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Abstract

The mechanical failure of one cell is sufficient to lead to the end of service of a solid oxide fuel cell (SOFC) stack. Therefore, there is growing
interest in gaining knowledge on the mechanical properties of the cell materials for stress analysis.

This study compiles available data from the literature on the mechanical properties of the most common materials used in intermediate-
temperature anode-supported cells: nickel and yttria-stabilized zirconia (Ni-YSZ) anodes, YSZ electrolytes, yttria (YDC) or gadolinia-doped ceria
(GDC) compatibility layers and lanthanum strontium manganite (LSM) or lanthanum strontium cobalt ferrite (LSCF) cathodes. The properties for
the simulation of stresses, i.e. coefficient of thermal expansion (CTE), Young’s modulus, Poisson’s ratio, creep behaviour and strength are reported,
with an emphasis on temperature and porosity dependence and the evolution upon aging or cycling when available. Measurements of our Ni(O)—
YSZ anode material includes the CTE (oxidised and reduced state), Young’s modulus and strength at room temperature (oxidised and reduced) and

1073 K (oxidised).
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Structural reliability of solid oxide fuel cells (SOFC) is a
salient issue, which currently impedes their large-scale
commercialisation. The in-series assembly of the single
repeating units (SRU) to build a stack and the use of brittle
ceramic materials for the manufacturing of the cells are striking
weaknesses. The mechanical failure of one single cell usually
quickly leads to the end of life of the stack, as it induces a
succession of detrimental effects that act in a coupled manner.
For instance, delamination or cracking of the electrode layers
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breaks the ionic and/or electronic conduction paths to the
reaction sites. The ensuing local loss of performance induces a
harmful redistribution of the current density [1,2]. Once
cracked, the electrolyte does not any longer ensure the
separation of the fuel and air compartments to the fullest
extent. The local and unsteady combustion provokes a local
increase of the temperature, as well as diverse chemical
alterations of the cell layers, such as the reduction and re-
oxidation (redox) of the nickel in the composite anode and the
reduction of the cathode material [3]. All these undesirable
chemical and electrochemical phenomena promote in turn
additional stresses, which reach critical values in an accelerated
manner.

SOFC stacks with a few hours of operation can fail because
of improper control strategy. They incur in the longer term
repeated full or partial thermal cycles and variations of the
electrical load, which reduce the lifetime of any energy
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Nomenclature

Latin letters

bg constant

bg constant

b, constant

d, particle diameter (m)
dr creep particle exponent
D diameter (m)

D¢ diffusion coefficient (m?s™")
E Young modulus (Pa)

E, activation energy (J molfl)
G shear modulus (Pa)

h thickness (m)

k, kinetic constant

m Weibull modulus

m'?  creep stress exponent

n porosity

N mechanical load (N)

R universal gas constant 8.314 (Jmol ' K™")
T temperature (K)

3
V,reference volume (m”)

Greek letters
th coefficient of thermal expansion (K™

o
€ strain

¢ scalar field variable

v Poisson’s ratio

0 density (kg m ™)

o stress (Pa)

o, characteristic stress (Pa)
o, threshold stress (Pa)
Indices

0 initial, dense state

cr critical or failure

eq equivalent

Ir loading ring

sp sample

sr supporting ring

th thermal

RT room temperature, 298 (K)

Superscripts

th thermal
crp creep

* foam

Acronyms

BOR  ball-on-ring

CTE  coefficient of thermal expansion
GDC  gadolinia-doped ceria

LSM  lanthanum strontium manganite
LSCF lanthanum strontium cobaltite ferrite
Ni—YSZ nickel YSZ anode in reduced state
NiO-YSZ nickel YSZ anode in oxidised state
ROR  ring-on-ring

SRU  single repeating unit
TBC  thermal barrier coating
XRD  X-rays diffraction

YDC  yttria-doped ceria

YSZ  yttria-stabilised zirconia
4PB 4-point bending

conversion device. The aggressive environment during constant
output electrical power mode already entails detrimental
alterations of the materials and interfaces. Coarsening of the
microstructure [4-9], localised modifications of the composi-
tion of the materials close to the interfaces [10-12],
development of insulating phases, such as lanthanum (LZO)
or strontium zirconates (SZO) [13-15] or phase transforma-
tions [16,17] are commonly reported during aging, under
polarisation or not. These phenomena can affect the mechanical
behaviour of the cell layers, hence the ability of the cell to resist
thermal cycling and/or electrical demand following.

Stresses in a cell embedded in a stack originate from
different phenomena. Residual stresses build up after the
sintering phase of the manufacturing process due to the
mismatch between the coefficients of thermal expansion (CTE)
of the materials of the cell. Stresses in the cell then arise from
mechanical load due to the stacking and the joining with the
components of the SRU frame by a glass sealant or compressive
gaskets. The reduction of the nickel oxide in the anode takes
place when fuel is fed for the first time, which ensures a suitable
electrical conductivity and electrochemical activity. This last
manufacturing step results in an increase in porosity, hence
induces a change in mechanical properties and a shrinkage of
the anode. During operation, the uneven temperature distribu-
tion causes additional stresses in the cell.

The stress state in the different layers of anode-supported
cells follows typical patterns, depending on the range of
possible variations of the CTE of the materials, which can be
controlled to some extent by varying their composition. The
anode support withstands tensile stress, while compressive
stress shields the thin electrolyte, if their magnitude is properly
controlled [18]. The use of separate or graded functional
electrodes [19] and anode backside compensating layers to
limit the cell curvature and to facilitate the assembly [20] does
not modify this trend. The situation is less well defined in the
cathode and possible compatibility layers. The two most widely
used cathode materials, composite lanthanum strontium
manganite and yttria-stabilised zirconia (LSM-YSZ) and
single solid phase lanthanum strontium cobaltite ferrite
(LSCF), have very different CTEs. LSM-YSZ can be subjected
to either compressive or tensile stress, depending on the
materials and temperature [21,22]. In the case of LSCF cathode,
a compatibility layer made of gadolinia (GDC) or yttria-doped
ceria (YDC) is required to prevent undesirable reactions at the
interface between the cathode and the electrolyte [23,24]. Their
CTE matches that of the anode; hence stress can possibly turn
from tensile to compressive, or vice versa, depending on the
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anode state, temperature or cell thermal-history [25]. Since
LSCF has usually the highest coefficient of thermal expansion
among all layers, biaxial tensile stress is foreseen [22].

Besides support cracking, the failure modes in the thin
functional electrodes, electrolyte, compatibility and collecting
layers differ, whether the stress state is compressive or tensile.
For instance, buckling-driven delamination can result from the
former case, while the latter might induce cracking,
channelling, spalling or delamination [26]. Different model-
ling approaches, such as fracture or damage mechanics or
combinations of them, have to be used, depending on the
issues to tackle [27]. The theory of continuum mechanics
enables the structural analysis of the cell at the SRU scale.
Further simplifications assume isotropy and linear elastic
behaviour. The ceramic materials of the cell were found to
comply well with these assumptions under SOFC conditions
[28,29], though more complex behaviour such as low-
temperature plasticity has been observed for some materials
subjected to particular treatments [30-32]. The elastic
properties and CTEs are first needed for the calculation of
the stress distribution in the layers of the cell during operation.
The knowledge of their dependences on temperature and upon
aging and/or cycling provides first insights into possible
degradation mechanisms. Other required data is the shrinkage
strain in the anode due to the reduction procedure. A further
step consists in including creep of the ceramic SOFC
materials. The local and non-uniform irreversible deformation
generated by creep relieve stresses under constant operating
conditions. It decreases the shielding compressive stress in the
electrolyte, which can affect the redox tolerance of the cell. It
can also induce additional stresses and their redistribution
during a variation of the operating conditions or a thermal
cycle [25].

The knowledge of the stress field is a first step towards the
analysis of the risks of failure of ceramic materials, such as
provided by the Weibull theory [33]. However, more
fundamental studies of the failure modes at smaller scales
require the knowledge of fracture toughness of the bulk or
interfaces, under different and mixed modes of loading, the
measurement of which can be delicate.

SOFCs are comprised of composite materials, typically
embedding ion and electron-conducting materials, to increase
the number of electrochemically active sites in the electrodes.
Their development can therefore benefit from the efforts to
establish formal relationships between the microstructure of
composite materials and their effective mechanical properties
[34,35]. Qualitative analyses have been performed for SOFC
materials, assuming either one constituent, or a combination of
the constituents control the averaged properties of the
composite material, e.g. CTE [36], Young’s modulus [37]
and creep behaviour [38,39].

The knowledge of the mechanical properties of SOFC
materials is required to mitigate the foregoing issues. Though
this topic has received growing interest in the past ten years, the
data remains scarce for some materials and additional efforts
are required. The present work seeks to compile available data
on the mechanical properties of materials used in SOFCs.

Sensitivity analyses of the effects of the disparities among the
data compiled here on the stress distribution and the failure
mechanisms in anode-supported SOFC is provided in Ref. [22].
Emphasis is placed on the properties required by the current
approaches for structural analysis of intermediate-temperature,
anode-supported SOFC SRU/stack, i.e. coefficients of thermal
expansion, Young’s modulus, Poisson’s ratio, Weibull para-
meters and additional measurements of the anode reduction
strains. Hence, fracture toughness of materials or interfaces is
not reported here, despite its importance for other modelling
approaches. Data on the fracture toughness of SOFC materials
can be found in, e.g. Refs. [40-43]. The evolution of the
properties during aging or cycling is the subject of current
research and is included when available. Besides the data
compiled from the literature, we include measurements of our
Ni(O)-YSZ anode material: coefficient of thermal expansion in
oxidised and reduced state, Young’s modulus and strength, both
at room temperature (oxidised and reduced state) and 1073 K
(oxidised state).

2. Experimental

The tested anode composition is 55 wt.% of nickel oxide
(NiO) powder (J.T.Baker), 22.50 wt.% of 3YSZ (Mel ox
3YUL) and 22.50 wt.% of 8YSZ (Mel ox 8YF) from
MelChemical.The powder mixtures were homogenised with
Duramax B1000 as a binder. It is referred as al.

The samples for the determination of the Young modulus
and CTE were prepared by dry pressing (PW 20, Paul-Otto
Weber GmbH, Germany), with a pressure of 100 MPa, followed
by sintering at 1673 K for 4 h with a heating and cooling rate of
3 K min™! (HT 1750-6, Nabertherm, Germany). The speci-
mens for fracture tests were discs produced by uniaxial
pressing, followed by sintering at 1658 K for 4 h.

The CTE [44] of the anode materials was measured on a
dilatometer (Biahr DIL 802L) with a SiC furnace, and alumina
support and push road. The samples were bars of the size
Smm x 5 mm X 25 mm. A type S thermocouple was applied
on the sample for the measurement of the temperature. A
calibration was previously done with a sapphire crystal against
alumina. CTE measurements were carried out between room
temperature and 1150 K, with a constant heating and cooling
rate of 5 K min".

The Young’s modulus of the anode material was determined
mechanically in 4-point bending on a test jig made of alumina
oxide with loading rollers out of silicon carbide. The jig had a
40-mm support span and a 20-mm load span. The samples, in
the form of bars, had a width between 4.25 and 4.65 mm, a
height between 2.85 and 3.20 mm, and a length of approxi-
mately 45 mm. The test jig used had an integrated 3-point
deflection measurement system where the outer measurements
rods were located directly below the inner rollers. The test setup
is shown schematically in Fig. 1 (bottom) and together with the
oven in Fig. 1 (top). The measurements were performed in
accordance to standard EN 843-2 [45] in air at room
temperature, 1023 K and 1123 K. Hence reduced samples
were only tested at room temperature. The samples for tests at
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Fig. 1. Schematic view of 4-point test rig used for in-house measurements of
the Young’s modulus of Ni-YSZ and NiO-YSZ anodes (bottom) and picture of
the test rig inserted into high temperature oven (top): (a) sample, (b) test jig
(alumina oxide), (c) rollers (silicon carbide), (d) transport system, (e) thermo-
couples, (f) deflection measurement rods, (g) 3-point deflection measurement
system, (h) load cell.

elevated temperatures were placed on the jig and inserted into
the oven by a transport system over a time period of about
10 min resulting in heating rates between 75 K min~' and
85 K min~'. Before testing the samples were equilibrated for
10 minutes. To apply the load a universal test machine was used
with a 2-kN load cell and cross-head displacement speed of
0.6 mm min~'. The Young’s moduli were calculated as the
slope of the stress vs. deflection curve recorded during the 4-
point bending tests. Five loading/unloading cycles per sample
were performed for each value to be determined. The
corresponding Young’s moduli were computed in the interval
comprised between 15-30% and 90% of the maximum applied
load.

The experimental data needed to analyse the strength of the
cermet by Weibull statistics was deduced from ring-on-ring
bending tests in air, at room temperature and either room

temperature or 1073 K for specimens in reduced, respectively
oxidized state. The samples were discs with a diameter of
36 mm and a height of approximately 0.5 mm. Batches of 30
samples were tested for each condition. The test apparatus
depicted in Fig. 2 has a load ring diameter of 12.5 mm and a
support ring diameter of 25 mm. The slightly curved rim of the
sample was placed cup-like towards the loading ring. The load
was applied by a universal test machine with a load cell of 2 kN,
at a cross-head displacement speed of 1.2 mm min~' until
fracture. The compliance of the setup was estimated at different
temperatures with a 6 mm thick SiC sample to correct recorded
load vs. displacement curves.

a)

b)

" I T~
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Fig. 2. Schematic view of ring-on-ring test rig (bottom) and picture of the test
rig inserted into high temperature oven (top): (a) sample, (b) support ring
(alumina oxide), (c) load ring (alumina oxide), (d) thermocouple.
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3. Data compilation approach
3.1. Thermal and isothermal expansion

The CTEs of SOFC materials are available for a broad variety
of compositions in different atmospheres. The CTE relates to key
properties for SOFC application, such as oxygen non-stoichio-
metry, electronic and ionic conductivities and ion transport
[46,47]. The thermal expansion observed during such measure-
ments possibly contains a chemical contribution, depending on
the environment during the measurement. Critical stresses and
significant ensuing deformations in the SRU can arise from
chemical (isothermal) expansions, when materials such as GDC
or lanthanum chromite [48] are simultaneously subjected to
reducing and oxidising atmospheres on different faces. The stress
in standalone GDC electrolytes turns from compressive, initially
induced by the residual stress, to tensile stress at some locations
in operation, the magnitude of which is critical for the integrity of
the layer [49-51]. In intermediate-temperature, anode-supported
SOFC, GDC is used as a compatibility interlayer to prevent the
development of insulating phases between the 8YSZ electrolyte
and the LSCF cathode. The oxygen gradient to which it is
subjected during normal operation, is therefore limited to arange
where these effects can be neglected for the structural analysis at
the SRU scale. Isothermal shrinkage occurs at least once in a
SOFC stack, during the reduction of the anode. Defective SRU
components or auxiliary devices or cracking of the electrolyte
can induce anode redox cycling [52]. Information on chemical
expansion is not reported here, with the exception of the
dimensional changes of the anode induced by its initial reduction,
due to the previously mentioned assumptions and the framework
of the present study. Refs. [53,49,54,50,55,51,48] are a starting
point to collect data to include in structural analysis chemical
expansion during operation.

Most of the data on the CTEs consists of values for a single
temperature difference, e.g. room temperature to 1273 K. In
comparison, few temperature-dependent or differential values
are readily available. Such values are required for a
comprehensive study of the stresses in the cells. The thermal
expansions between the reference state and those of interest, i.e.
zero-stress and the temperature of operation, anode reduction,
heat treatment of the glass sealant and room temperatures at
least, have to be known. Here, temperature-dependent CTEs
were computed from plots of expansion versus temperature
taken from the literature.

The implementation of CTE differs depending on the
modelling platform. Thermal expansion is computed in
ABAQUS [56] from a temperature-dependent CTE, which
expresses the total thermal expansion from a reference
temperature, such as room temperature.

e = a™(T,¢) - (T — Trr) — @"(To,¢,) - (T, — Trr) (1)

The relation assumes that no strain exists even in the case the
reference temperature does not equal the initial temperature.
The data presented in this work is in the foregoing form for a
reference temperature of 298 K. Simple adaptation might be

required for use in other commercial finite-element tools.
Shrinkage of the anode ensuing reduction or thermal cycling
and isothermal expansion of stand alone GDC electrolyte can
be implemented in finite-element tools either by conversion
into thermal expansion or by build-in (swelling in ABAQUS)
user subroutines.

3.2. Elastic properties

Different procedures exist for the measurement of the elastic
properties. An evaluation of four different techniques is
provided in Ref. [57]. The most common is the impulse
excitation technique.

The Young’s and shear moduli strongly depend on the
porosity. Several relations applicable to homogenous materials
with low porosity are available from the literature [40,58] and
provide good predictions, even for either fully or partially
reduced anode materials [59]. These relations can be used
during the initial stages of the development of the cells, to
identify trends when balancing electrochemical with structural
considerations. This is of particular interest for the anode, as the
microstructure, especially porosity, drastically changes after
reduction. Parameters are provided for the two-parameter
exponential, linear or non-linear relations, which are empirical,
and the composite sphere model (CSM) [58,60]:

E=E, -exp(—bgn), G=G,-exp(—bgn) )

E=E,(1—bgn), G=G,(1—bgn) 3)

bEI’l
E=E,(1-—" ),

4)
bGn
G_G”(l_lﬂbc—l)n)
(1-n)’ (1-n)*
E:Eoia = U 5
1+ bgn G 1+ bgn ©®)

The Poisson’s ratio, when not readily provided in the
sources, is computed assuming an homogeneous, linear
isotropic material:

E=2G(1+v) (6)

3.3. Strength

The strength of SOFC ceramic materials is not an intrinsic
property, but strongly depends on the flaws and defects, that
result from the manufacturing process and act as stress
concentrators. Their failure stress is statistically distributed as a
function of the flaw size distribution and depends on the size of
the component. The Weibull analysis [33] is based on the
weakest-link model, with an infinite number of links, the
weakest one controlling the strength. The classical two-
parameter version is valid for one defect population. It assumes
a uniform stress distribution and a negligible size of the
inhomogeneities, consequently size of the representative
elementary volume, compared with that of the component.
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Here, the representative elementary volume is the smallest
volume whose failure provokes the failure of the whole
structure. The two parameters are the Weibull modulus m and
characteristic strength o, which are respectively a measure of
the width of the distribution and the stress at a probability of
failure of 63%. If the representative elementary volume size is
not negligible relative to that of the component, the weakest-
link model has to be adapted for a chain with a finite number of
links. The two-parameter Weibull distribution yields conser-
vative predictions and is commonly used to analyse the results
of strength measurements of SOFC materials.

The preferred test method is the ring-on-ring arrangement
which generates a biaxial stress field and tests a larger volume
[61]. As cracking is normally initiated inside the zone delimited
by the smaller loading ring, this technique is relatively
insensitive to the quality of the edges of the specimens. A large
number of samples allow a reduction of the confidence interval,
hence better reliability of the measurements, at the cost of
increased experimental efforts. The formula for the calculation
of the failure stress for small deformation is [62]:

3N D2 —D? D
=2 (1= Zsr T 1 In =22 7
O¢ Zﬂh%p (( v) 2D§p + ( + 1)) nDlr) @)

In the case the maximum deflection at failure load exceeds 1/
2 h [63], as is likely for thin samples, Eq. (7) is not valid
anymore. Finite-element correction for geometrical non-linear-
ity must be applied to avoid any overestimation of the strength.
The stress is no longer uniform under the area of the loading
ring in the case of large displacement and presents a maximum
at the tensile face, opposite to the loading ring [64]. This
correction is implemented in an automatic manner in the
post-processing of our experimental ring-on-ring strength test
data. The samples are meshed with axisymmetric, second-order
reduced-integration elements CAX8R in ABAQUS [56], while
the application of the load is implemented as concentrated
forces. Preliminary tests showed that the discrepancy in the
results between this simplified approach and simulations con-
sidering frictionless contact between the sample and the rings
remains negligible in the conditions treated here. A finite-
element simulation is performed for each sample, characterised
by a distinct thickness and mechanical load at failure, whereas
uniform elastic properties are assumed for samples from a same
batch. The present work uses the Young’s moduli measured by
the 4-point bend tests. The results of the simulations are then
processed by MATLAB [65] built-in functions to compute the
maximum likelihood estimates of the parameters, i.e. the
characteristic strength and Weibull modulus along with the
confidence intervals for a two-parameter Weibull analysis. In
all cases, the reference volume is computed in accordance with
the ASTM-C1499 norm [62]:

Iy } | 440 +0) (5+m) (Do =Dy’
2(m+1) 3(1 —|—m) (2+m) Dy, Dy,

X <2D?p(l + v) + (Dsr - Dlr)2(1 - V))} ®

2

[SIE]

Dz

B+ v)(1+3v)

which induces an error of 5%, for m > 5 and Dy,/D;, = 0.2. This
procedure is not fully consistent, but is adopted, since the
observed correction for large displacement is small for the
approximatively 500 pm thick samples used for the in-house
measurements. Either surface or volume has to be considered,
depending on the strength controlling defects. A systematic use
of the former is not necessarily physically rigorous, but con-
servative in the case the actual stack component is thicker than
the test sample.

3.4. Creep behaviour

Creep occurs when the material is constantly loaded at a
temperature near one half of its melting point. This slow and
continuous deformation can be classified into three main
categories, depending on the mechanism: diffusion, viscous and
dislocation creep. Difficulties arise from the temperature-
dependence and possible overlapping or changes in the
dominant mechanism. In the case of SOFC materials, most
of the few existing data comes from measurements at
temperatures significantly higher than those encountered
during normal operation of intermediate-temperature SOFC
stacks. The needed extrapolation can lead to seriously
misleading predictions.

The creep behaviour of a material may differ, when
subjected to tensile and compressive stress [66]. Creep
parameter extraction from bend tests data is more complicated,
owing to the stress gradient in the sample [67,68]. The data
reported in the present study is restricted to steady-state
(secondary) creep and assumes similar material behaviour in
tension and traction. This simplification is found in other
research domains [69]. Diffusion creep can be modelled by a
general expression:

~Crp e meP
écrp _ ko Ueq (9)
eq - T ddt'rp

8

Here, o, is an equivalent stress such as the von Mises one and
P = \/2/3€;7€;". The values of the stress and grain size
exponents differ depending on the operating mechanism. For
instance, Nabarro-Herring creep yields m“” =1 and d“” = 2,
while d“? = 3 for Coble creep [70]. The relation can be con-
viently simplified and recasted for implementation in finite-
element software, as the grain size dependence is not explicitely
required:

-C1] cr ELCer m'?
GeqP :kol’exp(— R )O’eq (10)

The temperature dependence mainly arises from the diffusion
coefficient of species controlling the creep rate. Eq. (10) is used
for the analysis of the compiled data. The determination of the
values reported in the present study proceeds by first using
activation energies and stress exponents provided by the
sources corresponding to the closest conditions to those in a
stack during operation, in terms of temperature, stress range
and deformation. k{? is then deduced from available figures. It
therefore does not include a combined estimation of the three
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parameters, k57, ES'? and m“'?. As this compilation is meant for
preliminary studies of the effects of creep on the structural
issues in SRUs, data from measurements at the lowest tem-
peratures is preferentially reported.

Data on dense materials can be corrected to consider the
porous nature of the electrode and gas diffusion layers. Besides
the correction for an averaged effective stress, research on
cellular materials yielded relations based on considerations on
the different possible deformation modes of the struts. Their
validity is tested against finite-element simulations of the creep
deformation at the representative elementary volume scale [69].
This approach, while coarse, is believed to be adequate for
preliminary studies, because of the actual uncertainties on the
creep behaviour of SOFC materials. The two most common
relations are based on different assumptions on the deformation
of the struts. In Eq. (11) [71] (Eq. (12) [72]) the vertical
(horizontal) stays rigid, while the horizontal (vertical) is
deformed by bending (compressive) creep.

E;rp> 0.6 (1.7(2mcrp+1))"’””

~CIp __ crp _
Eeq _ko exp( RT ) mcm _|_2 merp

N
x oy <p) (10

By . EP\ (1 o\
EZIP = kP exp (— RaT> (§ ,0_0) GZ] (12)

The creep strain rates predicted by these two relations signifi-
cantly differ. Eq. (11), which certainly has a more solid physical
meaning, yields higher values than Eq. (12). However, since
this study places the emphasis on reproducing the collected
experimental data, either relation is selected here to satisfy
agreement with experiments.

4. Compiled data
4.1. Electrolytes and compatibility layers

8 mol% YSZ (8YSZ) has received most of the attention as
SOFC electrolyte material due to its superior thermal and
electrical properties. Its choice is somewhat compromised
when it comes to strength or long-term stability of the ionic
conductivity [73-76]. The decrease of the thickness of the
electrolyte is one reason for the higher performance of anode-
supported cell, as compared with electrolyte-supported cells.
The typical thicknesses range from 4 pm to 15 pm in anode
supported cells and 100 wm to 300 wm in electrolyte supported
cells. A dense material is required to ensure the separation of
the fuel and air compartments.

GDC has been proposed as an electrolyte for low-
temperature SOFC or compatibility layers in LSCF cathode-
based cells, though a presence of small electronic conductivity
and vulnerability towards isothermal expansion are two major
drawbacks for the former application. In the present study,
GDC and YDC are considered as compatibility layers, to
prevent reaction between the 8YSZ electrolyte and the LSCF
cathode. Dense compatibility layers could not be produced at

the beginning of their development. Their porosity affected
their protective effect, but this issue has since been solved
[23,24].

Fig. 3 depicts the compiled data on the CTE of these
materials. The CTE of ceria-based materials is significantly
higher than that of YSZ, whereas the typical range of variation
between room temperature and usual operating or sintering
temperatures is approximately 0.8 x 107%to 1.2 x 107K ™",
Mori et al. [36] did not find any significant influence of the
oxygen partial pressure on the CTE of 8YSZ. This is not the
case of GDC (see discussion on isothermal expansion in
Section 3.1). All measurements presented in Fig. 3 were
performed in air.

The CTE of both materials exhibits temperature depen-
dence. SRU typically have to withstand spatial temperature
differences in the range of 100 K, e.g. [77,78,21,79]. The
corresponding variations of the CTE in one data set are spread
over approximately 0.2 x 107°K™!, which can lead to
imprecision in the calculation of the stress field [22]. The
increase of the CTE of YSZ with temperature is attributed to the
volume expansion associated to the formation of point defects
[36]. Hayashi et al. [47,80] tried to elude the effect of the
content of gadolium and yttria on the CTE of GDC and YSZ,
respectively, and observed opposite trends for the two
materials. In GDC, higher CTEs are reported for increased
Gd content, as a result of the increase of the oxygen vacancy
concentration and ensuing weakening of the binding energy
[47]. This does not hold for the yttria content of YSZ. Hayashi
et al. [80] attributed the decrease in CTE for higher yttria
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Fig. 3. Temperature dependent CTEs of YSZ, YDC and GDC [18,36,93,112—
114,55,60,115,116,107,117,118]. (For interpretation of colour in the artwork
the reader is referred to the web version of the article.)



3914

content to the variation of the bulk modulus, as this parameter,
which increases with the yttria content, has a strong influence in
their theoretical model. This is not clearly seen in Fig. 3, and
has not been confirmed by all studies [81].

The reported stress—strain curves of YSZ are linear over the
investigated temperature range (not depicted) [28,82]. Tem-
perature-dependent and single temperature measurements of
the Young’s moduli of YSZ and GDC materials are depicted in
Fig. 4. The values are comparable for both materials. The
curves corresponding to different compositions and measure-
ments exhibit similarities for YSZ. After an initial decrease up
to approximately 680-830 K, the Young modulus follows a
plateau or a mild increase and then decreases around 1473 K,
when data is available. The first feature matches the
temperature range where internal friction experiments reveal
one or two peaks, for 3YSZ and higher yttria contents [83,84].
Possible causes of this mechanical loss are the reorientation
jumps of V_ — Yz, pairs and the relaxation of the oxygen
vacancies within a cluster of two or more yttrium ions [84,85].
The effect of oxygen partial pressure on the Young’s modulus of
8YSZ is limited [86]. A decrease in the range of 15% is
observed, when varying the oxygen partial pressure from that of
air to 10722 [54]. For 10GDC, the decrease is of approximately
20% under the same conditions, but GDC compatibility layers
in anode-supported cells with LSCF cathode are not subjected
to such oxygen partial pressure gradients. The parameters for
the different correlations between porosity and Young modulus
are listed in Table 1. Egs. (4) and (5) provide equally good

Table 1
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Fig. 4. Temperature dependent Young modulus of YSZ and GDC
[18,36,58,42,93,82,83,85,90,97]. (For interpretation of colour in the artwork
the reader is referred to the web version of the article.)

Parameters for the calculation of porosity-dependent elastic properties. Values corresponding to the standard deviation are provided inside the brackets, when

available in the original source.

Material

Model

E, (GPa)

b

G, (GPa)

bg

NiO-YSZ (75 mol% NiO)
NiO-YSZ (75 mol% NiO)
NiO-YSZ (50-55 wt.% NiO)

Exponential (Eq. (2))
CSM (Eq. (5)
Linear (Eq. (3))

210.8 [209.4; 212.2]
209.5 [208.1; 210.9]
206.9

NiO-YSZ (75 mol% NiO) Exponential (Eq. (2)) 207.1
NiO-YSZ (75 mol% NiO) Non-linear (Eq. (4)) 207.2
NiO-YSZ (75 mol% NiO) Linear (Eq. (3)) 205.5
NiO-YSZ (75 mol% NiO) CSM (Eq. (5)) 218.8

Ni-YSZ (75 mol% NiO)
Ni-YSZ (75 mol% NiO)
Ni-YSZ (50-55 wt.% NiO)

Exponential (Eq. (2))
CSM (Eq. (5))
Linear (Eq. (3))

212.1 [210.8; 213.4]
211.4 [210.5; 212.3]
205.9

8YSZ Exponential (Eq. (2)) 220.3
8YSZ Non-linear (Eq. (4)) 220.5
8YSZ Linear (Eq. (3)) 219.5
8YSZ CSM (Eq. (5)) 2239
3YTZP Exponential (Eq. (2)) 217.5
3YTZP Non-linear (Eq. (4)) 218.9
3YTZP Linear (Eq. (3)) 213.2
3YTZP CSM (Eq. (5)) 217.8
10GDC Exponential (Eq. (2)) 217.8
10GDC Non-linear (Eq. (4)) 218.1
10GDC Linear (Eq. (3)) 217.0
10GDC CSM (Eq. (5)) 218.5
20GDC Exponential (Eq. (2)) 2133
20GDC Non-linear (Eq. (4)) 213.6
20GDC Linear (Eq. (3)) 212.2
20GDC CSM (Eq. (5)) 216.6

2.70 [2.66; 2.74]
0.46 [0.51; 0.41]
2.12
2.48
2.55
2.10
0.93

3.16 [3.13; 3.19]
0.79 [0.77; 0.81]
1.76

—2.76
2.84
—2.50
1.04
—3.01
3.23
—2.48
0.99
2.92
3.01
2.67
1.00
2.64
2.71
2.39
1.00

80.4 [79.9; 80.9]
79.4 [78.8; 80.0]
78.0
78.0
715
80.6

79.5 [78.9; 80.1]
78.2 [77.8; 78.6]

83.5
83.5
83.2
84.7
81.5
81.5
80.0
81.5
81.6
81.7
81.3
81.9
79.9
80.0
79.6
81.2

2.60 [2.56; 2.64]
0.33 [0.28; 0.38]

2.38
2.42
2.03
0.77

2.95 [2.92; 2.98]
0.53 [0.51; 0.55]

2.63
—2.69
—2.39

0.93

291
—3.09
—2.41

0.86

2.76

2.83

2.54

0.88

2.47

2.52

2.25

0.87

[40]
[40]
[37]
[58]
(58]
[58]
(58]

[40]
[40]
[37]

[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
[58]
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predictions for the tested electrolyte materials, the porosity of
which ranged from approximately 0 to 10%[58]. The values of
the Poisson’s coefficients are summarised in Table 2.
Weibull parameters for YSZ and GDC materials are
available from measurements at room and operating tempera-
ture in air. The data compiled in Table 3 complies to the
assertment that 3YSZ is preferable to 8YSZ from a mechanical
perspective. The Weibull modulus is usually lower than the
threshold of 10 for technological ceramics. The effect of the
oxygen partial pressure on the strength of 8YSZ and 10GDC
matches that of the Young’s modulus [54]. The strength of YSZ
decreases with temperature increase, while the trend is opposite
for GDC [60]. Lowrie et al. [87] observed different fracture
behaviours, depending on the temperature. Whereas fracture
initiated from defects very close to the surface of the sample at
room temperature, the initiation site could not be always related
to a defect at higher temperature. By increasing the
temperature, the propagation mechanism concurrently changed

Table 2

from transgranular to mixed transgranular and intergranular for
samples tested at 1273 K. As mentioned previously, the
strength of SOFC materials is strongly affected by the
manufacturing process. Atkinson et al. [18] noted an increase
in apparent strength of 8YSZ/20GDC laminates compared with
that of individually tested YSZ and GDC specimens. This
improvement could be attributed to the reduction of the surface
roughness thanks to the lamination process and shielding effect
of the compressive stresses in the YSZ, when the testing
arrangement induced an initiation of the fracture at the
interface. Weibull parameters for YDC could not be found. The
study of Ishida et al. [88] suggests values and a temperature
dependence similar to those of GDC.

Information on the effects of cycling and aging on the
foregoing properties is limited to the strength of 8YSZ. The cubic
to tetragonal phase transformation is a possible reason for the
observed decrease in the ionic conductivity of YSZ during aging,
though the mechanisms have not yet been unambiguously

Poisson’s ratio of SOFC materials. Values corresponding to the standard deviation is provided inside the brackets, when available in the original source.

Material n (%) T easure (K) v°

8YSZ - 298 0.32 [93]
8YSZ - 298 0.29 [36]
8YSZ - 1273 0.29 [36]
Ni-8YSZ/8YSZ (75 mol% NiO) 40 298 0.12 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 39 298 0.05 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 36 298 0.29 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 35 298 0.23 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 27 298 0.29 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 27 298 0.28 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 40 298 0.29 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 40 298 0.32 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 40 298 0.30 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 40 298 0.31 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 34 298 0.31 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 34 298 0.31 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 35 298 0.34 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 35 298 0.29 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 27 298 0.29 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 26 298 0.29 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 26 298 0.30 [101]
Ni-8YSZ/8YSZ (75 mol% NiO) 27 298 0.30 [101]
NiO-8YSZ/8YSZ (70 mol% NiO), 0.6 mm 10 298 0.22 [98]
NiO-8YSZ/8YSZ (70 mol% NiO), 0.9 mm 10 298 —0.28 [98]
Ni-8YSZ/8YSZ (70 mol% NiO), 0.6 mm 35 298 0.12 [98]
Ni-8YSZ/8YSZ (70 mol% NiO), 0.9 mm 40 298 —0.25 [98]
NiO-3YSZ (50-55 wt.% NiO) 20* 298 0.39 [37]
Ni-3YSZ (50-55 wt.% NiO) 35* 298 0.39 [37]
Lag2S7.5C00 2Fe0 505 - 298 0.26 [0.23; 0.29] [41]
Lag 4Srp 6Cog 2Feo 503 - 298 0.32 [0.30; 0.34] [41]
Lao_6$r0_4C00_2FeO,gO3 - 298 0.32 [031, 033] [41]
Lag 5510 »C00.2Feo 505 . 298 0.32 [0.316; 0.324] [41]
Lao_gsr()»zMIle; 29 298 0.28 [85]
Lag gSrp,MnO; 12 298 0.34 [85]
Lao_gsro_zMHO3 9 298 0.35 [85]
Lag gSrp,MnO; 4 298 0.36 [85]

* Estimated.

 Computed by Eq. (6), when not directly provided in the original source.



3916 A. Nakajo et al./Ceramics International 38 (2012) 3907-3927

Table 3

Weibull parameters and strength of electrolyte materials. Values inside brackets refer to the 95% confidence interval.

Material Aging (air) Tsrme (K) 1 (%)  Method 0,/MOR (MPa) m Samples V), (mm?)
8 mol% YSZ - 298 1.68 Tensile test 217 - 1 - [28]
8 mol% YSZ 1273 K, 1000 h 298 1.68 Tensile test 293 - 1 - [28]
10 mol% CGO - 298 2-5 ROR 134 3.8 15 1.028 [60]
10 mol% CGO - 1073 2-6 ROR 183 5.7 15 0.575 [60]
20 mol% CGO - 298 2-6 ROR 148 6.0 10 0.561 [60]
8 mol% YSZ - 298 1-7 ROR 232 5.7 10 0.535 [60]
8 mol% YSZ - 1073 1-7 ROR 154 8.6 10 0.301 [60]
8 mol% YSZ - 298 1-7 ROR 192 6.9 10 0.409 [60]
8 mol% YSZ - 1073 1-7 ROR 131 5.6 10 0.547 [60]
3 mol% YTZP - 298 5-10 ROR 423 3.5 10 1.006 [60]
3 mol% YTZP - 1073 5-10 ROR 165 3.9 10 0.861 [60]
8 mol% YSZ - 298 - ROR 171 5.0 16 6.372 [61]
8 mol% YSZ - 298 - ROR 211 9.0 16 3.860 [61]
8 mol% YSZ 1223 K, 1300 h, 22 cycl. 298 - ROR 211 6.36 16 5.731 [61]
7.7 mol% YSZ - 298 - ROR 332 5.1 15 0.512 [87]
7.7 mol% YSZ - 1223 - ROR 256 4.5 20 0.613 [87]
7.7 mol% YSZ 1123 K, 1000 h 298 - ROR 353 5.2 20 0.498 [87]
7 mol% YSZ - 298 - ROR 294 5.1 15 0.512 [87]
7 mol% YSZ - 1123 - ROR 205 7.3 14 0.309 [87]
3 mol% YSZ - 298 - ROR 1300 [1260; 1340] 8 [6; 10] 8" 0.010 [122]
3 mol% YSZ - 1073 - ROR 610 [590; 620] 10 [6; 14] 7* 0.010 [122]
3 mol% YSZ - 298 - ROR 600 [570; 630] 8.716.7; 10.7] 11* 31.4°¢ [122]
glued foil
10CGO - 298 - ROR 413 4.6 13 b [18]
(8YSZlaminated)
10CGO - 1073 - ROR 394 7.0 13 b [18]
(8YSZlaminated) -
8YSZ - 298 - ROR 216 7.4 13 b [18]
(8YSZlaminated)
8YSZ - 1073 - ROR 257 54 13 b [18]
(8YSZlaminated)
8 mol% YSZ - 298 - ROR 446 6.7 34 0.350 [64]
8 mol% YSZ - 1173 - ROR 282 8.0 20 0.273 [64]

% From Weibull plot.
" Eq. (8) not applicable.
¢ Volume delimited by the supporting ring.

clarified [17,73-75,89]. At a first appraisal, a concurrent increase
in the strength is expected in the case this phase transformation
effectively occurs and affects the ionic conductivity, as observed
by Kondoh et al.[28] by comparing the tensile strength of nascent
sample to that of samples aged in air at 1273 K for 1000 h. In
contrast, other aging studies do not show any significant strength
improvement in similar conditions [87,61]. These strength
measurements on aged samples, together with aging conditions,
are included in Table 3.

Data on bending creep of 8YSZ and 20YDC in a temperature
range of 1223-1563 K and 1323-1398 K, respectively, is
available in [87,90,91]. Table 4 lists the parameters determined
from [87,91]. Fig. 5 depicts a comparison of the computed
strain rates with the overall set of measurements, to check that
the predicted strain rates lie within the proper orders of
magnitude. The acceptable match between the activation
energies of creep and diffusion of Zr cations (460 kJ mol™")
and stress exponent close to 1 suggest that the creep
deformation of 8YSZ is controlled by grain-boundary diffusion
[87] at SOFC operating temperature. At higher temperature,

bulk cation diffusion is likely responsible for creep [90]. The
values of m“”, d? and EJ? reported for 20YDC are in
agreement with Nabarro-Herring creep [91].

4.2. Ni-YSZ anodes

Ni—YSZ cermets are preferred for SOFC anodes thanks to
their good electrochemical and chemical activity. Their
composite nature enables a spreading of the electrochemically
active zone, by increasing the triple-phase boundary length

Table 4
Parameters for the estimation of creep strain rates in SOF cell materials.

Material kP MPa"h™')  ESP (kT mol ™) m

8YSZ 1.836e+07 320 0.5 [87]
8YSZ 4.373e+07 370 L0 [90]
Ni-YSZ (56 wt.% NiO) ~ 3.714e—02 115 17 [68]
Ni-3YTZP (40 vol.% Ni) ~1.040e+20 640 25 [39]
20YDC 6.768¢+04 264 Lo 91
Lao_55r0_5Feo_5C00_503 5.551e+10 392 1.7 [1 1 1]
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Fig. 5. Qualitative comparison of computed (lines) and experimental (filled
markers) creep strain rates of SOF cell materials. The respective stress ranges
correspond to those expected in SOFCs. [38,39,87,91,111,68,90]. The temper-
ature range of 993-1373 K is depicted by colour variations: Ni-YSZ, blue to
green, LSCEF, red to yellow, YSZ, black to grey and YDC, black to brown. (For
interpretation of colour in the artwork the reader is referred to the web version of
the article.)

(TPBL) per electrode volume. Both electrode performance and
structural stability require the percolation of the porous as well
as the ionic and electronic-conducting phases. The final
microstructure depends on the powder size distribution, the
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Fig. 6. Temperature dependent CTEs of the anode in oxidised state

[36,92,113,118,96]. (For interpretation of colour in the artwork the reader is
referred to the web version of the article.)

initial composition, the manufacturing route and the reduction
procedure [37,92]. The anode support plays the key role in the
structural integrity of the cell. Its porosity has to be tailored,
depending on its thickness, e.g. 3002000 pwm, to enable the
diffusion of reactants and products. This requirement differs
from that of a high TPBL. Hence, a differentiation between the
anode-supporting and anode-functional layers is found in state-
of-the-art cells.

The CTEs of Ni—-YSZ anodes is available for different
compositions and states. Figs. 6 and 7 show the results of the
literature survey, along with our measurements in oxidised and
reduced states, respectively. The reported values of the CTE
required for the calculation of thermal stresses at room
temperature and operation temperature are comprised within
12.27 x 10 ° to 13 x 107 ° K" for oxidised and 11.2 x 107°
to 13.3 x 10 ®K ™' for reduced state. Such large variations
strongly affect the calculation of the stress field, which can turn
from compressive to tensile in the cathode [22]. The CTE
increases for higher NiO or Ni contents. An anomaly due to the
antiferromagnetic to paramagnetic transition of NiO, and the
ferromagnetic to paramagnetic transition of metallic Ni, which
entails a change in the structure from rhombohedral to cubic
structure in the case of NiO is seen in the differential coefficient
of thermal expansion (not depicted). It is located around 530 K
and 631 K for NiO and Ni, respectively [36,37,93].

Mori et al. [36] report a difference in the behaviour of NiO-
YSZ and Ni-YSZ at the highest temperatures. A decrease of the
differential CTE at temperature higher than 1173 K occurs for
the latter materials, due to the significant plastic deformation of
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Fig. 7. Temperature dependent CTEs of the anode in reduced state
[36,92,93,112,113,118,96,119]. (For interpretation of colour in the artwork
the reader is referred to the web version of the article.)
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Table 5

Collected data on reduction strain of the anode material.

A. Nakajo et al./Ceramics International 38 (2012) 3907-3927

Material

Reduction conditions

Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)
Ni-8YSZ (40 vol.% Ni)
Ni-8YSZ (40 vol.% Ni)
Ni-8YSZ (40 vol.% Ni)
Ni-8YSZ (40 vol.% Ni)
Ni-8YSZ (40 vol.% Ni)
Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)
Ni-3YSZ (50-55 wt.% NiO)

9% H,/91% N,, 1123 K

9% H,/91% N,, humid, 1123 K

9% H,/91% N,, 1273 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K
9% H,/91% N,, 1123 K

Ni-8YSZ (56 wt.% NiO)

10% H,/90% N,, 1173 K

€ (%)

0.00e+00 [123]
—1.00e—-02 [123]
—2.00e—02 [123]
—2.91e—01 [92]
—5.40e—01 [92]
—2.34e+00 [92]
—6.33e—02 [92]
—4.43e—01 [92]
—9.60e—02 [94]
—1.06e—01 [94]
—2.00e—01 [94]
—1.31e—01 [94]
—1.68e—01 [94]
—1.80e—01 [94]
—3.0le—01 [94]
—1.70e—-02 [59]

the Ni particles as a result of its interaction with the YSZ
backbone. This trend is not seen in all the measurements. This
could be due to a difference in the microstructure of the
samples, heating ramps (2-5 K min~") or a limitation of the
experimental setup.

Data on the reduction strain is reported in studies of the redox
behaviour of anode supports. This topic is not considered in the
present survey. Table 5 only lists values for the initial reduction.
As expected, considerable discrepancies exist among the
measurements. The largest strain value of —2.34 x 10~ 2 exceeds
the contribution of the typical pursued CTE mismatch between
SOFC materials which lies between 10> and 102, Grahl-
Madsen et al. [92] used dilatometry to study the reduction
behaviour of 40 vol.% Ni Ni-8YSZ anodes, processed by
different routes. They observed a strong dependence of both
overall reduction rates and final measured shrinkage, due to the
different microstructures. The rate depends on the size of the NiO
particles, while the shrinkage is mainly related to the strength of
the 8YSZ backbone. Pihlatie et al. [94] used the same
measurement technique on 50-55 wt.% NiO Ni-3YSZ speci-
mens of different porosities, at different temperatures with or
without humidity. The reduction strain depends on the reduction
temperature, but also on the humidity of the feed gas. Almost no
variation occurs at 1123 K, while a small value of 0.01% and
0.02% is measured at 1273 K and humid conditions at 1123 K,
respectively. Malzbender et al. [95] and Sun et al. [96] derived
values from the analysis of the curvature of the anode support.
The behaviour differs, depending on the anode support
arrangement, such as presence or not of a compatibility layer.
Sun et al. [96] hence suggest that a significant amount of plastic
deformation of the Ni phase occurs during reduction.

The reduction procedure entails an increase in porosity of
the anode material, which is well predicted by the relation
proposed by Radovic et al. [40]:

nxi—ysz = 0.228 4 0.772nni0-vsz (13)

Different recommendations on the choice of correlations (see
Section 4.1) between porosity and elastic properties at room

temperature emanate from the study on SOFC anodes. The
exponential and CSM models properly fitted the experimental
data of Radovic et al. [40], while Pihlatie et al. [37] investigated
a larger range of porosities, up to 50%, and observed a linear
dependence. Atkinson et al. [58] discarded the CSM model for
their NiO-8YSZ samples, which formally applies to two-phase,
rather than to three-phase materials, such as a porous Ni-based
SOFC anode. Table 1 lists the values of the parameters.
Data on the temperature dependence of the Young’s modulus
of the common compositions of Ni-YSZ anodes remain scarce,
but all reported trends are fairly similar [37,97,98]. Figs. 8 and 9
depict our measurements together with compiled data, with the
exception of measurements of the porosity dependence at room
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Fig. 8. Temperature dependent Young modulus of the anode in oxidised state
[37,59,58,97,98]. (For interpretation of colour in the artwork the reader is
referred to the web version of the article.)
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Fig. 9. Temperature dependent Young modulus of the anode in reduced state
[37,59,97,101,98]. (For interpretation of colour in the artwork the reader is
referred to the web version of the article.)

temperature. The values measured at room temperature in the
present study are consistent with previous ones, though slightly
lower, as the porosity of the investigated anodes is known to be
around 0.25 in reduced state [5], which would yield a very low
initial porosity of 0.026, after conversion by Eq. (13). The
Young’s modulus in oxidised state exhibits a peak related to the
antiferromagnetic to paramagnetic transition of NiO, already
reflected in the CTE, followed by a decline, though a shift in
temperature appears when comparing data between [37] and
[98]. The range of reported variations in Young moduli for the
common effective anode compositions is large, between 79 and
207 GPa for NiO-YSZ and 18-98 GPa for the reduced anode.
This is mainly due to the different porosities, ranging from
approximately 25% to 50% in reduced state. The values for a
same material at room and operation temperature are
comparable. The dependence on the thickness of the sample
observed by Biswas et al. [98] is partially accounted for by the
bilayer structure. Hence, these measurements are not strictly
comparable to the others depicted in Figs. 8 and 9. The drastic
drop of the Young’s modulus of reduced anodes compared with
oxidised ones is attributed to the significant increase in porosity
after reduction. Variations in the reduction temperature result in
different microstructures. Fig. 9 depicts the temperature-
dependence of two samples reduced at 873 K and 1273 K. The
behaviour remains qualitatively the same, but a difference of
8 GPa occurs at high temperature. The lower reduction
temperature limits the sintering of the Ni particle and results
in a finer microstructure [37]. Table 2 lists values of the
Poisson’s coefficients.

Table 6

Parameters for the assessment of the dependence of the characteristic strength
of anode materials at room temperature. Values corresponding to the standard
deviation is provided inside the brackets.

Material 000 b,

NiO-YSZ (75 mol% NiO)
Ni-YSZ (75 mol% NiO)

473.4 [369.1; 577.7]
158.7 [150.0; 167.4]

5.12 [4.45; 5.79] [40]
2.58 [2.24; 2.92] [40]

The strength of the anode cermet has received much
attention once the effort on the anode-supported arrangement
increased in order to reduce the operating temperature.
Nonetheless the amount of data on the strength in the most
relevant conditions, i.e. at high temperature and in reduced
state, is limited because of the required testing apparatus and
efforts. The reduction itself, as well as the conditions during
this procedure influence the defect population in the reduced
anode. For example, an increase in reduction temperature from
873 K to 1273 K was found to enhance the strength at room
temperature of Ni—-YSZ samples [99]. Radovic et al. [40]
proposed an empirical relation between porosity and strength,
the parameters of which for both reduced and oxidised
materials, are listed in Table 6:

Op = 0o exXp(—byn) (14)

The strength at full density is higher for Ni-YSZ, indicating
that the decrease is mainly due to the additional porosity. The
fractography analysis by Radovic et al. [40] showed a change in
the fracture propagation mode upon reduction, from mostly
transgranular to intergranular. Even though the porous nature of
the material complicates the fractography analysis, typical
critical defects could be identified: NiO clusters, which
transformed into large foamy nickel structures upon reduction,
cavities, surface singularities and YSZ agglomerates. In the case
of oxidised specimens, the analysis of the dependence of the
estimated Weibull parameters on the thickness of the sample
suggests that the strength is controlled by surface defects, the size
of which exceeds that of the pore. The dependence of the strength
on porosity arises from that of the Young modulus.

Table 7 list the Weibull parameters and strength of Ni(O)-
YSZ compiled from the literature. Malzbender et al. [97]
reported a decrease in the strength of Ni-YSZ with increasing
temperature for both oxidised and reduced state, which is
confirmed by our measurements. They also performed the sole
study of the strength of SOFC materials by means of the three-
parameter Weibull distribution. The two-parameter distribution
yielded significantly higher Weibull moduls and resulted in
conservative but still misleading predictions of the failure stress
for larger components [100]. Grahl-Madsen et al. [92] noted a
qualitative relation between reduction strain and strength, as
both are dependent on the properties of the YSZ backbone.

There are many evidences of the microstructure alteration of
the anode during operation, among which the coarsening of the
Ni particles is the most striking from a mechanical point of
view. This phenomenon induces a sensible decrease of the
effective  TPBL, hence the electrochemical performance



Table 7

Weibull parameters and strength of both oxidised and reduced anodes. Inside brackets is the 95% confidence interval.

Material Composition Aging/ Aging condition/ Teasure K) 1 Method  0,/MOR (MPa) m Samples V), (mm?)

cycling reduction
NiO-8YSZ al - - RT - ROR 290 [277; 304] 6.81 [5.37; 8.63] 30 10.106 This work
NiO-8YSZ al - - 1073 - ROR 253 [242; 266] 6.6 [5.16; 8.44] 30 10.694 This work
Ni-8YSZ/8YSZ 75mol% NiO  Oh 1073 K 4% H, 96% Ar RT 394 ROR 106.5 [94.6; 118.9] 5.7 [3.5; 8.6] - 6.239 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 625 h 1073 K 4% H, 96% Ar RT 38.8 ROR 87.1 [94.3; 80.1] 7.9 [5: 11.5] - 4.012 [101]
Ni-8YSZ/8YSZ 75mol% NiO  Oh 1073 K 4% H, 96% Ar RT 355 ROR 95.9 [83.6; 110] 5.3 [3.5; 7.9] - 7.415 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 625 h 1073 K 4% H, 96% Ar RT 350 ROR 90.72 [82.3; 98.8] 9.5 [6.4; 14] - 3.391 [101)
Ni-8YSZ/8YSZ 75mol% NiO  Oh 1073 K 4% H, 96% Ar RT 274 ROR 127 [117.5; 136.6] 8.6 [5.4; 12.6] - 4.082 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 625 h 1073 K 4% H, 96% Ar RT 267 ROR 136.6 [123.4; 151.2] 6.2 [4.1; 9.5] - 6.312 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 1 cycl. 1073 K 4% H, 96% Ar RT 39.5 ROR 90.7 [83.3; 98.2] 7.9 [4.8; 11.9] - 4.014 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 25 cycl. 1073 K 4% H, 96% Ar RT 402 ROR 85.8 [74.1; 99.4] 4.1 [2.6; 6.2] - 9.867 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 250 cycl. 1073 K 4% H, 96% Ar RT 402 ROR 79.9 [69.4; 92] 4.2 [2.8; 6.6] - 9.540 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 1250 cycl. 1073 K 4% H, 96% Ar RT 39.5 ROR 81.8 [74.1; 89.9] 6.7 [4.1; 9.9] - 5.005 [101)
Ni-8YSZ/8YSZ 75 mol% NiO 1 cycl. 1073 K 4% H, 96% Ar RT 339 ROR 126 [115.4; 137] 7.5 [4.7; 11] - 4.622 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 25 cycl. 1073 K 4% H, 96% Ar RT 341 ROR 126.6 [112.6; 142.4] 5.1 [3.5; 7.5] - 7.810 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 250 cycl. 1073 K 4% H, 96% Ar RT 346 ROR 108.18 [96.1; 120.8] 5.7 [3.5; 8.4] - 6.703 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 1250 cycl. 1073 K 4% H, 96% Ar RT 349 ROR 108.3 [98.9; 117.9] 7.3 [4.5; 10.9] - 4.795 [101)
Ni-8YSZ/8YSZ 75 mol% NiO 1 cycl. 1073 K 4% H, 96% Ar RT 266 ROR 151.2 [136; 167.1] 6.3 [3.8; 9.3] - 6.176 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 25 cycl. 1073 K 4% H, 96% Ar RT 262 ROR 166.1 [151.3; 182.3] 6.4 [4.2;9.9] - 6.043 [101)
Ni-8YSZ/8YSZ 75 mol% NiO 250 cycl. 1073 K 4% H, 96% Ar RT 264 ROR 1623 [147.2; 17771 6.9 [4.3; 10.1] - 5.462 [101]
Ni-8YSZ/8YSZ 75 mol% NiO 1250 cycl. 1073 K 4% H, 96% Ar RT 27.0 ROR 161.5 [144.9; 178.7] 6.9 [3.8; 9.3] - 5.464 [101]
NiO-8YSZ 75 mol% NiO  — - RT 6.6 ROR 134.6 [125.6; 143.6] 8.6 [5.6; 12.1] 15 3.728 [40]
NiO-8YSZ 75 mol% NiO  — - RT 178 ROR 97.6 [86.4; 110.2] 43 [2.9; 6.4] 15 9.549 [40]
NiO-8YSZ 75 mol% NiO  — - RT 198 ROR 92.1 [84.5; 100.0] 6.8 [4.3; 9.8] 15 5.103 [40]
NiO-8YSZ 75 mol% NiO  — - RT 21.9 ROR 95.4 [83.3; 109.1] 4.0 [2.6; 6.0] 15 10.575 [40]
NiO-8YSZ 75 mol% NiO  — - RT 227 ROR 96.2 [89.9; 111.5] 3.6 [2.4; 5.4] 15 6.124 [40]
NiO-8YSZ 75 mol% NiO  — - RT 21.6 ROR 97.2 [77.5; 122.0] 3.2 [1.7; 5.8] 15 22.393 [40]
Ni-8YSZ 75 mol% NiO  — 1073 K 4% H, 96% Ar RT 274 ROR 1152 [104.2; 1262] 6.1 [3.9; 8.7] 15 5.760 [40]
Ni-8YSZ 75 mol% NiO  — 1073 K 4% H, 96% Ar RT 36.1 ROR 79.1 [73.2; 85.4] 7.0 [4.8; 10.1] 15 4.812 [40]
Ni-8YSZ 75 mol% NiO  — 1073 K 4% H, 96% Ar RT 369 ROR 73.5 [66.1; 81.8] 5.0 [3.5; 7.2] 15 7.628 [40]
Ni-8YSZ 75 mol% NiO  — 1073 K 4% H, 96% Ar RT 39.8 ROR 55.42 [49.2; 62.5] 4.5 [3.1; 6.5] 15 8.855 [40]
Ni-8YSZ 75 mol% NiO  — 1073 K 4% H, 96% Ar RT 39.3 ROR 55.4 [49.2; 62.5] 45 [3.1; 6.5] 15 4377 [40]
Ni-8YSZ 75 mol% NiO  — 1073 K 4% H, 96% Ar RT 418 ROR 49.5 [45.4; 53.7] 6.4 [4.2; 9.6] 15 8.633 [40]
NiO-8YSZ 56 wt.% NiO  — - RT - 4PB 9.1% 25.9 6-10° 47.200 [92]
NiO-8YSZ 56 wt.% Ni0  — - RT - 4PB 9.6% 4.6 6-10° 57.000 [92]
NiO-8YSZ 56 wt.% NiO  — - RT - 4PB 9.5° 8.2 6-10° 56.000 [92]
NiO-8YSZ 56 wt.% NiO  — - RT - 4PB 24.4° 14.4 6-10° 49.500 [92]
NiO-8YSZ 56 wt.% NiO  — - RT - 4PB 13.4° 7.7 6-10° 58.400 [92]
NiO-8YSZ 56 wt.% Ni0  — - RT - 4PB 20.3% 11.5 6-10° 55.300 [92]
Ni-8YSZ 56 wt.% NiO  50h 1123 K 9% H, 91% Ar RT - 4PB 17.5° 5.1 6-10° - [92]
NiO-YSZ/8YSZ  40vol.% Ni® - - RT - ROR! 115.0° 13.2f - 9.734¢  [97]
NiO-YSZ/8YSZ  40vol.% Ni® - - 1073 - ROR* 84.0° 13.2f - 9.734¢  [97]
Ni-YSZ/8YSZ 40 vol.% Ni® - - RT - ROR! 84.0° 13.2f - 9.734¢  [97]
Ni-YSZ/8YSZ 40 vol.% Ni® - - 1073 - ROR* 67.0° 13.2f - 9.734%  [97]
Ni-YSZ/8YSZ 40 vol.% Ni® 1800 h/40 cycl.  Stack operation RT - ROR‘ 80.6° 13.2f - 9.734%  [97]
NiO-8YSZ/8YSZ  40vol.% Ni*  — - RT - ROR! 62 [61; 63] 10 [9; 12] 180 8.946%  [100]
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[8,5,6,76]. Subsequent alteration of the mechanical properties

g 233 g g can occur, as strength and creep are strongly d.epender.lt on the
““““““ grain size. Moreover, particular attention is required for
< composites made of materials displaying different mechanical

s 33 § behaviours subjected to thermal cycling. Different authors
lecs & < observed an increase of the CTE of the Ni—YSZ material upon

thermal cycling. Mori et al. [36] report a more severe alteration
with increasing heating/cooling rates and denser samples. The

CRCRR R effect is larger during the first 5-10 cycles, approximately

4,67 x 107% and 5.75 x 10~® per cycle for 2 Kmin~' and

10 K min~' heating ramps, respectively, between 323 K and

= 1273 K. It then reduces to 4.28 x 10™° and 5.5 x 10™° per

: cycle. The difference between cooling and heating measure-

£ w ments indicates a shrinkage of the anode, which is more

RRS2IT2 pronounced during the first cycles. Sun et al. [96] report a

- T similar value of 1.2 x 1078(1.4 x 10~%on average for [36]) for

cycling between 298 K and 1173 K. The explanation proposed

by Mori et al. [36], i.e. microcracks in the YSZ backbone, does

= not comply with the observation of Lara-Curzio et al. [101].

;» The latter have not observed any decrease in Young modulus

“f o o o during overall harsher cycling conditions, nor modification of
vrERRES the porosity, except for one class of specimens.

Lara-Curzio et al. [101] observed a slight but not significant
trend in the evolution of the characteristic strength of their Ni—
YSZ samples upon thermal cycling. The characteristic strength
of the samples with a porosity of approx. 0.34 and 0.4 (0.26)
decreased (increased), but all the variations lie within the 95 %
confidence interval. Other results from the literature [97]
exhibit opposite trends. Extensive research to find the exact
underlying phenomena of these discrepancies has not yet been
performed.

The creep behaviour of the Ni-YSZ anode is expected to
dominate that of anode-supported cells, for geometrical and
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A material reasons. Indeed, the creep strain rate in the anode is the

SRS highest among the cell layers, in their respective expected stress

2 ;:Q. range (see Fig. 5). Relatively few studies have been carried out,

Q ® with inconsistent conclusions among them. The study of

2 2 Gutierrez-Mora et al. [38] on the compressive creep of standard

<+ & Ni-8YSZ/8YSZ supports at high temperature (1273-1473 K)

f M highlights a behaviour controlled by the Ni phase at 1373 K.

. a2 . The complex dependences, in particular of the stress exponent

on temperature, prevent a reasonable extrapolation of their data

to typical SOFC operating temperatures. Morales-Rodriguez

£ o et al. [39] investigated in more details a similar material in a

§ = similar temperature range, 20—40 vol.% Ni-3YTZP but with a

o : %"i different microstructure than SOFC anodes. Their main finding

a E is that the 3YTZP matrix is the creep-controlling phase, which

E % eReNeNe) 3 é diametrically differs from that of Gutierrez-Mora et al. [38].

S & § g § § S g g Changes in stress exponents and activation energies occur

TEEEsE §5 = depending on investigated stresses, temperatures and amount of

FLLeLLes S E g irreversible strains. Analyses of bending creep test of Ni-8YSZ

< E é g 2 anode at intermediate SOFC temperature (973-1123 K) by

2 N 53 E Laurencin et al. [68] further support the predominant role of the

g NN |2 é 23 §,) YSZ backbone on the overall behaviour. The activation energy

CONNNL | TEE g & for Ni-YSZ (115 kJ mol ") is much lower than for dense 8YSZ
R R SRN R - RO 1 qp

ddnmdd|mHAEZZ samples (320-370 kJ mol ™). It is closer to values reported for

zzzzzzI|" 7" plasma-deposited YSZ thermal barrier coating, the porosity of
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which is in the range of 15% [102]. This suggests a change in
the creep controlling mechanisms, from cation bulk diffusion to
cation surface diffusion [68]. Table 4 proposes a set of
parameters for Eq. (10). Fig. 5 shows that the parameters for
40 vol.% Ni-3YTZP provides a reasonable match with the high
temperature data from Gutierrez-Mora et al. [38] and can be
used, despite the likely difference in materials, for preliminary
analyses of stress relaxation in the cell, during the cooldown
after the sintering step. In operation, the parameters determined
by Laurencin et al. [68] should be used.

4.3. Cathode

Anode-supported cells mostly differ in the choice of the
cathode. LSM has been used for a long time and has proved its
stability during operation at high-temperature. The use of a
LSM-YSZ composite has enabled a considerable improvement
of the performance [103], hence reduction of the operating
temperature. LSCF cathodes combined to YDC or GDC
compatibility layers are the result of concurrent research on
more reactive materials. The oxygen reduction reaction
proceeds differently in LSM or LSCF-based electrodes
[104]. The same applies to the possible mechanisms of failure
since the CTEs of both types of material differ significantly, as
depicted in Figs. 10 and 11.

Higher Sr content on the A-site increases the CTE of
La;_,Sr,MnO;, though the dependence on the Sr content
inverts around x = 0.1, as reported by Mori et al. [81]. They
observed different structures and phase transformations,
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Fig. 10. Temperature dependent CTEs of LSM [32,46,114,115,81]. (For inter-
pretation of colour in the artwork the reader is referred to the web version of the
article.)
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Fig. 11. Temperature dependent CTEs of LSCF and LSF [24,46,107,120]. (For
interpretation of colour in the artwork the reader is referred to the web version of
the article.)

depending on the Sr content, which, however, did not result
in anomalies in the CTEs.

Tai et al. [105,106] studied the CTE of La, _,Sr,Co; _,Fe,Os,
depending on the Sr and Fe content. For x=0.2
(LSCF82(1 — y)y), the CTE increases upon higher Co content,
up to y=0.4, then stays constant. Higher Sr content x in
LSCF(1 — x)x28 (y = 0.8) increases the CTE. These materials
do not exhibit any CTE hysteresis in air. There is a reversible
transition close to 923 K, due to the formation of oxygen
vacancies and concurrent reduction of the Fe and Co ions. The
magnitude of the oxygen loss, consequently contribution of
chemical expansion, increases with higher Sr or Co content,
while the threshold temperature decreases. Similar to the LSM
case, different phases and transitions occur, depending on the Sr
or Fe content, though the magnitude of their influence on the
CTE is again limited. The threshold temperature of the
orthorhombic to rhombohedral transition decreases with
increased Sr content on the A-site, while only the rhombohedral
phase is observed for Fe contents lower than 0.7. Xu et al. [107]
reported similar trends. Their measurements on composite
LSCF-SDC cathodes indicate a decrease of the threshold
temperature for the change in differential CTE and mismatch in
CTE with other SOFC layers.

The data on the elastic properties of cathode SOFC materials
is scarce, not to mention the temperature dependence. Most of
the measurements are performed on dense samples, not
reflecting the microstructure of a porous functional cathode.
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Ferroelastic behaviour, or observations in line with such
behaviour, has been reported for both LSM [30] and LSCF [43].
It has been studied extensively for other perovskite materials,
such as LaCoOj; and is characterized by hysteresis in the stress—
strain relationship during loading and unloading cycles because
of domain switching resulting in strain [108,109]. Permanent
deformation is therefore generated when the sample is loaded,
even at room temperature as observed during four-point bend
tests [30,43]. Care is needed when considering data on the
Young’s modulus deduced from the stress—strain curves [43].
For LSM, Meixner et al. [30] suggest the uptake of oxygen at
high temperature during cooling influences the ferroelastic
behaviour, owing to the strong dependence on the processing
history, mainly cooling rate and sample thickness. Higher
amount of permanent deformation was obtained by increasing
the Sr content from 0.3 to 0.5. Lein et al. [43] identified a
ferroelastic to paraelastic transition for Lag 5Stg 5Cog sFeq 503
and Lag 5Srg 5Coq25Feq 7503 around 573 K, above which the
behaviour is elastic, to the limit of possible creep deformation.
The amount of data found in the literature on the mechanical
behaviour of the common cathode perovskite materials used in
anode-supported SOFCs is not sufficient to deduce detailed
temperature and conditions dependent constitutive laws that
include the ferroelastic behaviour. This warrants further
investigations to precisely understand and identify the failure
modes on the cathode side. The available data is reported
hereafter.

The Young’s modulus of LSM samples measured by Giraud
et al. [85] exhibits singularities. Impulse excitation measure-
ments could not be performed for temperatures lower than
623 K and 873 K for porous and dense samples, respectively,
presumably because of their ability to absorb vibrations. At
higher temperatures, the Young’s modulus of the porous
samples remains fairly constant, while that of dense samples
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Fig. 12. Young modulus of LSM and LSCF [41,85,121,31,43]. (For interpre-
tation of colour in the artwork the reader is referred to the web version of the
article.)

increases monotonically (see Fig. 12). No explanation is
provided for this behaviour. Fig. 12 depicts the Young’s moduli
of dense LSCF materials, which slightly increases with Sr
content [41] and stays fairly constant between room
temperature and 1073 K [43]. Reported Poisson’s ratios are
listed in Table 2.

Weibull parameters and strength of cathode materials. Inside bracket is the standard deviation.

Material Composition Aging Tnsrm: (K) 1 (%) Method o, or MOR (MPa) m Samples V), (mm?)

LSM Lag gSrp,SrO3 - 298 10-15 ROR 52 6.7 10 1.217 [60]
LSM Lag gSr»SrO5 - 1073 10-15 ROR 75 3.7 10 2.836 [60]
LSM Lag 49S19.40Mng 9sNbg 0sO3  — 298 0.5-1.5 BOR 138 15 20* 0.341 [32]
GDC Ce.845Gdg.15C00.00503 - 298 0.5-1.5 BOR 497 3.6 9¢ 2.199 [32]
LSM-GDC  30vol.% GDC - 298 2-8.5 BOR 383 8.5 19% 0.683 [32]
LSM Lag 5Srg.sMng 95Nbg o503 - 298 0.5-1.5 BOR 130 11 14 0.510 [30]
LSM Lag 9Srp.1Mng 95Nbg 0503 - 298 - BOR 242 14 14 0.378 [30]
LSCF Lag 5Sr( sFeq sCog 503 - 298 3 4PB 107 [92; 122] - 11 - [43]
LSCF Lag 5Srg sFep 5C0o503 773 K, 500 h 298 3 4PB 121 [114; 128] - 5 - [43]
LSCF Lag 5Sr( sFe 5C0o 503 - 1073 3 4PB 181 [168; 194] - 5 - [43]
LSCF Lag 5Srg sFep 5Coos03 773 K, 500 h 298 5 4PB 128 [116; 140] - 8 - [43]
LSCF Lag 5Srq sFeq sCog 503 - 1073 5 4PB 166 [151; 181] - 6 - [43]
LSCF LaO_SSrO_5FeO_5C00,5O3 - 1273 5 4PB 181 [158, 204] - 5 = [43]
LSCF Lag 5Sr( sFe( »5C0.7503 - 298 5 4PB 71 [64; 78] - 6 - [43]
LSCF Lag sSrg sFeq 25C00.7503 773 K, 500 h 673 3 4PB 61 [41; 81] - 3 - [43]
LSCF Lag 5Sr¢ sFep 25C00.7503 773 K, 500 h 873 3 4PB 121 [110; 132] - 3 - [43]
LSCF La0_5$r0_5Feo_25C00_7503 - 1073 3 4PB 120 [109, 131] - 5 = [43]
LSF Lag 5Srg sFeO5 - 298 1 4PB 138 [126; 150] - 8 - [43]
LSF Lag 5Sry sFeO3 - 1073 1 4PB 181 [163; 199] - 6 - [43]

? Estimated value.
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Data on the strength of cathode materials mostly consists in
flexural bending strength for dense materials. Studies including
the effect of correcting the measurements for the non-linear
stress—strain response of these ferroelastic materials could not
be found. Compiled values of the Weibull parameters are listed
in Table 8. Atkinson et al. [60] report a low strength for
Lag gSrp,MnQO3, without explanation and similar to GDC
(Section 4.1), the characteristic strength increases with
temperature. De Souza et al. [29] have observed an overall
increase of the flexural strength of Lag g75519 12,sMnO3 from RT
to 1273 K, a minimum being located around 673 K. They
suggest that this behaviour is driven by variations in symmetry
due to first the phase transition from orthorhombic to
rhombohedral around 523-623 K and then temperature
dependence of the symmetry of the crystal lattice, and oxygen
stoichiometry accommodated by the oxidation of Mn>* to
Mn**. Similar trends in the temperature dependence of the
flexural strength of Lag 5Sry sMnQOj is observed [30]. Weibull
data for LSCF materials is difficult to find. The samples studied
by Chou et al. [41] are weaker for higher strontium contents, but
the manufacturing of crack-free specimens could not be
achieved for the highest Sr contents. The flexural bending
strength of Lag 5sStg sCog sFeq sO3 is lower at room temperature
than at 1073 K, since a gradient in oxygen content is expected
to develop in the sample upon cooling from the sintering
temperature, which induces tensile stress on the surfaces
because of chemical expansion [43].

Porous Lag ¢Sty 4MnO3 samples undergo severe shrinkage
during thermal cycling (5 K min~") but not aging in air or
oxygen between 873 K and 1373 K [81]. The strain per cycle is
as high as 5 x 107*. The shrinkage is linked to a severe
coarsening of the microstructure.

The data found on the creep behaviour of LSM materials is
not relevant in the present framework as its validity is limited to
temperatures much higher (1523 K) than those in intermediate-
temperature SOFC [110]. In contrast, the study of Lein et al.
[111] includes compressive creep of Lag 5Srg sFeg sCog 503 at
1173-1323 K in air. The low stress exponent and comparison of
creep and cation diffusion activation energies suggest that creep
is controlled by boundary or bulk diffusion of Sr and/or La.
Table 4 lists the parameters and Fig. 5 depicts the corresponding
computed curves along with a selection of experimental
measurements.

5. Conclusion

The present compilation of available data from the literature
highlights the pronounced dependence of the mechanical
properties of SOFC materials on temperature. The use of
temperature-independent values may induce misleading pre-
dictions of the stress state in the different cell layers, and hence
of the occurrence and of the types of mechanical failures.

It is known that the CTE of YSZ is the lowest among the
different materials used in anode-supported SOFC, which lets
foresee a residual compressive stress in this layer and tensile
residual stress in the anode. The data recorded on the CTE of
the latter does not assert that the CTE is higher in reduced than

in oxidised state. The situation is less well defined in the other
layers, except in LSCF cathodes, which are likely subjected to a
tensile stress. Indeed, the CTEs of LSM, YDC or GDC overlap
that of the anode. Therefore the stress state can be either tensile
or compressive in the layers made of these materials. This
underscores the possible occurrence of transitions, depending
on temperature and state of the anode. The mechanical
behaviour of the anode during its reduction is imprecisely
understood. Measurements carried out on unconstrained
samples are unlikely to hold for the structural analysis of
SOFC stacks, where the reduction step is performed on the
whole stack, with uneven temperature and gas distributions.
This warrants further investigations.

On the one hand, the data on the elastic properties of YSZ
and anode material is fairly exhaustive, even though large
variations in microstructures, hence mechanical properties, are
possible. Significant and non-linear temperature dependence is
observed. Data on the Young’s modulus of GDC, YDC, LSM
and LSCF in their form in SOFCs is on the other hand very
scarce in the literature, if not inexistent. The cathode has a
minor effect on the stresses in the other layers of anode-
supported cells, but the prediction of its mechanical failure is
equally important to improve the reliability of SOFC stacks,
without mentioning other cell designs, especially cathode-
supported ones. The same applies to the measurement of the
strength of SOFCs materials.

The foregoing properties are required for the calculation of
stresses in SOFCs, which enable at best a preliminary
assessment of possible failures due to aging. Their evolution
upon operating time is needed for insights into mechanical
degradation. Shrinkage of the anode and cathode materials has
been reported during thermal cycling exclusively, while first
results indicate that the strength of all materials certainly
evolves during SOFC operation. The mechanisms, hence the
dependence on SOFC operating conditions, are not precisely
understood. Another source of evolution of the stresses in
SOFCs during operation is creep. A simple approach can
reproduce the correct order of magnitude of the few available
data, and can be used in preliminary structural analyses.

Despite all these limitations, the mechanical properties
compiled in the present work already allow a reasonably
accurate structural analysis of SOFC stacks, which can in
turn highlight the most stringent needs in mechanical
characterisations.
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