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1 Introduction

The solid oxide fuel cell (SOFC) technology has to face many challenges before
its large-scale commercialisation. Cost reduction, along with enhanced reliability,
durability, fuel flexibility, load following capabilities and compactness are needed. Yet,
despite all the research, the exact underlying mechanisms of the electrochemical
reactions have not yet been unambiguously identified. The high-temperature environ-
ment promotes physicochemical modifications of the materials that alter the electro-
chemical and mechanical properties after prolonged use. The driving forces of these
degradation processes that arise from chemical interactions between the SOFC mate-
rials themselves, on the one hand, and the volatile contaminants transported by the fed
gases, on the other hand, have not yet been fully clarified.

The structural reliability of SOFCs is a salient issue. The end of operation of a stack is
ultimately caused by the loss of structural integrity of one or several of the cells. This is the
result of (i) the accumulation during operation of physicochemical alterations, of plastic
and creep deformations, and (ii) the modification of the temperature profile, due to the
degradation of the electrochemical performance of the cells. Mechanical issues do not,
however, exclusively occur after prolonged use. Inappropriate control during load fol-
lowing, harsh conditions and thermal cycles can induce discrete failures. The in-series
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assembly of the standard repeating units (SRU) in a stack is a striking weakness, the
mitigation of which is hindered by the complexity of the failure modes in the ceramic
materials. Mechanical failure in a single cell induces a succession of detrimental effects
that act in a coupled manner. For instance, delamination or cracking of the electrode layers
breaks the ionic and/or electronic conduction paths to the electrochemical reactions sites.
The ensuing local loss of performance induces a harmful redistribution of the current
density. Once cracked, the electrolyte or sealant 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. All these undesirable phenomena promote in turn additional stresses, which
reach critical values in an accelerated manner. The SOFC field is, therefore, characterised
by strong interactions between the phenomena.

Despite the evidence of mechanical issues in SOFCs, which are experienced even
during laboratory button cell tests, this topic is still receiving limited attention. Efforts
are seen as stand-alone tasks, owing to the different experimental and modelling
techniques needed to gather the essential information, whereas mechanical failures in
SOFC:s are likely intricately related to physicochemical and electrochemical aspects.

This survey of the current state of models for the prediction of mechanical failures
in SOFC stacks comprises five parts. For conciseness, the emphasis is on planar stack
design with anode-supported cells. The description can be easily transposed to other
situations, differing in terms of type of cell, geometry or operating temperature. In
Sect. 2, the diverse origins of stress in the components are briefly presented, along
with the most common failure mechanisms. In Sect. 3, a brief overview of the
mechanical behaviour of the cell, sealing and gas diffusion layer (GDL) materials is
provided, in the view of their implementation in numerical tools based on the finite-
element method (FEM). The need for the complete temperature and ageing depen-
dences and refined constitutive laws for rate-independent plasticity and creep is
highlighted. Section 4 presents the modelling approaches applied at the SRU scale
and discusses the particularities of SOFC modelling: (i) initialisation steps, (ii)
boundary conditions representative of stacking of the repeating units and (iii) choice
of suitable elements among those available in commercial FEM tools. The discussion
is enlarged with (i) simple models, such as derived from the beam theory, and (ii) the
recent representative elementary volume (REV) analyses that may provide, in the
future, insights into the failure modes. Section 5 illustrates the current modelling
capabilities at the SRU scale with studies available in the literature. To conclude, the
most stringent model improvement needs are discussed in Sect. 6.

2 Origins of Stresses and Mechanical Failures
in SOFC Stacks

Multilayer systems are extensively used in engineering to fulfil combined
requirements on different aspects, be it mechanical, electrical or thermal. A planar
SOFC stack is a typical example, at different scales. To build a functional unit, the



Current State of Models for the Prediction of Mechanical Failures 123

impervious electrolyte, interconnects and sealants achieve the separation of the air
and fuel compartments, whereas the in-series electrical stacking of the SRUs
further requires the use of GDL. The mechanical interactions between these
components depend on the selected technological solutions. Most of these parts are
themselves multilayer systems.

In broad terms, the nature and long-term evolution of the stress is governed by
the properties of the materials. Similar to other energy conversion devices, SOFC
stacks will incur repeated full or partial thermal cycles and variations of the
electrical load, which reduce the lifetime. An essential mitigation approach is to
ensure reduced or suitable differences between the coefficients of thermal
expansion (CTE) of the different materials. This is usually completed by the wise
use of compliant linking elements to accommodate the mismatch strains that
cannot be avoided. Because of the temperature-dependence of the CTE and the
several manufacturing steps of a stack, such as cell sintering, metallic interconnect
(MIC) coating, sealing and reduction procedure of the nickel-based anode, this
task is not straightforward. In a next step, the understanding and control of irre-
versible deformation alleviates the history-dependent degradation of the behav-
iour. Here, a comprehensive analysis must include together electrochemical and
mechanical aspects (see Sect. 6).

The following description of the origins of stresses and failure mechanisms per
component is not exhaustive, because of their dependence on the choice of the
technological solutions and geometry of the components. A classification of the
mechanical failures in SOFC stacks developed in Japan is available [46]. Figure 1
depicts some of the common failures observed during experiments.

2.1 Cell

The cell or membrane electrode assembly (MEA) is the central component.
It comprises the electrolyte, the electrodes as well as the contacting and required
compatibility layers. As any multilayer system made of brittle materials, the MEA
is prone to failures related to residual stresses ensuing the manufacturing process,
and to further thermal cycling and prolonged exposition to aggressive environ-
ments [23]. The electrochemical performance is the first requirement that dictates
the choice of the materials and the microstructure. The selection has to be per-
formed in the view of long-term performance to alleviate undesirable chemical
reactions and morphological alterations of the microstructure promoted by the
high-temperature aggressive environment [47, 68, 80, 109, 118]. This is therefore
a trade-off, as high electrochemical activity and chemical stability are usually
contradictory aims.

Stresses in a cell embedded in a stack originate from different phenomena.
Residual stresses build up during the cool down, after the sintering, because of the
mismatches between the CTEs of the materials of the cell. The dissymmetry of the
system results in curved specimens. Stresses in the cell then arise from mechanical
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load due to the stacking and the joining with the other components of the SRU.
The reduction of nickel oxide in the anode takes place when fuel is fed for the first
time and results in a change in porosity, hence in mechanical properties, and
shrinkage [99, 102]. During operation, the uneven distribution of temperature and
oxygen vacancy concentration in the layers prone to isothermal expansion, cause
additional stresses in the cell [105]. In the long-term, the progressive physico-
chemical alterations, creep mainly governed by the temperature and stress profile,
and the possible shrinkage of the ceramic materials during thermal cycles [82, 84],
can induce history dependences that reduce the resistance against load following
and thermal cycling.

The cracking modes in the MEA layers and at the interfaces depend on the design,
which consists in the choice of a supporting layer and of materials of suitable CTE.
They may evolve during combined cycling and ageing because of the relaxation of
the initial shielding compressive stress in the weakest layers [91]. Lanthanum
strontium manganite (LSM) has been used for a long time and has proved its stability
during operation at high temperature. The use of a composite LSM—yttria-stabilised
zirconia (YSZ) electrode enables a considerable improvement of the performance,
hence reduction of the operating temperature. Lanthanum strontium cobaltite ferrite
(LSCF) cathodes combined to yttria (YDC) or gadolinia-doped ceria (GDC) com-
patibility layers are the result of concurrent research on more active materials. In an
LSM-based cathode deposited on an Ni-YSZ/YSZ anode-support, the stress can
change from tensile to compressive, depending on the temperature, whereas an LSCF
cathode withstands tensile stress. In the former case, buckling-driven delamination is
observed at the interface with the electrolyte [98], whereas cracking of the LSCF
cathode may occur [70]. The same issues affect the contacting layers, as shown in
Fig. 1. The cracking modes in the Ni-YSZ anode on an electrolyte support exhibit
similarities with the latter case. Once at the interface, perpendicular cracks can either
further propagate in the support, continue along the interface, or kink [23].

2.2 Interconnect

Structural issues related to the interconnect depend on the choice of the material.
High-temperature SOFCs, such as the tubular design of Siemens-Westinghouse
[111], make an exclusive use of ceramic materials, apart from the nickel felt used
for current collection. The most common material, lanthanum chromite, is brittle
and prone to non-uniform isothermal expansion when simultaneously subjected to
reducing and oxidising atmospheres on different faces [131].

The decrease of the operating temperature pursued by the anode-supported cell
technology enables the use of metallic components, with beneficial implications on
costs and design possibilities. Similar to the MEA, an MIC is a multilayer of finite
durability [66] wherein, in state-of-the-art solutions, a ceramic coating slows the
growth of the oxide scale of lower electrical conductivity and the evaporation of
volatile chromium species that contaminates the cathode. At the microscale, the
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Fig. 1 Examples of mechanical failures and microstructural alterations observed in SOFC stacks.
a Delamination of cathode current collection layer [21], reproduced here with kind permission
from © ASME 2008. b cracking of the sealant [10], reproduced here with kind permission from
© Elsevier 2006, and loss of gas-tighntess [72], reproduced here with kind permission from © John
Wiley and Sons 2009. ¢ MIC coating delamination [18], reproduced here with kind permission
from © Elsevier 2008. d anode support reoxidation cycling [25], reproduced here with kind
permission from © Elsevier 2009 e formation of zirconates in LSM—YSZ cathode [68], reproduced
here with kind permission from © Elsevier 2009. f chromium deposit in LSM-YSZ cathode [78],
reproduced here with kind permission from © The Electrochemical Society 2007

evolution of the thickness of the layer, coupled to creep and/or rate-independent
plasticity, has a strong impact on the nature of the mechanical failures, which
exhibit similarities with those acting in thermal-barrier coatings (TBC) of gas
turbine blades [24]. Spallation and delamination is experimentally reported [18]
(see Fig. 1).

While ductility is an advantage for the manufacturing of complex shapes,
structural issues can arise from irreversible deformation generated during opera-
tion, as thermal stresses can exceed the elastic limit at distinct locations in the SRU
[60, 88, 89, 93]. Cracking of the MIC is seldom observed. In contrast, the creep
and increments of plastic strain generated during discrete events and prolonged



126 A. Nakajo et al.

use, respectively, can progressively lead to cell failure, through buckling, loss of
electrical contact or gas-tightness [88, 89, 93]. The creep strain rates in these
materials under the stress and temperature of operation is higher than those of the
cell [86]. The expected temperature differences of 100 K over the SRU [92]
induces very different amounts of irreversible strains in the zones subjected to
comparatively high or low temperatures. The need to reduce the thickness of the
components to decrease the costs and the thermal inertia of the stack increases the
difficulty to prevent such failure modes. As classical stability issues are progres-
sively solved, the contribution of the oxide scale and coatings to the mechanical
behaviour of the component will increase.

2.3 Sealants

The sealing solutions span, with increasing level of mechanical interactions
between the joined components, from compressive gaskets [13] to glass-ceramic
materials [27], through thin metallic elements [127].

The main advantage of compressive gaskets is their compliance, which at first
sight, should ease the requirements during the development of an SOFC stack to
ensure the integrity of the cell. A loading system is needed to apply a high
assembly load. It induces additional complexity, hence weakness, and weight
which is not suitable for mobile applications. The ensuing compressive stresses
further place tighter requirements on the dimensional tolerances of adjacent SRU
components to avoid cell cracking caused by flatness imperfections. Despite the
lack of mechanical characterisation (see Sect. 3), the properties of the compressive
gasket materials certainly change after the first heat-up and differ depending on
the atmosphere. An improper assembly process, the lack of stability of the matting
surfaces and of the compressive load can cause the cracking of the gasket.
However, the most deleterious structural effects arise from the slightly permeable
nature of this sealing solution, which can indirectly induce cell failure, through
parasitic combustion and, in the worst case, partial and unsteady reoxidation of the
Ni in the anode and reduction of the cathode material [128].

Rigid sealants are alternatives to compressive gaskets. They can be divided into
four main categories [28]: glass [14, 35], glass-ceramic [79, 110], metal brazes
[54, 123] and bonded-compliant seals (BCS) [125]. All of them are more hermetic
than compressive gaskets, at the cost of increased development efforts. They yield
stronger mechanical interactions between the different components of the SRU,
hence importance of CTE mismatches. A compliant component, such as the
metallic foil in the BCS concept, can alleviate the ensuing stress in the cell. Cost
and increased flexibility in shape are additional advantages over compressive
gaskets, in particular for glass-based sealants, which can be dispensed either by a
syringe as a paste or placed on the sealing surfaces as tape cast sheets. Their dense
nature and adhesion to the other SRU materials spares the development, weight
and price of a compressive loading system. This advantage may be decisive for
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mobile applications, where dynamic issues related to the application of the
mechanical load can arise. The mechanical properties of a glass-ceramic sealant in
a stack are expected to exhibit disparities. They depend on the sealing procedure
performed on the whole stack, during which completely uniform conditions are
impossible to ensure (see Sect. 3).

The composite and evolving structure of the ceramic-glass sealants as devit-
rification proceeds induces microvoids, which can be possibly healed at operating
temperature [95]. The most common failure mode of a glass-ceramic sealant is
cracking in the bulk of the sealant or at the sealing interfaces, during thermal
cycles. The strength of the interfaces with the sealing areas may suffer from direct
or indirect deleterious chemical interactions [17].

2.4 Gas-Diffusion Layer

The variety of mechanical failures related to GDLs is considerable, because
solutions are specific to stack manufacturers. These are, most of the time, pro-
prietary, which accounts for the scarce available data. In the case of metallic
foams, large cracks in the GDL are unlikely thanks to the usually compressive
stress state. The impact of corrosion on the global mechanical behaviour of
metallic foams is expected to be severe in comparison with the MIC case because
of the thickness of the struts relative to the oxide scales. GDLs can cause cell
fracture indirectly. Partially sintered pastes are extensively used to enhance the
electrical contact, mitigate the release of volatile poisoning species and slow the
growth of oxide scales. They result in weak adhesion between the GDLs and
neighbouring elements [20]. The initially designed CTE mismatch, adjusted by
consolidation steps to control the stress state and the distribution of the contact
pressure on the different components, may be altered by non-uniform creep
deformation generated during prolonged operation. The possible ensuing change in
stress state during thermal cycles can induce localised losses of electrical contact.
Slight differences in relative density, combined to the limited number of struts in
the thickness can significantly alter the creep strain rate at high temperature [97].
They affect the uniformity of the gas supply in a stack and, at a smaller scale, the
gas flow distribution within the stacked SRUs. This results in accelerated degra-
dation hence increased risks of mechanical failures [90].

3 Materials

The limited knowledge on the essential mechanical properties of the SOFC stack
materials and, further, on their evolution during prolonged and cycling conditions,
induced by the interplay with physicochemical phenomena, hinders the efficient
mitigation of mechanical failures. A brief overview of the properties of the most
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common materials is provided here. The reader is redirected to compilations on the
mechanical properties of SOFC materials available in the literature for more extensive
information [7, 86, 90, 106, 120]. The data summarised here are detailed in [86, 90].

3.1 Coefficient of Thermal Expansion

The CTEs of SOFC materials are available for a broad variety of compositions in
different atmospheres. The thermal expansion contains a chemical contribution,
depending on the environment. Considerable stress and significant ensuing
deformation in the SRU can arise from chemical (isothermal) expansions.

Most of the CTE data consists in values for a single temperature difference,
typically room temperature (RT) to 1273 K. In comparison, few temperature-
dependent or differential values are readily available, despite their importance for a
comprehensive stress analysis. The thermal expansions between the reference state
and those of interest, i.e. sintering and the temperature of operation, anode
reduction, heat treatment of the glass sealant and room temperatures at least, have to
be known. The implementation of thermal expansion in commercial FE software is
straightforward. It requires either the differential or total CTE from a reference state
[1], and can be easily controlled by field variables or dedicated subroutines.
Expansion or shrinkages can be modelled by using swelling procedures. Figures 2
and 3 depicts the typical temperature dependence of the CTE of the materials.

The most common electrolyte material is YSZ. Another central one is yttria-
(YDC) or gadolinia-doped ceria (GDC). Despite its higher ionic conductivity than
8YSZ, its drawback are non-negligible electronic conduction at low oxygen partial
pressure and isothermal expansion. It can also serve as a compatibility layer, to
prevent undesirable reactions between the YSZ electrolyte and an LSCF cathode.
The CTEs of both materials exhibit temperature dependence. SRU typically have
to withstand spatial temperature differences of 100 K, e.g. 973-1073 K. The
corresponding variation of the CTE between RT and 1073 K in one data set is of
approximately 9.8—11.0 x 107°K~! for 8YSZ and 12.1-12.9 x 107°K~! for
GDC, which can lead to imprecision in the calculation of the stress field.

Ni-based cermets are preferred for SOFC anodes owing to their good electro-
chemical activity for H, and CO oxidation, and catalytic activity for the reforming
of hydrocarbons. The ionic conducting phase is made of YSZ or GDC. The CTEs
of Ni-YSZ anodes in oxidised and reduced state increase for higher NiO or Ni
contents. The most striking feature is the anomaly due to the antiferromagnetic to
paramagnetic transition of NiO (approx. 530 K), and the ferromagnetic to para-
magnetic transition of metallic Ni (approx. 630 K), which entails a change in the
structure from rhombohedral to cubic structure in the case of NiO. The CTE
between RT and 1073 K is comprised within 11.2—13.3 x 10-°K~! [44, 84, 100].
Particular attention is required for composites materials subjected to thermal
cycling. In such conditions, Mori et al. [84] report a more severe increase of the
CTE of Ni-YSZ material with increasing heating/cooling rates and denser samples.
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Fig. 2 Dependence on
temperature of the CTE
(right, r) and Young’s
modulus (left, [) of MEA
materials, from the data
compiled in [87, 91].
Reproduced here with kind
permission from © John
Wiley and Sons 2011

Fig. 3 Dependence on
temperature of the CTE
(right, r) and Young’s
modulus (left, [) of sealing
and MIC materials, from the
data compiled in [86]
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The effect is larger during the first 5-10 cycles, approximately 4.67 x 10~% and
5.75 x 1078 per cycle for 2Kmin~' and 10 Kmin~! heating ramps, respectively,
between 323 and 1273 K. It then reduces to 4.28 x 10~ and 5.5 x 10~ per cycle.
The difference between cooling and heating measurements indicates a shrinkage
of the anode. Sun et al. [112] report a similar value of 1.2 x 1078 (1.4 x 1078 on
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average for [84]) for cycling between 298 and 1173 K. To our knowledge, the
exact origin of this behaviour has not yet been clarified.

The CTE of LSM (11.6—13.2 x 107°K~!, between RT and 1073 K) closely
matches that of YSZ or the anode, whereas that of LSCF is higher
(13.0—19.3 x 107°K~', between RT and 1073 K). These CTEs can be tailored, to
some extent by modifying the content of Sr on the A-site of La;_,Sr,MnO; [83],
respectively the Sr and Fe content on the A- and B-site of La;_,Sr,Co;_,Fe,O;
[115, 116]. Porous Lag ¢Srg4MnO3 samples undergo severe shrinkage during ther-
mal cycling but not ageing in air or oxygen between 873 and 1373 K [83]. The strain
per cycle is as high as 5 x 1074,

Most of the mechanical data on rigid sealants concerns the
so-called G18, a barium-calcium-aluminosilicate (BCAS) glass-ceramic material
(35Ba0 — 35Si0; — 15Ca0 — 10B,0;3 — 5A1,03, mol%) developed at the Pacific
Northwest National Laboratory [76, 110]. Data on reactive air braze can be found
in [39, 48, 54, 123, 124, 126]. The addition of boron oxide is a means to decrease
the glass transition temperature, control the viscosity and improve the wetting of
BCAS ceramic-glasses [28], while that of alumina modifies the rate of crystalli-
sation. The sealing procedure for G18 yields a content of crystallite phase of about
50 vol.%, which increases up to 70 vol.% after 120 h at 1023 K and then stabilises
[76]. The CTE between RT and 1073 K is in the range of 9—13.0 X 10°°K™!
depending on the composition [79].

Compressive gaskets for high temperature applications are usually made of either
vermiculite, phlogopite mica or muscovite mica. Exfoliation results in highly
compliant structures made of crystal platelets or fine particles. The CTE of such
materials is likely very complex and its measurement challenging. Depending on the
manufacturing process, an orthotropic behaviour is expected. The scarce available
data indicates that it lies within 10—14 x 10~° K~ ! between RT and 1073 K [34].

Preliminary selections retained two main classes of metallic alloys, ferritic and
nickel-based chromia-forming alloys [133]. The ferritic alloys have a significant edge
on the costs. Most of the initial developments focused on the improvement of the
long-term electrical conductivity, mitigation of the volatilization of chromium and
CTE adjustments. The typical CTE of chromia-forming ferritic alloys (11.3—11.9x
107°K~!, between RT and 1073 K) matches that of the anode, whereas that of
nickel-based alloys is higher (15.2 x 107° K™!). In both cases, element addition can
reduce the mismatch with the anode, electrolyte or cathode materials, depending on
the supporting layer and desired stress state in the components.

3.2 Elastic Properties

Different procedures exist for the measurement of the elastic properties. An
evaluation of four different techniques is provided in [103], the most common
being the impulse excitation technique (IE).
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The Young and shear moduli strongly depend on the porosity. A word of
caution should be warranted on the use of Young’s modulus as an indicator of the
presence of microcracks. This approach considers that the decrease of the effective
area that can sustain mechanical loads, due to the presence of cracks, results in a
decrease of the apparent Young’s modulus. While its justification seems
straightforward, care is required when using such an approach. Indeed, depending
on the fracture toughness of the material, the simplest case, i.e. a unique slender
crack in a dense sample, highlights that the crack length which significantly affects
the apparent Young’s modulus can be far larger than that would have induced
failure. The implementation in commercial software of a linear elastic behaviour is
straightforward. Figures 2 and 3 depict the typical temperature dependence of the
Young’s modulus of the materials.

The reported stress—strain curves of YSZ samples are linear over the investi-
gated temperature range [2, 49]. The Young modulus exhibits a strong temperature
dependence, whereas, in addition, that of GDC decreases by 80 % at an oxygen
partial pressure of 10720, compared with air [40, 121]. In air, the values are
comparable for both materials and range from 140 to 220 GPa for dense samples.

The reduction procedure entails an increase in porosity of the Ni-based anode
material, which is well predicted by simple relations [102, 106]. Data on the
temperature dependence of the Young’s modulus of the common compositions of
Ni-YSZ anodes remain scarce, but reported trends are fairly similar [11, 73, 100].
The Young’s modulus in oxidised state exhibits a peak related to the antiferro-
magnetic to paramagnetic transition of NiO, already reflected in the CTE, followed
by a decline, though a shift in temperature appears when comparing data between
[100] and [11]. Because of the possible differences in porosity, typical values lie in
the range of 80—170 GPa (oxidised state) and 30-100 GPa (reduced state).

The data on the elastic properties of cathode SOFC materials is very scarce.
Moreover, most of the measurements are performed on dense samples, which differs
from the porous microstructure of a functional cathode. The Young’s modulus of
LSM samples measured by Giraud et al. [33] exhibits singularities. IE measure-
ments could not be performed for temperatures lower than 623 and 873 K for porous
and dense samples, respectively, presumably because of their ability to absorb
vibrations. To our knowledge, no explanation has been provided for this behaviour.
For a porosity of 4-29 %, the Young’s modulus ranges from 48 to 120 GPa.

The Young modulus of ferritic alloys for SOFC application drops from 220 to
50 GPa, by increasing the temperature from RT to 1073 K. That of Ni-based
alloys degrades significantly less, i.e. around 150 GPa at 1073 K.

At first sight, the mechanical behaviour of metallic foams appears as the sim-
plest among competing GDL solutions, as their structure offers homogenised
properties. This is only partially achievable, however, due to their non-periodic
structure and the effect of the number of struts [8]. Non-negligible anisotropy, non-
uniform deformation patterns and considerable scatter in the measurements of
identical samples are reported [8, 96]. Nevertheless, simple relations based on
analytical considerations on the possible deformation modes of simplified unit
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cells provide correct scaling relations for the qualitative prediction of some
properties of cellular solids deduced from those of the dense material, e.g. [32],
depending on the relative density.

Stress—strain curves of G18 exhibit large differences among samples from
similar laboratory batches, which underscore the sensitivity of the mechanical
properties to processing. The measurements of the Young’s modulus from bend
test and IE technique differ drastically and nonlinear behaviour occurs above
973 K, because of significant irreversible deformation. Liu et al. [65] propose a
relation for the prediction of the time- and temperature-dependent Young’s
modulus of BCAS glass-ceramic material. The values gathered by IE are in the
range of 50-80 GPa [110].

The mechanical behaviour of compressive gaskets is very complex and likely
depends on the environment [13, 34].

3.3 Rate-Independent Plasticity and Creep

Unified equations that couple rate-independent plasticity and creep [114] are not
readily available for SOFC materials. The data in the literature allows a simple
description that arbitrarily separates the two contributions. In the case of isotropic
hardening FEM tools for structural analysis conveniently accept data in the form of
tabular data that describes the plastic strain—stress relation for uniaxial loading.
This approach suffers limitations, in terms of maximum allowed strain, typically
10 %, predictions in the behaviour during cycling and validity for stress states
characterised by large rotations of the principal axes.

Creep occurs when the material is loaded at a temperature near one half of its
melting point and can be classified into three main categories, depending on the
mechanism: diffusion, viscous and dislocation creep, as shown in deformation
mechanism maps [4]. Difficulties arise from the temperature dependence and
possible overlapping or changes in the dominant mechanism. In the case of SOFC
materials, most of the existing measurements are at temperatures significantly
higher than those encountered during normal operation of SOFC stacks.
The needed extrapolation can lead to seriously misleading predictions. In general,
creep in polycrystalline metals loaded at SOFC operating temperature occurs by
grain boundary sliding and diffusion at low stress, while higher stresses are in the
regime of thermally activated climb or glide dislocation motion [4].

The evolution of the strain rate during a tensile creep experiment under constant
load usually exhibits three regimes: a fast initial deformation, followed by a
constant strain rate and a final increase of the strain rate before failure, referred to
as primary, secondary and tertiary creep. Most of the data focuses on the second
regime. For preliminary investigation, it can be recast in the form of the Norton
law. Figure 4 depicts a comparison of experimental creep strain rate and predic-
tions from calibrated Norton law, on the typical range of stress and temperature in
an SOFC stack during operation.
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The separation of the contributions of rate-independent plasticity and creep can
lead to inconsistent interactions. ABAQUS [1], for instance, properly handles
isotropic creep and plasticity together. In the case of either anisotropic plasticity or
creep, plasticity is not accounted for in creep simulations.

The investigation on the creep behaviour of the ceramic materials is limited.
Data on bending creep of 8YSZ and 20YDC in a temperature range of
1223-1563 K and 1323-1398 K, respectively, is available in [42, 55, 69]. The
creep strain rate in the anode is the highest among the cell layers, in their
respective expected stress range. It is, therefore, expected to dominate that of
anode-supported cells, for geometrical and material reasons, but studies on the
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topic are scarce [37, 81]. The data found on the bending creep behaviour of LSM
materials is not relevant for simulations of SOFC operation, since it is limited to
the high-temperature domain, around 1523 K [104]. For Lag 5SrgsFey5Co0503
measurements at 1173-1323 K in air are available [59].

The maximum elongation before rupture of metallic alloys is high, typically
around 20-60 % [41, 119]. The engineering stress—strain curves can be used to
estimate those of the metallic GDLs.

For the glass-ceramic sealant, Nguyen et al. [95] propose a refined continuous
damage model for dealing, in an homogenised manner, with viscoelastic behaviour
and plasticity of the glass phase, microcracking, void formation and decohesion at
the interfaces between glass and crystallite phases. A simpler approach is to
implement the nonlinear curves in FEM software, with a hypoelastic constitutive
relation, and complete these with a simple expression for the creep [110].

The behaviour of high-temperature compressive gaskets is complex. The results
from Bram et al. [13] show a fairly reproducible response after the third loading
cycle for vermiculite and mica-based compressive gaskets. Their data, however, is
not sufficient for structural analysis at the SRU scale which requires the knowledge
of the behaviour of the gasket for different loading and unloading paths [12].

3.4 Strength of Brittle Ceramic Materials

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 [122] 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. The preferred test method is
the ring-on-ring arrangement which generates a biaxial stress field and tests a
larger volume [53]. Table 1 summarises the range of reported characteristic
strength, Weibull modulus and reference volume [86]. The Weibull modulus is
usually lower than 10, which is the threshold for technological ceramics. For the
anode, 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.

.Data on the effects of cycling and ageing on the strength of ceramic SOFC
materials is limited and contradictory. The decrease of ionic conductivity of YSZ
during ageing is well known, though the mechanisms have not yet been unam-
biguously clarified [3, 38, 50-52]. Among the possible causes of this phenomenon,
the cubic to tetragonal phase transformation is expected to have implications on the
mechanical behaviour. This is confirmed by the measurements of the tensile
strength of 8YSZ samples aged in air at 1273 K for 1000 h by Kondoh et al. [49]. In
contrast, studies do not show any significant improvement in similar conditions [69]
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Table 1 Example of Weibull parameters of SOFC materials

Characteristic strength ~ Weibull Reference volume®

(MPa) modulus (mm?)
Cathode RT 52 6.7 1.22 [7]
(LSM) 1073 K 75 37 2.84 [7]
Electrolyte RT 232 5.7 0.54 [7]
(YSZ) 1073 K 154 8.6 0.30 [7]
Anode® RT 290 (277,304) 6.8 (5.4,8.6) 10.11 [86]
(NiO-YSZ) 1073 K 253 (242,266) 6.6 (52,84) 10.69 [86]
Anode® RT 97.6 (86.4,110.2) 4.3 (29,6.4) 955 [102]
(NiO-YSZ) 1073 K - - -
Anode* RT 79 (73,85) 7 (5,10) 4.81 [102]
(Ni-YSZ) 1073 K - - -
Compatibility ~ RT 134 3.8 1.03 [7]

layer

(GDC) 1073 K 183 5.7 0.58 [7]

% Computed afterwards in compliance with ASTM C1499 standards [30]
® Porosity of 25 % after reduction

¢ Porosity of 18 %

4 Porosity of 36 %

or only decreased Weibull modulus [53]. Similarly, the strength of anode materials
can decrease during thermal cycling. The literature, however, exhibits opposite
observations [73]. Extensive research to find the exact underlying phenomena and
causes of these discrepancies has not yet been performed.

Data on the strength of cathode materials mostly consists in flexural bending
strength, predominantly for dense materials. Values of the Weibull parameters are
seldom found. The data on LSM from Atkinson et al. [7] is one of the few
available. Surprisingly low Weibull moduli are reported, without explanation and
similar to GDC, the characteristic strength increases with temperature. The low-
temperature plastic deformation of LSM samples observed by Cutler et al. [77] is
accompanied by a low Young’s modulus and bending strength. These results
contrast with the higher strength and brittle behaviour measured by De Souza et al.
[22] for Lagg75S10.12sMn0Os3.

3.5 Additional Information

Additional information is needed for structural analysis, depending on the stack
technology, the modelling approach and the problems to solve, because of the several
manufacturing steps. Section 4 provides the details of the model implementation.
The reduction procedure induces a change of the mechanical properties and, in most
cases, a slight shrinkage of the anode. Most of the data on the reduction strain is
available in studies of the redox behaviour of anode supports. Pihlatie et al. [99] have
proposed a model to predict the cumulative redox strain (CRS). The underlying
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phenomena of the dimensional change include chemical expansion, rate-independent
plasticity, creep and possibly microcracking. The dependence on the reduction con-
ditions, such as temperature and humidity, anode microstructure and cell geometry is
recognised [36, 101], but considerable discrepancies exist among the measurements.
The largest strain value of —2.34 x 1072 exceeds the contribution of the typical
pursued CTE mismatch between SOFC materials which lies between 1072 and 1072,

The use of a glass-ceramic material implies additional manufacturing steps
which have to be performed on the whole SOFC stack before operation, as the
sealants are assembled in the form of paste or tape cast sheets. A typical sequence
starts with the burn-off of the binder. The amorphous glass must then flow suffi-
ciently to accommodate initial dimensional irregularities and effectively wet the
sealing surfaces above the glass transition temperature (around 850-1010 K),
approximately equivalent to the softening point (around 900-960 K) [28]. At the
same time, excessive overflow must be avoided for structural integrity. The glass
then partially devitrifies during the heating ramp and subsequent heat treatments.
A proper control of the final amount of crystallite phases results in sealants of
suitable strength and CTE, to alleviate the residual stresses caused by the stronger
joining of the SRU components. The key properties of the material, i.e. glass
transition and/or softening temperature, crystallization kinetics, viscosity, CTE
and strength are interrelated and adjustable by modifications of the composition.
The reported ideal sealing temperature of G18 is 1123 K, and effective joining of
the materials requires some compressive load [76]. This must be included in the
initialisation procedure before the structural analysis (see Sect. 4).

Very few studies have focused on the contact behaviour between the GDL, the
cell, the compressive gaskets and the interconnect. The nature of the contact and
the friction coefficient, if relevant, are unknown. The values of the former used in
stress analyses are guesses, between 0.16 and 0.2 [15, 92]. Some data exists on the
strength of the interface between the cathode and the contacting paste [20].

4 Modelling Approaches

The high operating temperature of SOFCs increases the costs of the experiments, the
issues related to instrumentation implementation and hinder to draw unambiguous
conclusions from post-test analyses. Another characteristic of the SOFC field is the
difficulty to uncouple the problems in experiments while keeping the multiphysics
nature of the problems. Modelling is of particular interest to overcome these difficulties.

4.1 Information Flow

Structural issues at the SRU scale are commonly investigated by importing
the temperature and/or the vacancy profile generated by a thermo-electrochemical
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model in structural analysis tool. The former uses either the finite-volume, difference
method or FEM, whereas the latter are based on the FEM. The effect of stress or
partial mechanical failures on the electrochemical performance is not implemented
at present. Depending on the issues to solve, the thermo-electrochemical model is
dynamic and includes degradation processes. Dynamic mechanical effects are not
included, because studies focus on stationary application. The full geometry must be
included. Indeed, the consideration of a representative channel somewhat limits the
relevance of the analysis, since critical mechanical failures can occur as well in
introduction, exhaust and sealing zones. The locations of interest for gas flow dis-
tribution, electrochemical behaviour and mechanical stress differ, hence so do the
meshes. Here, the simplest and quickest strategy, if applicable, for the importation of
the profiles generated by the thermo-electrochemical models is to enable a layer-by-
layer importation that spares the need for three-dimensional interpolation.

4.2 Choice of Elements and Contact Algorithm

The different components are meshed and their interaction modelled by the contact
algorithm or constrain method of the software [1]. The contact pair tracking
methods depend on the software. Except during the assembly of the cell, which can
be simplified, the relative motion of the SRU components is small, since it is
mostly driven by the differences in thermal and isothermal expansion. This enables
the use of a simpler small-sliding tracking method, to reduce the computation time.
Similarly, the correction for nonlinear geometric effects is not required in common
situations, since large deformations are not expected.

The computation demand in contact simulation is high. Therefore, first order solid
or continuum shell elements are favoured [1]. Most of the studies at the SRU scale do
not include the effect of the curvature of the cell on the interaction with the other
components. Here, at the cell scale, an approach is to use a combination of second-
order solid elements for the supporting layer and shell elements for the electrodes or
interlayers. In most cases, the electrodes only partially cover the electrolyte that
exhibits the strongest and most durable adhesion with the sealing materials. There-
fore, a dense mesh is required, which induces memory limitations with standard
computing resources. Preliminary tests allow identifying and further restricting the
details in the contact simulations to the layers that have the strongest influence on the
curvature of the cell. The stress in the omitted layers can be investigated afterwards
by using the submodelling capabilities of commercial software [1].

The simplest implementation of rate-independent plasticity and creep enforces,
among others, the preservation of the volume. This might not describe the behaviour
of GDL materials, such as metallic foams, and result in unrealistic predictions of loss
of local contact, when coupled to a high friction coefficient. Depending on the
technological solutions, special purpose elements for the modelling of gaskets that
uncouple the transverse and through-the-thickness behaviour can serve for pre-
liminary investigations [1].
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4.3 Assessment of the Failure of Ceramic Materials

The knowledge of the stress field is a first step towards the analysis of the risks of
failure of ceramic materials subjected to multiaxial stress, such as provided by the
Weibull theory [122]. A postprocessing procedure based on the the principle of
independent action (PIA) is straightforward to implement. In the case future studies
highlight the limitations of this simplification, more refined theories exist, such as the
Batdorf theory [57]. A complete analysis tool, CARES [94] is available.

4.4 Stacking

A specificity of the modelling of stresses in SOFCs is the stacking of the SRUs.
The reduction of the thickness of the components, to decrease the thermal inertia,
among others, promotes stacking issues: uneven distribution of the assembly load,
increased effect of growing oxide scales, difficulties to ensure the reproducibility
of the mechanical properties of some components, such as the GDL and sealants,
or structural instabilities can cause contacting issues and direct or indirect cell
failures. Few studies have been carried out on the overall deformation of a SRU
embedded in a stack, because the number of SRUs that can be meshed is limited by
the computation time in contact simulations [60, 63]. A complementary approach
is to impose modified periodic boundary conditions on one SRU [88]. This is
achieved by implementing linear multipoint constraints [88], which can be derived
from those used for the modelling a unit cell in a cellular solid [31], depending on
the design. In the classical case of a co- or counter-flow configuration, for instance,
rotation around the y-axis (see Fig. 5) may not be prevented, which can be
approximated by using help nodes. The simplest version of this approach is to
enforce the flatness of the MIC [92].

4.5 Initialisation

The correct handling of the many manufacturing steps of an SOFC stack, i.e.
(i) cell sintering, (ii) components assembly and stacking, (iii) sealing procedure
and (iv) anode reduction, has a strong influence on the stress field in operation. The
use of field variables to control the material properties already provides enough
flexibility to handle most of the situations. Figure 6 depicts the different steps of
the initialisation procedure.

The cell sintering phase can be simplified by setting artificial CTEs in the elec-
trolyte, anode-compensating layer and cathode, to comply with the use of the small-
sliding tracking method. The CTE of the anode equals to zero during this step. Thus,
the sintering phase corresponds to an increase of 1 K of the cell [92]. The simpler
possibility is to determine the values of the artificial CTEs corresponding to the
mismatch strain based on the zero-stress temperature [6, 129, 130]. A better one is to
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MIC symmetry plane

Air flow

Air flow

Fig. 5 Schematic view of a the Flame SOFC SRU design developed at LENI-EPFL [88, 92],
reproduced here with kind permission from © Elsevier 2009 and different boundary conditions to
model stacking conditions: b enforced flatness of the MIC, ¢ modified periodic boundary
conditions
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Analysis steps

compute the irreversible strain generated during the cooldown after the sintering,
depending on the cell materials and configuration and include it in the calculation of
the artificial CTE [91]. The actual CTE are then reinserted in the model for the
subsequent steps. The thickness of the gaskets before the assembly can differ from
that of the GDL. This is a design variable, which can be used to control the distri-
bution of the assembly pressure on the SRU. An additional initialisation step can be
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added for this purpose, where an anisotropic and artificial thermal strain is induced
prior to the assembly, in a similar manner to the sintering step.

In the case of a glass-ceramic sealant, the mechanical properties change after
the sealing procedure. A possibility to approximate the progressive nature of the
process is to first discretely modify the mechanical properties, then enable creep
for the desired time period. In the case the emphasis is on the sealing system, the
initialisation procedure can be simplified to an uniform value, which sets, in a first
approximation, the reference state for the mechanical interaction with the other
components [125]. If structural failure recurrently occurs during the sealing pro-
cedure, a more detailed analysis of the sealing procedure is possible with existing
data, by combining calculations of the temperature profile to crystallisation
kinetics [9], temperature-dependent viscosity [76], and temperature and compo-
sition dependent CTE [79] and Young’s modulus [65].

The modification of the CTE and Young’s modulus ensuing the anode reduction
is straightforward to handle. In the simplified view allowed by the existing data,
the shrinkage is uniform. It can be implemented either manually or using the
swelling option available in most modelling tools. The temperature profiles gen-
erated by the thermo-electrochemical model can then be imported.

4.6 Interaction with Modelling at Smaller Scales

SOFC modelling, be it electrochemical or mechanical, is multiscale. The knowl-
edge gained at the microscale must be implemented at the stack macroscale,
through homogenisation techniques or combined homogenisation/localisation
procedures, for instance. This is currently seldom achieved in thermo-electro-
chemical models [47] and almost never applied to mechanical aspects. Therefore,
a quick overview of the modelling approaches at the smaller scale is worthwhile.

At the electrode scale, REV modelling of composite materials has been intro-
duced recently in the SOFC field. It echoes that on electrochemical aspects, using
the lattice Boltzmann method (LBM) [44, 108, 113]. The microstructure is either
artificially generated [45, 67] or gathered from experiments [117], such as focused-
ion beam-scanning electron microscope (FIB-SEM). Two different approaches
exist, based on either the FEM method [45, 117] or discrete element method
(DEM) [67]. The outcome is restricted at present to the prediction of the essential
properties, such as CTE [45], the Young’s modulus and strength [67], but the
techniques have the capability to provide insights into the failure mechanisms.

Atthe component level, fracture mechanics is applied to study cracking in the glass-
ceramic or at the sealing interfaces, commonly observed during thermal cycling. Finite
fracture mechanics has been used to identify the critical locations in a glass-ceramic
sealing system, in the light of a combined stress and energy criterion for the nucleation
and subsequent propagation of cracks [85]. A set of discrete and continuum damage
models have been applied to study cracking in the bulk of a ceramic-glass sealant, and
at the interface between the glass-ceramic and a YSZ electrolyte [95].
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5 Example of Applications and Results

The effective mitigation of mechanical failures requires combined actions at
different scales:

e Improvement of the properties of the materials.

e Design of the cell.

e SRU and stack design.

e Stack operating strategy and system implementation.

The present chapter is not exhaustive. The emphasis is on the third and fourth
point. The outcome of simple models, which can be applied for the second point, is
included, since it can provide input values for contact analyses. In contrast, REV
and fracture mechanics simulations, suited to address the first and second point,
provide at present material properties or failure criteria. This situation is expected
to change in a near future, since the implementation of the knowledge of the
failure mechanisms at the stack scale, gained by refined experiments and dedicated
models, will require integrated modelling approaches.

5.1 Models Based on the Euler—Bernoulli Theory

Simple models based on the Euler—Bernoulli theory, or on two-dimensional
implementation in FEM tools, have many applications. They can provide an
assessment of the sensitivity of stresses on the mechanical properties and con-
figuration of the cell layers, and can efficiently estimate parameters from X-ray
diffraction (XRD) stress measurements. The implementation of creep, shrinkage or
expansion is straightforward, which enables prospective investigations of the
reduction step, thermal and/or redox cycling and ageing conditions. Simple models
can simplify the initialisation procedure in contact simulation (see Sect. 4.5), by
determining the irreversible deformations generated during the cooldown after the
sintering step, as a function of the cell materials and configurations, heating ramp
and flattening process.

Zhang et al. [134] have computed the stress states, and ensuing probabilities of
failure of the different layers in anode-supported cells, which enables an estimation
of the required minimum thickness of the anode support, which withstands tensile
stress. In their case, the benefit of a reduction of the tensile stress exceeds the
detrimental increase in volume.

Liu et al. [64] have proposed failure criteria for different cracking scenario, such
as cracks perpendicular to the interface in the cathode and edge cracks at the
interfaces either between the anode and the electrolyte or between the electrolyte
and the cathode. They illustrate how their approach can determine the maximum
allowable curvature and warpage to withstand stack assembly, i.e. avoid cracking in
the cathode and edge cracking at the electrolyte interfaces in the anode-supported
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cell configuration. This is a criterion for a simple quality control procedure. In a
next step [62], an approach has been developed to provide lifetime predictions
during thermal cycling, based on the Paris law for crack nucleation and calculation
of the peeling and shear stresses at the interface between the support and electrode,
which are more concentrated near the cell edges. In their calculations, which focus
on the anode/electrolyte interface in either anode-supported or electrolyte-sup-
ported cells, the porosity has overall a detrimental effect on the resistance against
cycling, because it influences the initial damage distribution. The increase of the
thickness of the thinner layer, that is electrolyte and anode, in anode-supported,
respectively electrolyte-supported cells, reduces the number of cycles to failure, as
shown in Fig. 7.

Subtle changes in the temperature dependence of the properties, can completely
modify the failure modes. In anode-supported cells, models predict that the stress
state in a LSM-based cathode can change from tensile to compressive, depending on
the temperature [91]. Delamination of the cathode is experimentally observed and
may arise from the compressive stress, through buckling, but the approaches
developed in the field of TBC do not capture realistically the failure mode. In con-
trast, an LSCF cathode is always subjected to tensile stress and may crack [70].
Shielding compressive stress develops in the thin YSZ electrolyte, due to the lower
CTE than the anode support. The same applies to the GDC or YDC compatibility
layer, initially. The situation drastically changes during thermal cycles, after ageing
at SOFC operating temperature, during 500-800 h due to the relief of the com-
pressive stress and higher CTE of GDC or YDC, compared with that of the reduced
anode, as shown in Fig. 8. Of course, the material properties govern the change in
stress state and time scale of the phenomena.

The aforementioned results hold for the bulk of the materials. The stress field
differs at the edges. Laurencin et al. [57] (see Fig. 9) have investigated the failure
due to the singular stress field at the interfacial edges between the layers in anode
and electrolyte-supported cells, under different conditions. The k-dominance radius
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Ry is of 2 um (anode-supported cell) and 6 pm (electrolyte-supported cell) at the
electrolyte—cathode interface. This sets the limit of validity for a Weibull analysis
applied on the whole cell. In anode-supported cell, the singularity at the anode/
electrolyte interfacial edge does not govern the probability of failure of the anode
and electrolyte. The singularity at the interface between the cathode and electrolyte
is potentially detrimental for the latter, during redox cycling. In the case of residual
stress at room temperature, the radius of the exclusion zone is of 0.5 um, which
practically scales with the size of the particles. Because an electrolyte-supported
cell is almost symmetric, the effect of the singularity is identical at the interfaces
between the electrolyte and anode or cathode. It does not affect the electrodes, but
may initiate the cracking of the electrolyte from defects located in a zone of

approximately 6 um.
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Fig. 9 a 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). b Survival probability of the electrolyte substrate calculated by removing from the
domain of integration a region surrounding the singularity A (case of the stress after anode re-
oxidation with a bulk expansion of €,x = 0.14 % and an uncracked cathode) [58]. Reproduced
here with kind permission from © Elsevier 2007

The study by Sato et al. [105] has shown that isothermal expansion likely
governs the failure of electrolyte-supported cells, based on CeygSmg.20,_5 above
973 K. This is in accordance with other studies on the topic [5].

Malzbender et al. [74] have studied the influence of the cell curvature on the
residual stresses before and after the reduction of the anode, yielding an estimation
of the reduction strain in the range of 0.1 %. Their model has also been used to
examine the oxidation-reoxidation of the anode support [75]. In the case of a thin
anode support of 0.27 mm, a model with the anode functional layer of lower porosity
provided a better prevision of the evolution of the curvature during reoxidation. Sun
et al. [112] have derived values from the analysis of the curvature of the anode
support. The behaviour differs, depending on the anode support arrangement, i.e.
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presence or not of a compatibility layer. Sun et al. [112] hence suggest that a
significant amount of plastic deformation of the Ni phase occurs during reduction.

XRD measurements exhibit a nonlinear relation between the stress and tem-
perature in the electrolyte in anode-supported cells [29, 71, 129, 130]. The vari-
ation of the stress that ensues the reduction of the support is smaller than expected,
which shows that the shrinkage of the anode support compensates the decrease in
Young’s modulus. Lara Curzio et al. [56] have monitored the evolution of the
stress in the electrolyte during ageing and thermal cycling. As expected,
the magnitude of the compressive stress in the electrolyte first decreased at the
beginning of both ageing and cycling, but then unexpectedly increased again. The
former trend has been attributed to creep, while further work is required to relate
the latter to the observed slight coarsening of small Ni grains. Different zero-stress
temperatures lead to very strong variations in the computed stress in the electro-
Iyte. The aforementioned trends could be qualitatively reproduced by imple-
menting creep in a simple mode based on the Euler—Bernoulli beam theory, rather
than adjusting the zero-stress temperature [91]. The compressive stress in the
electrolyte ranges from 700 MPa to less than 50 MPa, depending on the cell
geometry, temperature and state of the anode. The irreversible strain is positive
(elongation) in the anode and negative (shrinkage) in the electrolyte and com-
pensating layer, and small in the cathode. In the compatibility layer, it depends on
the presence or not of a compatibility layer. More refined approaches have been
used to improve the sintering process of the support [19].

Liu et al. [66] estimated the lifetime of the MIC before spallation of the oxide
scales, and showed that a protective coating can delay the occurrence of spallation
by a factor of 3, by slowing the growth of the oxide scale.

5.2 Focus on Single Stack Components

The SRU components can cause the loss of integrity of the cell, directly through
mechanical interaction, or indirectly, because of the sequence of deleterious effects
activated by its failure. A local loss of gas tightness detrimentally exposes the
materials of the cathode (anode) compartment to reducing (oxidising) gases.
Unsteady parasitic combustions provoke hot spots [25, 128]. The difficulty to
ensure the reproducibility of the mechanical properties of the sealants and GDL
materials [8, 110] is a cause of uneven gas supply among the stacked SRUs, of
altered electrical contact and of partial loss of contact pressure on compressive
gaskets.

At the SRU scale, the sealing solution has received most of the attention. The
studies by Weil at al. [124, 125], Jiang et al. [43] and Lin et al. [61] compare the
BCS, glass-ceramics and compressive gaskets. The former induce a less stringent
joining than glass-ceramic during thermal cycles and partially alleviate the mis-
match between the thermal expansions of the parts, while providing a better sealing
performance than compressive gaskets. The cell to foil material, typically made of
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Fig. 10 a A series of cross-sectional images based from FE analysis depicting how the BCS
components change in size and shape at the corner of the seal as a function of cooling from the
stress-free state at 1273 K to room temperature and upon re-heating to 1073 K and cooling back
to room temperature. The original size/shape of the components at the stress-free state are
denoted by the dotted lines. b Schematics of cell deflection for the BCS and glass-ceramic seal
designs: cross-sectional view along the diagonal of the cell [125]. Reproduced here with kind
permission from © Elsevier 2008

silver braze, undergoes plastic deformation that relieves the stress in the cell [124].
The resulting history-dependence is moderate, as shown in Fig. 10 . The BCS
results in a reduction of the stress and deflection compared with the glass-ceramic
solution, which lets anticipate less contacting issues with the GDL. Therefore, an
increase in foil thickness increases the stress in the cell in the range of 5-10 %. This
must be balanced with oxidation issues for the long-term use [132]. The study by
Jiang et al. [43] shows that the contribution of the temperature profile, neglecting
the residual stress due to the multilayer nature of the cell, modifies the stress in the
cell in the range of 30—40 %, approximately. The stress in the cell scales with the
voltage, because the higher polarisation losses induce an increase of the tempera-
ture, hence decrease of the temperature difference with the reference state.
The results of Govindaraju et al. [35] suggest that extreme care is required during
the transient operation of a stack with glass-ceramic sealants. The relaxation of the
stress in the cell occurs predominantly during less than 1 h after a discrete and
significant change in applied temperature profile.

Yakabe et al. [131] have computed large stresses reaching 20-100 MPa in
LaCrO; interconnects. The non-uniform isothermal expansion contributes to
8—80 % of the stress depending on the material and operating conditions. Therefore,
the distribution of the vacancy profile and the dependence of the isothermal strain are
crucial in the selection of the operating conditions and materials to avoid intercon-
nect cracking, and indirectly, through mechanical interaction, cell failure. MIC are
not prone to such issues but the uneven temperature profile can cause its buckling.
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The shape of the temperature profile dictates the minimum stable thickness. Typical
values range from 1-1.8 mm for a MIC of 400 cm? in typical operating conditions,
and cannot be reliably predicted from simple indicators, such as the temperature
difference over the SRU or maximum thermal gradient [93]. The occurrence of
thermal buckling can be acceptable if it does not provoke large displacements or
plastic deformation. The predicted remaining deflection of a free buckled MIC
exhibiting a purely elastic behaviour can reach 3.5 mm, which is a likely source of
loss of electrical contact and gas tightness, and modification of the stress in the cell.
The results show that this phenomenon precludes any unconsidered decrease of the
thickness of the MIC.

Selimovic et al. [107] have investigated the stress in a free single planar cell,
subjected to steady-state and transient temperature profiles. The use of either
ceramic or metallic interconnects affects the magnitude of the stress, due to the
different thermal conductivities.

5.3 Stress Analyses of Stacks

Thermo-electrochemical optimisation is commonly performed at the system level.
At the SRU scale, reliability and durability, rather than best initial performance are
the main issues to solve. The modelling tools reliably predict the performance, but do
not include the multiple possible origins of failures, which is needed to correctly
discriminate the candidate designs at the early stage of the development of a stack.
Currently, structural analyses of stack and SRU are prospective since they seek to
identify the possible issues that may arise during operation. Their reliability has not
yet been proven and to our knowledge, calibration is lacking. Studies focusing on
button-cell tests with the framework described in Sect. 4 have been published, with
the probable intention to further validate the models [15, 16, 58]. The simulations
by Chiang et al. [16] show that stress in the cell scales inversely with operating
voltage, because of the higher temperature difference, and suggest to keep thermal
gradients lower than 10.6 K mm™'. In contrast, the applied assembly load, from 0.5 to
1.0kg cm~2 has a minor effect.

Lin et al. [60, 61] have meshed a planar, intermediate-temperature three-cell
stack based on anode supported-cells and a glass-ceramic sealant, with linear
continuum shell elements (see Fig. 11). The maximum principal stress in the PEN
reaches 170 MPa at room temperature and decreases to 70 MPa in operation,
because of the smaller temperature difference with the reference state. The MIC
undergoes significant plastic deformation. In operation, the elastic modulus of the
glass-ceramic sealant has been reduced by two thirds for a first assessment of
the effects of the viscous behaviour. It results in a decrease of the stress of 10 % in
the cell. Few studies have been carried out on the overall deformation of a SRU
embedded in a functional stack. In the conditions of their simulations, a limited
influence of the stack support conditions and position in the stack on the stress
profile has been highlighted (see Fig. 11).
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Fig. 11 a Schematic of the

finite element model for one- (a)
half of a three-cell SOFC

stack [61]. b Distribution of

maximum in-plane principal

stress in the MEA at steady Symmetric plane
operation for the top, middle, = I:EE"{:IE: ) P~ Top
and bottom cells [60]. (b) = 3is - -~/
Reproduced here with kind B ;f ! §E ,/ b
permission from © Elsevier J ;

2007, 2009
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In Refs [88, 89, 92, 93], a thermo-electrochemical model, which includes
degradation phenomena has been coupled with a structural analysis tool to study
the mechanical reliability and durability of intermediate temperature, anode-sup-
ported SOFC stacks. This has allowed to provide insights into compromises
between the requirements from thermo-electrochemical and mechanical aspects.
The latter were analysed in the light of cell failure, provided by Weibull analysis,
possible loss of electrical contact and gas-tightness, tentatively assessed from the
distribution of the contact pressure and maximum tensile stress in the glass-
ceramic sealant. Depending on the mechanical properties of the materials, the
anode, solely, or together with the cathode, contribute to the cell probability of
failure. The specificities of the temperature distribution and the level of
mechanical interaction between the SRU components govern the risks of failure,
which is illustrated in Figures 12 and 13. The properties of the GDLs, the thick-
ness of the MIC and the deflection of the SRU, due to the cell residual stress and
temperature profile, have in comparison a small impact on the cell probability of
failure. Figure 14 shows that the anode and the cathode exhibit opposite depen-
dences on operating conditions. The shape of the temperature profile affects the
stress in the anode, whereas the stress state in the LSM—-YSZ cathode is either
tensile or compressive, depending on the thermal mismatch strain with the other
layers at a given temperature. Therefore, stress increases in the anode, respectively
decreases in the cathode, during current-voltage characterisation as current is
drawn from the stack.

Cell mechanical reliability places different constraints on the operating condi-
tions than thermo-electrochemical degradation, as shown in Fig. 13 by the proba-
bility of failure approximately one order of magnitude higher at 0.2 W cm~2, than at
0.3 W cm™2. The analysis performed in [92] reveals that transient operation
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Fig. 12 Left Effect of the flow configuration and methane conversion fraction (PR) on the stress.
Case of an anode-supported cell with LSM-YSZ cathode and compressive gaskets. a Temperature
profile and b First principal stress in the anode. The MIC is displayed in transparency. ¢ First
principal stress in the cathode (insert above the symmetry line). d Contact pressure on the cathode
GDL and compressive gasket and e vertical displacement along the z-axis, with an amplification
factor of 2,000. Right column effect of creep in a cell based on a LSCF cathode and a temperature
distribution, on b the evolution of the first principal stress in the anode support in operation and
¢ during thermal cycling to RT and d evolution of the first principal stress in the GDC
compatibility layer after thermal cycling. The profiles above and below the symmetry axis refer to
different operation time [88, 89]. Reproduced here with kind permission from © Elsevier 2012
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potentially generates the most critical conditions, if the control strategy is defective.
Here, spatial temperature control is of interest to alleviate mechanical failure during
load following [26]. The drastic decrease of the cell probability of failure during
10 h of annealing, in the case of a glass-ceramic sealant, suggests a possible vul-
nerability of this sealing solution to load following conditions. This altogether
shows that simple relations between probability of failure and cell potential or
current density do not reflect practical conditions. Similarly, maximum temperature
difference and thermal gradients are imperfect indicators for cell cracking proba-
bility. For a given value, the probability of failure covers more than two orders of
magnitude, as depicted in Fig. 15. This invalidates their use for design purposes and
care is needed for control purposes. Furthermore, the uncertainty in the Weibull
parameters for SOFC materials available in literature affects the calculation of the
cell probability of failure by one to two orders of magnitude, at least [92].

Figure 16 shows that the contact pressure on the sealing gaskets depends on
history and location. Controlled preload and/or consolidation steps are needed to
ensure an acceptable level of gas-tightness in all zones during operation. The
current knowledge on the mechanical properties of the GDLs and on the nature of
the interactions at the interfaces does not allow a reliable and comprehensive
assessment of possible losses of electrical contact. The temperature profile governs
the distribution of the contact pressure on the GDL, which can however be con-
trolled by adjusting the compliance of adjacent components and levels of
mechanical interaction at the sealing interfaces. Therefore, in the case of a glass-
ceramic sealant, the thermal mismatch strains, rather than the assembly load,
govern the magnitude of the compressive stress on the GDL. Significantly higher
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Fig. 14 Evolution of a the anode and b cathode probability of failure during IV characterisation,
operation at the nominal point with creep of the GDL and MIC and thermal cycle to room
temperature for the co- (CO) and counter-flow (COU) configuration [89]. Anode-supported cell
and compressive gaskets and SRU geometry depicted in Fig. 5. PR methane conversion fraction
in the reformer, j current density, FU fuel utilisation, P, probability of failure. Reproduced here
with kind permission from © Elsevier 2012
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values than anticipated by the assembly load, approximately twice higher in the
situation treated in [88], can arise and further generate an enhanced sensitivity to
cycling conditions because of irreversible deformation in the GDL.

The modification of the temperature profile due to degradation, and creep in the
MIC and GDLs, have a limited impact on the probability of failure of the cell. The
latter typically increases by 10-50 % during IV characterisation, after 4,500 h of
operation (see Fig. 14), which remains small compared to the variations induced
by the operating conditions or choice of a sealing solution (i.e. in the range of one
to two orders of magnitude). In contrast, creep in the components governs the
evolution of the contact pressure on the GDL. During constant operating condi-
tions, it flattens the contact pressure distribution (see Fig. 17). The generated
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non-uniform irreversible deformation, combined to the increase of the SRU
deflection, then induces a complete release of the compressive stress during IV
characterisation and thermal cycling, in the zone subjected to the highest tem-
perature during constant operation, as shown in Fig. 17. Practically, the contact
pressure is lost over approximately half of the active area during thermal cycling.
Further experiments and model improvements are needed to relate these results
with a possible alteration of the electrical contact.

In a cell with LSCF cathode, tensile stress develops in the GDC compatibility
layer during thermal cycling. The creep strain rate in the MEA layers is not evenly
distributed, due to the temperature profile and thermal stress in operation (see
Fig. 12). This typically doubles the tensile stress at room temperature in the zone
of highest temperature during operation. The stress, in the range of 100 MPa,
likely induces cracking of the GDC layer.

The feedback of the structural model on the thermo-electrochemical model is not
considered in the studies, but will receive growing interest. The first investigation of
the effect of disparities in the creep behaviour of anode GDL materials is available in
[90]. The correction of the anode gas flux proceeds by comparing the nominal
situation with a worst case, respectively characterised by a nominal creep strain rate
and a twice higher one. For a comprehensive analysis, the overall bending of a SRU in
a stack and the creep behaviour of components adjacent to the GDL, as well as
thermal coupling between SRUs unevenly supplied in fuel should be accounted for.
Figure 18 shows that the degradation of a SRU embedded in a stack, due to a
progressive undersupply in fuel, strongly depends on the operating conditions.
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Fig. 18 Effect of fuel undersupply of a SRU in a stack due to creep in the anode GDL (lines no
creep, dots with creep), during operation at a constant current density, corresponding to initial
specific system power of 0.2 W cm™2 (black) and 0.3 W cm™2 (grey). Counter-flow configu-

ration, 25 % of pre-reformed methane and maximum allowable temperature of 1150 K. j current
density, FU fuel utilisation [90]. Reproduced here with kind permission from © Elsevier 2012

6 Future Work

Current SRU models can address several of the observed mechanical failures and
highlight their strong sensitivity to subtle changes in the properties of the mate-
rials, of the interfaces, operating conditions and history. This qualitatively com-
plies with the difficulties to mitigate in practice mechanical failures in SOFC
stacks. The reliability of the prediction and exploitation of the modelling tools
however suffer from the lack of knowledge on (i) the mechanical properties of all
the materials, e.g. elastic, rate-independent plastic, creep behaviour and strength,
(ii) the type of interactions between the components, (iii) effect of ageing or
cycling, whereas (iv) experimental data dedicated for calibration is not available.
The potential for model improvements allowed by todays modelling capabilities is
considerable, which lets anticipate significant improvements in the accuracy and variety
of the simulated predictions. Once the failure mechanisms are understood, simplifica-
tions will be possible for the efficient implementation of both electrochemical and
mechanical aspects in design models, in the view of both reliability and durability.
The particularity of mechanical issues in SOFC is their intricate link with the
physico-chemical and electrochemical properties of the materials. Indeed, unlike for
TBC or ceramic combustors, the main requirement for the ceramic materials is not
their temperature and mechanical resistance, but electrochemical properties.
Therefore, to go further towards reliable lifetime predictions, hence effective miti-
gation of mechanical failure, the multiphysics nature of the problem must be fully
acknowledged and not restricted to thermal, or isothermal stress. Dedicated exper-
iments combined to REV simulations can provide insights into the complex failure
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modes that affect the composite ceramic materials, in view of the morphological and
compositional alterations that result from prolonged use. Multi-scale modelling
approaches must be used to integrate the outcome at the stack level. The growing
interest in such techniques is encouraging. Similarly, the procedures to tackle effi-
ciently stacking issues, in regard of dimensional tolerances, with a feedback on the
thermo-electrochemical calculations, must be developed.

The literature does not comprise many experimental data to test first the rele-
vance of the assumptions, and then calibrate the models. Despite the importance of
confidentiality issues in electrode and stack engineering, massive efforts on such
tasks are needed to propose general modelling frameworks.

Thermo-electrochemical performance or degradation considerations can be
included in optimisation problems fairly easily. They entail trade-offs, which must
be further completed by mechanical aspects. This knowledge will provide com-
prehensive guidance in design and synthesis of control.
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