as one tenth of a length L, defined as the shortest
of the cell layer thicknesses:

L
T 10

where L is either equal to the electrode thickness (60 wm) for the
electrolyte-supported cell or equal to the electrolyte thickness
(20 pm) in the case of the anode-supported cell. This result is
consistent with the rule mentioned by O’Dowd and Shih for
interfacial cracks.>”

Ry (10)

4.2. Failure analysis due to the singular stress field

The methodology summarized in Section 2.3.1 has been
applied to the singularities of the both cell geometries: the sur-
vival probabilities have been calculated for each cell layer by
excluding a small volume surrounding the studied singularity.

4.2.1. Singularity A and B of the anode-supported cell
geometry

4.2.1.1. Effect of the pure material singularity B. Considering
the anodic substrate, it is shown that the survival probability is
not changed when the singular volume surrounding the singu-
larity B is taken into account in the calculation. This result is
illustrated in Fig. 13 considering the residual stress at room tem-
perature. The same result has been highlighted for the electrolyte
substrate. Even for a cell loading after anode re-oxidation, the
risk of electrolyte fracture is not increased by taking into account
the singular volume. It means that the pure material singularity
B is harmless for both the anode substrate and the electrolyte
layer. Therefore, the Weibull approach to predict the rupture
can be directly applied on the whole cell layer. In other words,
even if the level of stress is sufficiently high to obtain a high
failure probability, the local risk of rupture is not higher in the
singular zone than in the remaining cell volume.
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Fig. 13. Survival probability of the anode substrate calculated by removing
from the domain of integration a region surrounding the singularity B (case of
the residual stress at room temperature).
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4.2.1.2. Effect of the geometrical and material singularity A.
The geometric and material singularity A is found to be harm-
less for the cathode layer. However, the survival probability
calculated at the electrolyte side exhibits a dependence on the
radius of the excluded zone surrounding the singularity. It means
that the singularity A is potentially harmful for the electrolyte
layer. The Weibull approach to predict the rupture cannot be
directly applied on the whole electrolyte volume: a small zone
surrounding the singularity has to be removed.

In the case of the residual stress at room temperature and
during cell operation, the electrolyte stress state is found to be
in such configuration that the rupture is not expected to be initi-
ated at the singularity A. Indeed, a radius of the excluded zone
Rex smaller than 0.05 um is sufficient to obtain an electrolyte
survival probability of 100%. This condition corresponds to a
radius of the notch (singularity) tip Rpotch larger than ~0.5 pm
(according to the relation Ryoich ~ 10Rcx given in Section 2.3.1).
Practically, the real notch tip must fulfil this requirement.

However, for the electrolyte loading due to the anode
re-oxidation, the electrolyte survival probability is clearly
dependent on the size of the excluded zone surrounding the sin-
gularity (Fig. 14): the notch tip radius has to be determined
precisely. If this radius is lower than ~5 um, an electrolyte
rupture initiation (from singularity A) appears to be possible.
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Fig. 15. Survival probability of the electrolyte substrate calculated by removing
from the domain of integration a region surrounding the singularity D (case of
the residual stress at room temperature and for an un-cracked anode).
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4.2.2. Singularity C and D of the electrolyte-supported cell
geometry

4.2.2.1. Effect of the geometrical and material singularity D.
The anode survival probability is found to be independent of the
size of the excluded zone in the vicinity of the singularity D.
This singularity is then completely safe for the anode layer.

At the opposite side, the electrolyte survival probability is
found to be strongly dependent on the excluded zone surround-
ing the singularity. This result is illustrated in Fig. 15 where the
electrolyte survival probability has been plotted as a function
of the size of the excluded zone for the residual stress at room
temperature and considering the un-cracked anode. Therefore,
the electrolyte fracture can be easily initiated by the YSZ flaws
contained in the singular region. If the anode material resists
to thermal stress during the cooling from its sintering temper-
ature, the risk to initiate the electrolyte degradation from the
singularity A is very high.

4.2.2.2. Effect of the geometrical and material singularity C.
The point C for electrolyte-supported cell represents the same
singularity as A for the anode-supported cell (since the singu-
larity is completely defined by the 90° notch opening angle at
the cathode/electrolyte free edge and by the LSM/YSZ couple
of materials). Therefore, the conclusions established for the sin-
gular point A of the anode supported cell remains valid for the
present singularity: it is harmless for the porous cathode and
potentially harmful for the dense electrolyte.

5. Discussion
5.1. Anode-supported cell

It has been demonstrated that the thermal residual stress at
room and operating temperatures should not induce any signif-
icant mechanical damage of the dense electrolyte. However, a
tensile stress has been highlighted in the porous anode close to
the anode/electrolyte interface. In our reference geometry and
with the Weibull parameters given in Table 2, the tensile stress
induces an anode survival probability of 60%. It is worth to
underline that other Weibull parameters are available in the lit-
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Fig. 16. Anode survival probability at room temperature plotted as a function
of the electrolyte thickness (resulting from the elaboration stress).
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Fig. 17. Elastic energy stored in the electrolyte layer plotted as a function of its
thickness (resulting from the elaboration stress).

erature and are related to different cermet microstructures.*3!
Changing these parameters can substantially shift the survival
probability. However, the trends with the cell geometrical dimen-
sions remain unchanged: this point is illustrated in Fig. 16 where
the impact of the electrolyte thickness on the risk of anode failure
has been investigated for two sets of Weibull data.”!

InFig. 16, it can be noticed that the anode survival probability
is increased when the electrolyte thickness is decreased. This
trend is a consequence of the decrease of the anode tensile stress
when decreasing the electrolyte thickness.

The elaboration of the anode-supported cell leads to a high
compressive stress in the electrolyte and cathode thin layers.
Because of the high energy stored in these layers, the interfaces
will be able to delaminate as soon as they will be subjected to a
tensile stress (by cell bending for instance). However, this risk
can be lowered by decreasing the electrolyte thickness. Indeed,
the energy stored in the electrolyte layer at room temperature is
decreased with decreasing its thickness (Fig. 17).

In our reference geometry, it has been found that, upon
cermet re-oxidation, a very low anode strain is sufficient to
cause the cathode failure. Indeed, the risk of rupture reaches
100% for an anodic bulk strain of about 0.09%. Under such
conditions, regarding usual cermet bulk expansion, it seems dif-
ficult to avoid the cathode degradation. The electrolyte failure
has been foreseen to occur for an anode expansion of about
0.12-0.15%. As the electrolyte fracture leads to the fatal loss
of the cell open circuit voltage, the anodic bulk deformations
have to remain under these limit values. The cell mechanical
failure during the cermet re-oxidation is also influenced by the
electrolyte thickness as illustrated in Fig. 18: the thinner is the
dense electrolyte, the higher is its survival probability. Indeed
for the thin layers, the risk to have a critical defect is sufficiently
low to avoid the rupture (because of the small volume) in spite
of a high level of stress. However, it is worth noting that for
very thin electrolyte, other mechanisms could be involved in
the film rupture that forbids any extrapolation of the present
results.

In conclusion, for the case of an anode-supported cell, an
electrolyte ranging around 10 pm thickness seems to constitute
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Fig. 18. Electrolyte survival probability calculated after the anode re-oxidation
(e0x =0.14%) and plotted as a function of the electrolyte thickness.

a good compromise to withstand the redox cycles and to limit
the risk of anode damage and anode/electrolyte delamination.

5.2. Electrolyte-supported cell

The simulations have shown that the thin anode layer is not
able to withstand the equi-biaxial stress caused by the manufac-
turing process. The occurrence of an extensive channel cracking
is then unavoidable. It is worth to underline that the anode
degradation could only have an impact on its electrochemical
efficiency (the cell continues to operate as the electrolyte and
interfaces are not damaged).

More embarrassing is the risk of delamination due to the
anode re-oxidation. Fortunately, the elastic energy stored in the
islands of intact cermet is found to decrease with decreasing
the anode thickness (Fig. 19). Then, considering a 10 wum anode
thickness, the elastic energy stored in the cermet film reaches the
anode/electrolyte estimated interfacial toughness (~10 J/m?) for
an anodic expansion of about 0.35%. In conclusion, the risk of
delamination is lowered when decreasing the anode thickness.
But, on the other hand, a minimal thickness is required to ensure
an efficient current collection and therefore, a compromise on
the anode thickness has to be found.
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Fig. 19. Elastic energy stored in the anode layer plotted as a function of its strain
after re-oxidation.
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5.3. Comparison of the anode and electrolyte-supported
cell robustness

From the present analysis, it appears that the robustness of
the electrolyte-supported cell is much better than the anode-
supported cell. Indeed, the strength of the dense YSZ is
obviously higher than the strength of the porous cermet. In addi-
tion, at room temperature, the risk to delaminate the interfaces
is much higher in the case of the anode-supported cell than in
the case of the electrolyte-supported cell.

Upon cermet re-oxidation, even a low bulk expansion of
the thick anodic substrate is sufficient to involve the elec-
trolyte cracking. In the case of the electrolyte-supported cell,
the failure mechanism after the redox cycle corresponds to the
YSZ/NiO-YSZ interfacial failure. However, this delamination
is expected to occur for higher value of anodic expansion in
comparison to the one involved in the anode-supported cell
rupture.

In spite of its mechanical weakness, the anode-supported cell
presents the smallest area specific resistances (ASR). These
good electrochemical performances are mainly explained by
the thin electrolyte which minimizes the ionic losses during
operation. Furthermore, the anode degradation of the electrolyte-
supported cell could damage the electrochemical functional
layer in such way that the density of three-phase boundaries
(TPBs) is decreased. Therefore, for a given microstructure, the
anodic activation over-potential could be higher in the case of the
electrolyte-supported cell than for the anode-supported cell. In
addition, the current collection could be hindered by the presence
of cracks in the thin anode.

5.4. Geometrical impact of singularities on cell robustness

It has been demonstrated in Section 4.2 that the pure cell
material singularity (defined by the bi-material and by the elec-
trode/electrolyte straight free edge) is harmless for the cell
integrity.
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Fig. 20. Electrolyte survival probability plotted as a function of cathode angle.
The solid line corresponds to the probability calculated with the regular field
(by excluding the singular zone) and the dashed line corresponds to the prob-
ability calculated on the whole layer (anode-supported cell, stress state after
re-oxidation, eox =0.14%).

On the contrary, the geometrical and material singularity
(defined by the bi-material and by the 90° notch opening angle at
the electrode/electrolyte free edge) is potentially harmful. In this
case, it has been shown that the degradation can be initiated in
the vicinity of the singularity on the side of the dense electrolyte.
Various kinds of geometrical modifications may be proposed to
remove the risk of rupture initiated in such singularities:

e If the electrodes cover the whole electrolyte surface, the cell
singularities will be reduced to the harmless bi-material effect.
e The singularities can be completely erased by controlling the
electrode angle: for instance, in Fig. 20, the cathode angle has
been decreased and its impact on the electrolyte survival prob-
abilities has been investigated. As soon as the cathode angle
is lowered from 90° to 50°, the probability determined with
the both singular and regular field (dashed line) reaches the
probability calculated by taken into account only the regular
field (solid line). It means that the 50° angle is sufficiently low
to completely remove the risk of failure due to the singularity.

6. Conclusion

A numerical tool has been developed to study the risk of
cell failure due to the residual stress arising (i) after the manu-
facturing process, (ii) at SOFC operating temperature, and (iii)
after the anode re-oxidation. Considering the usual materials
employed for the MEA, this methodology has been applied to
the two classical planar cell configurations:

(i) The elaboration of the electrolyte-supported cell induces a
residual stress state leading to the extensive channel crack-
ing of the anode layer. The cathode and electrolyte layers
are predicted to be safe.

In the case of the anode-supported cell, an optimized
electrolyte thickness around 10 wm seems sufficient to
avoid any degradation. However, the high compressive
stress in the thin electrolyte and cathode layers leads to
a high stored elastic energy. This energy will build up the
driving force for delamination if a tensile stress is applied
on the interfaces (for instance, when the cell is set up in a
stack).

(ii) The stress field at SOFC operating temperature has been
calculated before and after the cermet reduction. In both
cases and for both cell configurations, it has been shown
that the stress level inside the cell is partially relaxed. Under
such conditions, the thermal cycling between the room tem-
perature and the SOFC operating temperature should not
induce any cell degradation.

(iii)) The first cermet re-oxidation step has also been ana-
lyzed. The stress calculations have been performed for
various anodic volume expansions. In the case of the
anode-supported cell, it has been shown that the cath-
ode is damaged as soon as the anodic strain reaches
values between 0.05% and 0.09%. The electrolyte frac-
ture has been predicted to occur for anodic expansion
ranging between 0.12% and 0.15%. For the electrolyte-
supported cell, the cermet oxidation induces a risk of
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anode/electrolyte interfacial fracture. In the case of a 10 pm
anode thickness, an anodic strain lower than 0.3-0.35% is
recommended to avoid the delamination.

A special attention has been paid to the cell rupture initiated
from the singularities. By using an appropriate methodology
presented elsewhere, it has been shown that the pure elec-
trode/electrolyte singularity is harmless. The perpendicular
corner at the electrode/electrolyte free edge constitutes a harmful
singularity. In this case, it has been shown that the rupture will
be initiated in the vicinity of the singularity on the electrolyte
side. Some cell geometrical improvements have been proposed
to modify these singularities in order to limit their impact on
fracture and increase the cell reliability.
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