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Abstract
Solid oxide fuel cells (SOFCs) provide electrical energy through a highly efficient direct transforma-
tion of chemical energy stored in fuels. The sealing between the stacked components of the SOFC
has to prevent gas leakage towards the environment as well as mixing of fuel gas and oxidant in order
to ensure a reliable long-term operability. Hence, the understanding of the sealing loading conditions
and the failure assessment plays a major role regarding the improvement of current and future SOFC
designs. In the present study, glass ceramics sealing failure is investigated by means of a current
SOFC design. For this purpose, the stresses in the sealings are firstly examined by employing a fully
parameterized three-dimensional finite element model. On the basis of a canonical example, the un-
derlying physical mechanisms, which are responsible for the occurrence of stresses, are identified and
their influence is discussed. Since the initiation of sealing failure is complex and depends on several
parameters, a methodology for failure assessment is proposed. In this context, the glass transition
temperature is of superordinate importance. Since the material properties differ significantly depend-
ing on whether the operating temperature is below or above the glass transition temperature, several
competing failure mechanisms must be considered.

1. Introduction
Fuel cells appear to be a promising contribution to the

technical solution of environmental problems such as global
warming (Edwards et al. [1], Stambouli and Traversa [2]).
Acting as electrochemical energy converters, they allow the
efficient direct conversion of chemical energy, stored in a
continuously fed gas or liquid fuel, into electrical energy.
Hence, fuel cells are not limited to the Carnot efficiency,
which is limiting the efficiency in conventional methods of
providing energy through internal combustion engines.

There are different types of fuel cells but the basic struc-
ture is the same. The cell consists of two porous and thus
permeable electrodes where the anode is in contact with the
fuel and the cathode with the oxidant. The electrodes are
separated by a selectively ion conducting electrolyte that
is electrically insulating. Furthermore, the electrodes are
connected via an external electric circuit. The electrons
transferred during the electrochemical redox reaction flow
through the external circuit and serve to provide electrical
energy. In order to obtain a certain voltage, several cells can
be combined and connected in an electrical series to a fuel
cell stack. For further information, the interested reader is
referred to Carrette et al. [3] and Ormerod [4].

Fuel cell types can be classified according to the used
electrolytes as well as by their operating temperature. A
widespread and widely developed type is the Proton Ex-
change Membrane Fuel Cell (PEMFC). It uses a proton
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exchange membrane as electrolyte and is classified as a
low-temperature fuel cell (operating temperature 50–80 ◦C)
yielding an electrical efficiency of 40–50% [2, 5]. The
PEMFC exhibits a high power density, low operating tem-
peratures and a quick response behavior to load changes
(Mehta and Cooper [6]). Therefore, it is suitable for mobile
applications such as spaceflight, automotive vehicles and
portable power devices (Carrette et al. [3], Othman et al.
[7]). However, the sound function of the electrodes requires
noble metal catalysts such as platinum going along with high
costs (Feng and Alonso-Vante [8]). Furthermore, the usu-
ally employed catalysts react sensitively to impurities (for
instance carbon monoxide) that may be transported through
the fuel gas yielding a catalyst poisoning that goes along
with a significant reduction of efficiency (Cheng et al. [9]).

The Solid Oxide Fuel Cell (SOFC) is increasingly es-
tablished as an alternative approach to the previously intro-
duced PEMFC. As the operating temperature is in the range
from about 600 ◦C to 1000 ◦C, SOFCs are often classified as
high-temperature fuel cells. Since the operating temperature
is determined by the electrolyte, typically yttria-stabilized
zirconia is used as electrolyte [5, 10]. As a result, in contrast
to PEMFCs, SOFCs do not contain noble metals [7]. Hence,
the material costs are reduced significantly. Moreover, as
key feature the SOFC can reach an energy conversion ef-
ficiency up to 65% that is higher than that of the PEMFC
[5, 10]. Due to the high operating temperature, a wide range
of fuels may be processed [11]. Nevertheless, high operating
temperatures result in slow startup/cool-down characteris-
tics [11]. As a consequence, SOFCs are predestined for
stationary applications such as electric power generating
plants [12].
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SOFC stacks may be differentiated according to their
cell design [13]. The fuel cells may roughly be divided into
planar and tubular designs. The designs differ, for instance,
in regard to the power density, the sealing, and the fabri-
cation. For further information about SOFC stack designs
the reader is referred to Minh [12, 13] and Blum et al. [14].
Planar SOFC designs (pSOFCs) provide higher power den-
sities than tubular SOFCs, but the sealings of the SOFC
stack are more challenging [15, 16]. Since sealings are sub-
jected to high operating temperatures, inhomogeneous tem-
perature fields and an oxidizing atmosphere they are often
life-limiting components. As even weak leakage may affect
the cell performance [17], the development of sealings for
SOFC applications has become a major challenge. For an
overview of the development of seals we refer to Fergus
[15], Mahapatra and Lu [16], Lessing [18].

The different proposed sealing concepts can be roughly
divided into either rigid seals or compressible seals. Com-
pressible seals consist of a compliant high-temperature ma-
terial that is placed between the sealing surfaces and com-
pressed by external forces on the fuel cell stack [18]. Since
compressible seals are not materially bonded to the adjacent
surfaces, they allow a relative movement between the in-
volved surfaces. Hence, compressible seals can compensate
different thermal expansion behavior of the SOFC compo-
nents, for instance caused by different coefficients of thermal
expansion (CTE) or inhomogeneous temperature fields, at
least up to a certain point. However, as shown by numerous
authors [15, 19–24] a hermetic sealing using compressible
seals is not possible. Therefore, rigid seals, typically con-
sisting of glasses or glass ceramics, are the most frequently
used sealants for SOFC applications [16]. Due to rigidly
bonded surfaces, leakage can be effectively avoided. In or-
der to ensure proper SOFC operation, the rigid sealing has
to meet several complex requirements. It has to withstand
thermal stresses during operation induced by a mismatch
in the coefficients of thermal expansion or inhomogeneous
temperature fields, stresses due to the stack weight and gas
pressure, cycles between room temperature and operating
temperatures, creeping, and chemical reactions with the ox-
idizing atmosphere or the interfacing components [16]. At
the same time, it has to be chemically stable, prevent elec-
trical short circuits by an appropriate electrical resistivity,
wet the sealing surfaces for a proper adhesion and ensure
processability during manufacturing [16, 18].

Due to the high requirements, numerous studies were
dedicated to the investigation of the mechanical and chem-
ical properties of glass and glass ceramics sealants. Hence,
only a choice of relevant works is introduced in the follow-
ing. Smeacetto et al. [25] performed thermal cycling and
aging experiments on glass ceramics sealants. Yang et al.
[26], Batfalsky et al. [27] as well as Smeacetto et al. [28]
investigated the chemical interaction between glass ceram-
ics sealants and alloys. It has been revealed that sealants

containing barium aluminosilicate react with metallic in-
terconnect at high temperatures yielding weak interfaces
which are sensitive to interface cracking. The mechanical
suitability of glass ceramics sealants for SOFC applications
was investigated by Ley et al. [29] as well as Chang et al.
[30]. They found that the operating temperature should be
above the glass transition temperature of the glass ceramics
in order to reduce stresses resulting from a CTE mismatch,
taking viscosity into account. The viscoelastic properties of
glass ceramics sealants were further investigated by several
authors [31–33]. Lin et al. [34] found that stresses induced
by a CTE mismatch may lead to a creep damage under high
temperatures in the long-term run. There is strong evidence,
that the glass ceramics sealing may be the critical compo-
nent in the SOFC stack regardless of whether the operating
temperature is above or below the glass transition temper-
ature. The residual thermal stresses in the glass ceramics
sealing result from differences in the CTE and inhomoge-
neous temperature fields which occur during the operation
and while heating-up or cooling-down. Lin et al. [35] in-
vestigated thermal stresses in an SOFC stack under oper-
ating conditions as well as under ambient conditions using
a three-dimensional finite element model. They observed
highly inhomogeneous stress fields within the sealings but
a failure prediction was only conducted using simple stress
criteria. A coupled thermo-fluid-mechanical finite element
analysis for an SOFC stack was performed by Peksen [36].
The sealing behavior in an SOFC stack was investigated ex-
perimentally as well as numerically by Blum et al. [37] un-
der operating conditions for several glass ceramics sealants.
Based on stress analyses different local design modifications
were discussed in order to locally reduce stresses. In addi-
tion, Peksen [38] numerically examined stresses within the
stack under non-steady state conditions.

Since the operating temperature is close to the glass
transition temperature, there are parts of the seals below and
parts above the glass transition temperature. With the glass
transition temperature, the properties of the glass ceramics
sealants also change significantly. Below that temperature,
the glass ceramics behavior is brittle and above viscoelastic
[31]. The change of material behavior must also be taken
into account in the failure assessment. Below the glass tran-
sition temperature time invariant material behavior is ex-
pected. Since the stress fields are highly inhomogeneous
especially at the free edges where they are theoretically in-
finite, a local stress criterion is not suitable. Alternatively,
failure criteria based on linear elastic fracture mechanics
(LEFM) were proposed. Such criteria require the existence
of a pre-existing crack or an inherent flaw. Due to the lack
of a defect, assumptions must be made regarding a fictitious
defect size. In order to overcome these drawbacks, Leguillon
[39] proposed a coupled stress and energy criterion within
the framework of Finite Fracture Mechanics. It is assumed,
that a crack of a certain length is formed instantaneously
if both criteria are fulfilled simultaneously. The coupled
criterion has been successfully applied to various structural
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situations. For an overview the reader is referred to Weiß-
graeber et al. [40].

Above the glass transition temperature viscous effects
have to be taken into account. On one hand viscous relax-
ation yields a reduction of interlaminar stresses in the glass
ceramics sealing, induced for instance by a CTE mismatch,
one the other hand viscous creeping goes along with large
deformations. These large deformations may be problematic
as cracks can occur as verified experimentally by Lin et al.
[34]. Thus, viscous effects have to be taken into account
in failure assessment, especially if failure occurs after some
time in stationary operation.

In the present study, a methodology for failure assess-
ment in glass ceramics sealings is proposed. A current
SOFC stack design, developed byForschungszentrum Jülich,
serves as a basis. Initially, the stresses within a glass ceram-
ics sealing are investigated by means of a parameterized
three-dimensional finite element model of a representative
part of the SOFC stack. Subsequently, the different physical
mechanisms inducing the stresses are examined. Therefore,
a canonical model, capturing the physical effects, is intro-
duced. After the investigation of the stresses, a methodology
for their assessment is proposed. For this purpose, the glass
transition temperature of the glass ceramics sealant serves
as decision making parameter since the material behavior
changes significantly by reaching this temperature. Both
cases, above and below the glass transition temperature Tg,are investigated since they occur simultaneously due to the
inhomogeneous temperature field. A canonical model, re-
lated to the SOFC structural situation, is introduced in order
to study both cases properly. Below Tg the material behaves
brittle and the coupled stress and energy criterion within the
framework of Finite Fracture Mechanics is employed in or-
der to assess the highly inhomogeneous stress fields. Above
Tg viscous effects are considered and their influence on the
stresses, resulting from different physical mechanisms, is
studied. Finally, the achieved results are critically discussed.

2. 3D-Model
For the investigation of the (thermo-) mechanical aspects

leading to sealing failure within high-temperature fuel cell
stacks, first a full three-dimensional model of the consid-
ered SOFC stack is built and the resulting displacements and
stresses are studied.
2.1. Mechanical Formulation

Starting point for this study is a fuel cell stack consist-
ing of several periodically recurring repeating units as de-
picted in Fig. 1a on the left. Each repeating unit consists of
one thick steel layer, which is the interconnect layer, and two
additional thin steel frames. All steel layers are bonded by
thin glass ceramics layers, serving as sealings. The stack is
loaded by a massm lying on top of it as well as a temperature
field T (x1, x2) caused by the operation of the stack, which is
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Figure 1: a Schematic representation of the fuel cell stack
and the derived mechanical model. The model consists of one
repeating unit of the stack, complemented by an additional in-
terconnect layer, together with the boundary conditions shown
above. b Layered structure of the modeled part of a fuel cell
stack. One repeating unit consists of the layers interconnect
(below) up to and including sealing 3. The modeled represen-
tative subunit contains an additional interconnect-layer.

assumed to be constant in x3-direction and depending only
on the inplane coordinates x1, x2.Taking this into account, one representative subunit, as
shown in Fig. 1a on the right, is modeled. The modeled sub-
unit not only consists of one repeating unit, but an additional
interconnect layer, assuming that this thick steel layer sig-
nificantly influences the mechanical behavior. The bound-
ary conditions for this mechanical model are: homogeneous
displacement boundary conditions in x3-direction at the bot-tom, as well as one fixed node for the system to be stati-
cally determined and inhomogeneous stress boundary con-
ditions � = �∗ at the top modeling the weight lying on the
stack. In addition to that, a temperature load ΔT (x1, x2) =
T (x1, x2)−T0 is imposed, where T0 is the reference temper-
ature at which the stack is assumed to be stressless.
2.2. Numerical Modeling

In order to determine the mechanical stress and to iden-
tify the resulting relevant physical mechanisms acting on
the fuel cell stack, a full three-dimensional numerical model
of the mechanical model presented in section 2.1 is im-
plemented. For this purpose, the commercial finite ele-
ment software ABAQUS, driven by a parameterized PYTHON
script, is used. Figure 1b shows the structure and the ge-
ometries of the layers which are provided for the numeri-
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Figure 2: a,b Temperature �elds (a) T↑↓(x1, x2) occurring during a counter gas �ow and (b) T↑↑(x1, x2) during a parallel gas �ow
operation of the SOFC. These temperature �elds are used as thermal load input for the �nite element calculations. Temperatures
higher than T0 are marked in red, lower temperatures in blue. c,d Deformation of the outer boundaries of the layers of one
repeating unit in a disassembled scenario and of the total repeating unit in a connected state. For the results shown in the upper
picture (a), a counter gas �ow operation and for the lower picture (b) a parallel gas �ow operation of the SOFC is assumed. The
deformations are scaled with a factor 100.

cal calculations. With regard to the computational effort,
the shown symmetry property is taken into account allow-
ing a half model. The reference temperature, where the
stack is stressless is assumed as T0 = 1073K. The em-
ployed temperature fields shown in figure 2a,b arose from
former computational fluid dynamics simulations performed
by Forschungszentrum Jülich and represent two operation
modes of an SOFC: A counter gas flow operation repre-
sented by the temperature field T↑↓(x1, x2) and a parallel gasflow operation represented by T↑↑(x1, x2). This leads to the
load cases

ΔT↑↓(x1, x2) = T↑↓(x1, x2) − T0
and ΔT↑↑(x1, x2) = T↑↑(x1, x2) − T0.

(1)

The mass of the weight lying on the top of the stack is
m = 800 kg, causing a prescribed compressive stress of �∗ =
0.3MPa. The material parameters employed for the steel as
well as glass ceramics layers are listed in table 1. The data
are taken from different literature sources, which are also
indicated in the table.
2.3. Resulting Deformation and Stress Analyses

In order to get a first idea of the mechanical behavior of
the modeled subunit, the deformations of the different layers
under an inhomogeneous temperature load are analyzed. For
this purpose, in a first step, each layer is separated, so that
a free deformation independent from the other layers can
take place. For this virtual thought experiment, we assume

Table 1

Material parameters used for �nite element calculations
under the assumption that they are constant for the con-
sidered temperature range.

� (-) E (MPa) �T (1∕K)
steel

0.3 [41] 183 000 [42] 12 × 10−6 [42]

glass ceramics

0.3 [41] 87 000 [43] 9 × 10−6 [44]

�∗ = 0. Then, the single layers are loaded with the temper-
ature load (a) ΔT↑↓(x1, x2), respectively (b) ΔT↑↑(x1, x2).The free deformations of the outer boundaries of all layers
are plotted in figure 2c,d in solid lines. Regarding these
layer-wise deformations, two effects can be identified. First,
the thermal expansion coefficients of steel and glass ceram-
ics differ, more precisely �T,st > �T,gl (see also table 1). Thisis why the magnitudes of the deformations of the steel layers
are larger than those of the glass ceramics layers. Second,
the inhomogeneous temperature field T (x1, x2) has a differ-ent effect on the different layer geometries, so that the shape
of the deformations is different for each layer. In compari-
son to that, the boundary deformation of a complete subunit,
where all layers are connected, is plotted in a dashed line.
As one can see, the deformation of the complete subunit
almost coincides with the deformation of the interconnect,
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Figure 3: a Interlaminar normal stress �33 and shear stress
�23 within a representative sealing (sealing 2) for counter as
well as parallel gas �ow operation. b Shear stress �23 along a
path de�ned by a virtual cut. Along x2 a change of sign of
�23 can be seen. It is worth to mention that the peaks at the
beginning and end will become larger when re�ning the mesh
(singularity).

which is the stiffest layer, so that it dominates the deforma-
tion behavior of the total system.

Due to that, mechanical stresses occur within the layers,
especially within the sealing, which may lead to premature
sealing failure. In figure 3a, the failure relevant interlaminar

stresses �23 and �33 within a representative sealing are illus-trated for counter as well as parallel gas flow operation. In
both cases, the stress distribution is highly inhomogeneous.
Dependent on the temperature load case, higher averaged
stresses occur at the regions where the temperature differ-
ence is larger. This is in accordance with experiments per-
formed by Forschungszentrum Jülich. They applied pene-
trating dye on a dummy stack in order to make cracks visible
after disassembling the stack [37, 38]. Using this method,
Blum et al. [37] showed that most of the leakage occurs at
the side where the temperature difference is larger.

Furthermore, in figure 3a, stress concentrations can be
observed at the free edges and at the location of corners
which are present in the transition of layers with changing
geometry. Figure 3b shows again the interlaminar shear
stress �23 exemplary for parallel gas flow operation. In order
to get a more quantitative idea, the stresses are plotted for a
certain path at a location where failure often is experimen-
tally observed. For �23, a change of sign along x2 can be
seen. It is worth to mention that due to the singular charac-
ter of �23, the peaks at the beginning and end of the path willbecome larger the finer the mesh.

3. Physical Mechanisms

∆T

αT,1
αT,2
αT,1

σ∗

T =T (x1, x2)

Mechanism 1:
Inhomogeneous

temperature field

Mechanism 2:
Dead load

Mechanism 3:
CTE-mismatch

of adjacent layers

Based on the deformation and stress analyses, resulting from
the full three-dimensional model, three mechanical mecha-
nisms can be identified playing a major role in the mechani-
cal behavior of the fuel cell stack. First, the stack is loaded
by an inhomogeneous temperature field T (x1, x2). Due to
the variability in x1 and x2, the temperature field induces
thermal stresses within the layers in the x1-x2-plane, sinceno uniform expansion or contraction can take place. This
can also be seen in figure 2c,d. The separated layers exhibit
different deformation shapes, because the inhomogeneous
temperature field affects the different layer geometries in
different ways. The inhomogeneous temperature field itself
leads to stresses and since the layers are connected, addi-
tional stresses are caused. Second, the stack is loaded by a
weight applied on the top, which is modeled by a prescribed
stress �∗. Due to that, mechanical compression stresses
arise within the stack. Assuming a linear-elastic material
behavior, this mechanism also will cause interlaminar shear
stresses if the Poisson’s ratio � of adjacent layers differs. In
addition to that, this mechanism plays a major role when
assuming a viscoelastic material behavior, which will be
further shown in section 4. The third mechanism occurs
assuming different thermal expansion coefficients of adja-
cent layers �T,1 ≠ �T,2. For the fuel cell stack considered in
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Figure 4: Mechanism 1 (inhomogeneous temperature �eld),
combined with di�erent layer geometries leads to a displace-
ment of the layers relative to one another (see also �gure 2c,d).
This mechanism results in a stress �23 with no change of sign
(left column). Mechanisms 3 (mismatch in coe�cients of ther-
mal expansion in adjacent layers) results in a stress curve �23
with change of sign along x2. Assuming a mismatch in Pois-
son's ratios (�1 ≠ �2), mechanism 2 (dead load) also induces a
change of sign of �23 (without illustration).

section 2, it is �T,st > �T,gl as shown in table 1. Here, assum-
ing a cooling (ΔT < 0), the steel layers strive to contract
more than the glass ceramics layers. But since the layers are
connected, they cannot deform independently, so that shear
stresses at the interfaces of the steel and glass ceramics lay-
ers have to be expected.

In figure 4, the effect of the mentioned mechanisms on
the failure relevant interlaminar shear stress �23 is illustratedby means of a two-dimensional representative section. In
the first column mechanism 1 is depicted, which is the inho-
mogeneous temperature field combined with different layer
geometries. Assuming a virtual separation of the layers, this
mechanism will lead to a relative displacement of the layers
(see also figure 2c,d). This, in a state where the layers are
connected, leads to an interlaminar stress �23, which has no
change of sign along x2. The second column shows the ef-
fect of the mechanisms 2 and 3 on �23, which is exemplarily
shown for mechanism 3, i.e. mismatch of thermal expansion
coefficients. Assuming a free, independent deformation un-
der a negative temperature load ΔT < 0 and layers with
�T1 > �T2 , the �T1-layers would contract more than the
�T2-layer. Since the layers are connected, they constrain
each other. More specifically, the �T1-layers cannot contractas much and the �T2-layer has to contract more as it would if

it could deform freely. This leads to a shear stress �23 witha change of sign along x2. For the sake of completeness it
should be mentioned that if the Poisson’s ratio of the layers
differs, �1 ≠ �2, mechanism 2 will have the same effect on
the sign of the shear stress �23 (without illustration). Con-
sequently for mechanism 3 (and 2 if �1 ≠ �2), the sign of
�23 changes along x2, whereas for mechanism 1 it does not.
This can be used as an indicator in order to determine which
of these mechanisms dominates the mechanical behavior of
the considered system.

According to section 2.3, a change of sign of �23 is ob-served exemplarily for parallel gas flow operation in a rep-
resentative path at a critical location. For the fuel cell stack
considered in section 2, the Poisson’s ratios of steel and glass
ceramics are equal (�st = �gl, see table 1). This indicates thatmechanism 3 is dominating for the linear elastic case.

4. Methodology for the Assessment of Sealing
Failure
Previously, the stresses and resulting physical mecha-

nisms were considered for the linear elastic case. However,
for the evaluation of sealing failure, a further step is nec-
essary. In the following, a methodology for the assessment
of glass ceramics sealings failure, as they occur for exam-
ple in SOFC stacks, is proposed. According to figure 5, for
the failure assessment, several influence factors have to be
taken into account. Due to the operation of the fuel cells
with oxygen, corrosion effects may appear, which has been
investigated by several authors [18, 26, 27]. In addition to
that, the SOFC stack is exposed to different operation cases
during its lifetime. On the one hand, a quasistatic stationary
operation and on the other hand, a cyclic loading result-
ing from starting and cooling down the fuel cell may be
considered. In the following, the former operation case is
considered, whereas the effects of thermal cycling are for
example addressed by Smeacetto et al. [25].

SOFCs typically operate at temperatures around the
glass transition temperature Tg. According to experiments
by Osipova et al. [45], the glass transition temperature for
SOFC sealants is roughly around Tg ≈ 970K. As can be
seen in figure 2a,b, within the considered SOFC sealing,
there are areas above as well as areas below this temperature.
Unfortunately, the material behavior of the glass ceramics
strongly depends on whether the operating temperature is
above or below the glass transition temperature. Conse-
quently, within the failure assessment a distinction of cases
concerning the operating temperature of the SOFC has to
be made. In regions below the glass transition temperature,
T < Tg, the glass ceramics behaves brittle, so that methods
for the assessment of brittle failure have to be applied, which
is described detailed in section 4.1. Above the glass transi-
tion temperature, T > Tg, viscous material behavior occurs,
which is explained in section 4.2 in more detail.
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Figure 5: Methodology for the assessment of class ceramic
sealings within SOFC stacks. Used abbreviations: Tg glass
transition temperature, CZM Cohesive Zone Modeling, FFM
Finite Fracture Mechanics, TCD Theory of Critical Distances.

4.1. Failure Assessment for T < Tg: Brittle
Material Behavior

The stress fields within the sealings of the SOFC stack
shown in section 2.3 are highly inhomogeneous, especially
at the free edges, where stress concentrations were observed.
This is a well-known effect, which occurs in laminates due
to the elastic mismatch of adjacent plies and causes weak
stress singularities as shown by Hein and Erdogan [46]. It is
called the free-edge effect (see also Kant and Swaminathan
[47], Mittelstedt and Becker [48, 49]). Classical stress-based
failure hypotheses cannot be applied directly to structural sit-
uations with stress singularities. Because of the theoretically
infinite stresses at the free edge, a classical stress criterion
would be fulfilled immediately already for arbitrary small
loads. On the other hand, energy-based criteria which are
used in classical Linear Elastic FractureMechanics (LEFM),
i.e. the Griffith’s criterion, can only be applied on strong
stress singularities as they appear at crack tips. For weak
singularities, the differential energy release rate becomes
zero so that the energy criterion would never be fulfilled -
independently of the load. This is why a pre-existing crack
or inherent flaw has to be assumed using LEFM-based cri-
teria (Waddoups et al. [50], Leblond and Mouro [51, 52]).
A common approach in order to make the stress criterion
applicable for weak singularities is to evaluate it a certain
distance away from the stress concentration, which was for
example employed by Neuber [53], Whitney and Nuismer
[54]. This non-local approach more recently has been re-
formulated as the Theory of Critical Distances (TCD) as
proposed by Taylor [55]. The drawback of these methods is
the need of a length parameter, which is not known a pri-
ori. This parameter not only depends on the material but

also on the given geometry (e.g. Dunn et al. [56], Qian
and Akisanya [57]), so it has to be determined for every
structural situation for example by experiments. An alterna-
tive approach for the treatment of brittle failure at arbitrary
stress raisers is the Cohesive Zone Model (CZM), which
is based on damage mechanics and whose origins go back
to Barenblatt [58] and Dugdale [59]. However, it requires
the definition of an appropriate traction-separation law and
leads to nonlinear problems with high computational efforts.

Beyond the described approaches, Hashin [60] pos-
tulated the instantaneous formation of finite sized cracks
(”crack events”) and referred to this as Finite Fracture Me-
chanics (FFM). Using that framework, Leguillon [39] pro-
poses a coupled energy and stress criterion for the assess-
ment of brittle failure. It states that two necessary conditions
have to be fulfilled simultaneously: a stress and an energy
criterion. Due to the non-local approach of the criteria,
this method can be applied on weak singularities as they
occur for instance at the free edge of bi-material junctions
(see for example Martin et al. [61] and Dölling et al. [62]).
Evaluating the coupled criterion requires only solving lin-
ear problems, which makes the method more efficient than
for example CZM. Furthermore it requires only the material
properties strength and toughness. The coupled criterion
leads to a minimization problem which provides the critical
load as well as the corresponding crack length.

There are various approaches for the formulation of the
stress and energy criterion needed for the coupled criterion.
Here, for the glass ceramics sealings, the stress criterion is
assumed as an interaction relation with exponent nf ∈ ℕ,
which has to be chosen appropriately:

f (�(x,ΔT )) =

(⟨

�yy
⟩

�yy,c

)nf

+
(

|�xy|
�xy,c

)nf
, (2)

where ⟨ ⋅ ⟩ denote the Macaulay brackets. This interaction
relation is a common choice which has already been em-
ployed successfully by various authors [63–66], especially
for brittle interfaces. The coordinates x = (x, y) refer to the
coordinate system introduced in figure 7a, � is the stress ten-
sor and �yy and �xy some of its components, more precisely
the normal stress in y−direction and the shear stress. Fur-
thermore, �yy,c and �xy,c are the tensile, respectively shear
strength. In order to provide a non-local criterion, (2) is de-
clared to be fulfilled if

f (�(x,ΔT )) ≥ 1 ∀x ∈ Γ(Δa) , (3)
where Γ(Δa) ⊂ Ωu is the subset of coordinates of the un-
cracked domain Ωu, where the potential crack of length Δa
will occur, see figure 7a on the left.

For the energy criterion, a similar interaction relation
with exponent ng ∈ ℕ is assumed as it has been done for
example by Tran et al. [66], Wu and Reuter Jr. [67], Reeder
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[68]:

g
(

 (Δa,ΔT )
)

=

(

I
I,c

)ng

+

(

II
II,c

)ng

, (4)

whereI,c andII,c are themode I and II fracture toughnesses
of the material. Moreover,  = (I,II) are the incremental
energy release rates for the crack opening modes I and II,
gathered in a vector. They can be written as

i(Δa,ΔT ) = −
ΔΠi
Δa

= 1
Δa ∫

Δa

0
i(a,ΔT ) da, (5)

i ∈ {I, II}, where −ΔΠI or −ΔΠII is the potential energy
change between the uncracked and cracked states concerning
mode I or II. The right equation describes the incremental
energy release rates I and II as the differential energy re-
lease rates I and II averaged over the finite crack of length
Δa. The criterion (4) is declared to be fulfilled for

g
(

 (Δa,ΔT )
)

≥ 1. (6)
According to the coupled stress and energy criterion,

both criteria have to be fulfilled simultaneously for an ini-
tiation of a crack. For the determination of the failure load
(which in our case is the critical temperature change |ΔTf |),the coupled stress and energy criterion yields the following
optimization problem

|ΔTf | = min { |ΔT | ∶ ∃Δa > 0 with
f (�(x,ΔT )) ≥ 1 ∀x ∈ Γ(Δa)

∧ g ( (Δa,ΔT )) ≥ 1 } .
(7)

Consequently, the failure temperature change |ΔTf | is the
minimal temperature change where both, stress and energy
criterion, are fulfilled. The corresponding initiated crack
lengthΔaf is a priori unknown and can be determined while
solving the optimization problem.
4.2. Failure Assessment for T > Tg: Viscoelastic

Material Behavior
For a temperature above the glass transition temperature,

T > Tg, glass ceramics behaves viscoelastic. This behavior
within the scope of SOFC sealings is investigated by several
authors [31–34, 69–72].

The material law for isotropic linear elastic material
reads:

tr(�) = 3K tr(")
dev(�) = 2G dev(")

(8)

with dev ∶ ℝn×n → ℝn×n, dev(M) ∶= M − 1
3 tr(M) I,where I is the identity. Here, " is the strain and � the stress

tensor. The material law is represented in terms of the bulk
modulus K and shear modulus G. Reformulation of (8)
yields

" = 1
2G

� +
( 1
9K

− 1
6G

)

tr(�) I (9)

For the viscoelastic material behavior of glass ceramics,
the following assumptions are made: the bulk modulus K is
assumed to behave linear elastic, whereas the shear modulus
G may exhibit a viscoelastic material behavior. This yields

K = E
3 (1 − 2�)

= const.,

G = G(t) with G0 = G(t = 0) =
E

2 (1 + �)

(10)

Assuming a uni-axial tension test in
x̃3-direction, where the strain "̃33(t)is measured as a function of time,
the shear relaxation G(t) can be ex-
pressed as x̃3 x̃2

x̃1

σ0

G(t) =
(

3 "̃33(t)
�0

− 1
3K

)−1
(11)

Due to its declining character, G(t) may be described by
a series of exponential functions, the so-called Prony series

G(t) = G∞ +
n
∑

i=1
Gi e

−t∕�i (12)

where G∞ represents the long-term shear modulus and the
coefficientsGi and �i characterize thematerial behavior. The
coefficients Gi are often normalized using

gi =
Gi
G0
, (13)

where G0 = G∞ +∑n
i=1Gi is the instantaneous shear mod-

ulus. For given experimental data the coefficients can be
adjusted by a regression analysis.

5. Exemplary Application of the Methodology
In the following, the methodology for the assessment of

sealing failure described above is applied to a simplified rep-
resentativemodel. The employed boundary value problem is
depicted in figure 6. Since the three-dimensional model (fig.
1b), on which the simplified representative model (fig. 6) is
based, has a sufficiently large extension in x1-direction, onlya virtual cross section in the x2-x3-plane is regarded furtherassuming a plane strain state. Therefore a new coordinate-
system (x, y) is introduced. The model consists of one glass
ceramics layer which is between two steel layers. It is sup-
ported statically determined and loaded by a pressure load �∗
as well as thermal loadΔT . The geometrical dimensions are
based on those of the respective layers within SOFC stacks
and are listed in table 2.

Table 2

Geometry data.

l in mm ℎ in mm t1 in mm t2 in mm

14.5 0.125 0.3 2.5
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Figure 6: Representative plane strain submodel for the inves-
tigation of the physical mechanisms acting on a fuel cell stack
using the presented methodology.

5.1. Results Finite Fracture Mechanics for T < TgFor the application of the coupled criterion (7), the ex-
ponents in the stress (2) and energy (4) criteria are set to
nf = 2, which is a common choice used for example by
Brewer and Lagace [63] and Tran et al. [66] and ng = 1 (e.g.Tran et al. [66], Stein et al. [73]). This yields a quadratic
interaction relation for the stress and a linear interaction re-
lation for the energy criterion.
Due to the experimental results of Stephens et al. [32], it is
assumed that the tensile strength of the glass ceramics can
roughly be set to twice the shear strength, �yy,c = 2 �xy,c.Furthermore, it is assumed thatII,c = 2I,c, which is a com-
mon simplifying assumption (see Stein et al. [73], da Silva
et al. [74], Campilho et al. [75], Jung Lee et al. [76]). Hence,
only two fracture parameters are required for the formulation
of the coupled criterion.

For the investigation of brittle failure, the pressure load
�∗ illustrated in figure 6 is neglected, �∗ = 0. This yields
a conservative estimation, since mechanism 2 (dead load)
would counteract crack growth assuming a linear elastic ma-
terial behavior. Consequently, this study represents mech-
anism 3 (mismatch in thermal expansion coefficients �T),which is according to the sections 2.3 and 3 the dominating
mechanism for the linear elastic case.

In the present case, it is assumed that the crack emanates
at the origin of the coordinate system (which is also the ori-
gin of the stress concentrator) and follows the x−axis (which
coincides with the material interface), so that

Γ(Δa) = {(x, y) ∈ Ωu ∶ x ∈ [0,Δa], y = 0}.

Zhao et al. [43] experimentally determined fracture
toughnesses KI,c of glass ceramics sealants for SOFCs. Ac-
cording to these experiments using I,c = (1 − �2)K2

I,c∕Ewith � = 0.3, I,c lies in the interval

I,c ∈ [0.0028, 0.0398]
N
mm

. (14)
This interval also includes the experimental data from Ab-
doli et al. [77]. Furthermore, the data fromMalzbender et al.
[78, 79] confirm the order of magnitude of the stated fracture
toughnesses. In a torsion test, Osipova et al. [45] measured

shear strengths
�xy,c ∈ [14.0, 68.6] MPa (15)

for sealing glass ceramics. The test results of Stephens et al.
[32] are also in this range.

In figure 7b, the coupled stress and energy criterion is
illustrated for exemplary material data within the intervals
(14) and (15). In dashed lines, the stress criterion (2) is plot-
ted for different temperature loads |ΔT |. The criterion is
fulfilled if f is larger than one in the whole x-range zero to
Δa:

f (� ((x, 0),ΔT )) ≥ 1 ∀ x ∈ [0,Δa].

In solid lines, the energy criterion (4) is plotted for differ-
ent temperature loads |ΔT |. The criterion is satisfied for the
crack lengthsΔa for which g is larger than one (see equation
(6)).

For |ΔT | = 600K, there is no Δa for which both cri-
teria are fulfilled simultaneously. Thus, the coupled crite-
rion postulates no initiation of a crack for this temperature
change. On the other hand, for |ΔT | = 900K, both cri-
teria are fulfilled for more than one Δa, so that the cou-
pled criterion predicts failure. The smallest load at which a
Δa (= Δaf ) exists for which both criteria are fulfilled simul-
taneously, so that crack initiation is expected, is the failure
load |ΔTf | = 767K. The corresponding finite length of the
initiated crack is Δaf = 0.144mm. This crack length is in
the same order of magnitude as the respective adhesive layer
thickness ℎ.

In the following, the influence of the failure relevant
material parameters on the macroscopic failure behavior is
investigated. Therefore, a sensitivity analysis concerning
strength and toughness of the sealing material is performed.
In figure 7c,d, the absolute value of the failure load |ΔTf | isplotted (a) over the shear strength �xy,c for exemplary frac-
ture toughnesses I,c and (b) over the fracture toughness I,cfor exemplary shear strengths �xy,c. Both failure relevant
parameters are varied within the ranges (14) and (15). It
can be seen from both of these figures that the failure load
strongly depends on the fracture toughness I,c. With re-
gard to the shear strength �xy,c, only a slight dependence
can be observed, especially for higher fracture toughnesses.
Thus, most of all the correct value of the fracture toughness
I,c is relevant. It is the significant parameter and has to
be determined properly in order to achieve a reliable result
concerning the failure load.
5.2. Results Viscoelastic Model for T > TgIn order to investigate the viscoelastic behavior of the
glass ceramics sealing, first the time-dependent behavior
of the shear modulus G(t) of the glass ceramics material
has to be determined. For this purpose, experimental data
obtained by Abdoli et al. [69] are exemplarily taken into
account, where the time-dependent creep strain "cr(t) =
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Figure 7: a Uncracked and cracked domain Ωu and Ωc of a minimal thermal example on which the Finite Fracture Mechanics is
explained. b Energy and stress criteria for failure prediction using failure-related parameters I,c = 0.02N∕mm and �xy,c = 45MPa.
The criteria are plotted for di�erent loads |ΔT |, including the failure load |ΔTf | = 767K. c,d Absolute value of the failure load
|ΔTf | determined with the help of the coupled stress and energy criterion and plotted for various shear strengths �xy,c and fracture
toughnesses I,c, where it is assumed that �yy,c = 2 �xy,c and II,c = 2I,c.

Table 3

Prony series coe�cients resulting from a least-squares
�t, n = 4.

i 1 2 3 4

�i 101 s 102 s 103 s 104 s

gi 0.8514 0.1316 0.0099 0.0070

"̃33(t) − "̃33(t = 0) is specified. These data are illustrated to-gether with the back-calculation of the shear relaxation (11)
in figure 8a. The recalculated data are fitted to a Prony series
(12) using a least-squares fit yielding the coefficients given in
table 3. Using the representative submodel shown in figure
6, together with the viscoelastic glass ceramics sealing prop-
erties represented by the Prony series coefficients in table 3,
time-dependent viscoelastic finite element calculations are
performed. For the investigation of the time-dependent be-
havior of the physical mechanisms identified in section 3,
three different load cases are considered: only the dead load
�∗, only the temperature change ΔT and both combined.
The value of �∗ = 0.3MPa is the same as used for the full
three-dimensional model in section 2 and the order of mag-
nitude of the temperature load ΔT = 200K is similar to the
maximal occurring temperature difference in operation of
the SOFC (see also figure 2a,b).

The resulting relative displacements urel = |ux,adve −
ux,adnd| between adhesive and adherend are shown in figure
8b.

For a loading only by the temperature change ΔT ≠ 0
(dotted line), there is an initial relative displacement of ad-
hesive and adherend resulting from the mismatch in the
thermal expansion coefficients of the two materials (mech-
anism 3). The relative displacement urel is reduced over
time, which is initially to be assessed positively. If the
model is loaded by nothing but the pressure load (mech-
anism 2) �∗ ≠ 0 (dashed line), the relative displacement
urel increases monotonically over the time. Consequently,
in long-term operation, the dead load �∗ leads to very large
deformations within the glass ceramics, which may reach a
critical size. For a loading of the model with both, temper-
ature load ΔT ≠ 0 and pressure load �∗ ≠ 0 (solid line),
both observed effects are superimposed. After an initial
displacement urel(t = 0), the relative displacement first de-
creases, similar to the ΔT -load case. After a time of around
t = 103 s, the effect of �∗ seems to preponderate, such that
the relative displacement urel gets dominant and keeps in-
creasing. Thus, for this combined load case, also very large
deformations within the glass ceramics have to be expected
after a certain time. It is worth to mention that in the real
stack assembly there is not only the sealing area but also
the electrical contact via cell and adjacent layers which at
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Figure 8: a Experimental data for creep strain "cr(t) = "̃33(t) − "̃33(t = 0) from Abdoli et al. [69] with �0 = 10MPa and back-
calculated shear relaxation G(t). For �tting the coe�cients of the Prony series, a least squares approximation is performed.
b Relative displacement urel = |ux,adve − ux,adnd| between adhesive and adherend over time for a 2D representative model in
viscoelastic calculations with and without pressure load �∗ = 0.3MPa and with and without temperature load ΔT = 200K.

least take a part of the load �∗. Although this behavior is
not captured by the canonical model, it still yields reliable
results as long as the load carried by the cell is sufficiently
small.

Furthermore, it is expected that there also can be time-
dependent effects resulting from the inhomogeneous temper-
ature field (mechanism 1) assuming viscoelastic material be-
havior. In a long-term behavior, the frames are assumed to
adjust just as in the disassembled scenario in figure 2c,d.
Due to the relative displacement of the frames, shear defor-
mations can occur in the glass ceramics, which might even
reach and exceed a critical value.

6. Additional applications and improvements
Starting point for the present study was the SOFC stack

designed by Forschungszentrum Jülich. Using the intro-
duced two-dimensional representative model, the results of
the present analysis are transferable to other SOFC stacks.
Furthermore, the developed methodology is applicable to
various layered structures using glass ceramics under a tem-
perature load above and below its glass transition tempera-
ture.

Having the two-dimensional model, together with the
derived physical mechanisms and the assessment of sealing
failure in hand, different strategies for an improvement of
the sealing joint can be derived. First, it is desirable to de-
sign the involved materials such that the coefficients of ther-
mal expansion are as close as possible, here �T,st ≈ �T,gl.Assuming a brittle material behavior, the failure relevant
material parameters of the glass ceramics, i.e. the strengths
�xy,c, �yy,c, but especially the fracture toughnesses I,c,II,cshould be preferably high. Further applications of the cou-

pled criterion, which are not shown in this work, reveal that
it is advantageous to design the sealing joint geometry such
that the sealing is as thin as possible yielding a higher failure
temperature load |ΔTf |. This thickness effect is well-knownin the field of adhesively bonded structures and has been
shown by various authors, for example [74, 80–82].

Among others, Ley et al. [29] and Chang et al. [30] sug-
gest to operate the fuel cell stack at a temperature T > Tg inorder to take advantage of stress relaxation effects within the
glass-ceramics. This can provide a better tolerance of a CTE
mismatch. However, besides a stress relaxation, viscoelas-
tic material behavior also leads to very large deformations
which may lead to sealing failure (see section 5.2). In order
to avoid this, the operation temperature of the stack has to be
below the glass transition temperature, T < Tg.

7. Conclusion
The present work provides a methodology for the assess-

ment of sealing failure with an application on SOFC seal-
ings. In order to identify the physical mechanisms acting on
an SOFC stack, in a first step, a full three-dimensional model
has been analyzed. Three failure relevant mechanisms are
determined resulting from (1) the inhomogeneous temper-
ature field arising during operation (2) the pressure load
caused by a weight on top of the stack and (3) the mismatch
in thermal expansion coefficients of the layered materials
steel and glass ceramics. After having identified these mech-
anisms, a reduced two-dimensional representative model is
employed in order to investigate the crack initiation in the
glass ceramics sealing. Depending on whether the present
temperature is above or below the glass transition tempera-
ture, two different kinds of analysis are followed.
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If the temperature is below the glass transition temper-
ature, a linear elastic, brittle material behavior is presumed.
For this case, a coupled stress and energy criterion within the
framework of Finite Fracture Mechanics is proposed. The
coupled criterion yields the critical temperature change and
corresponding crack length. It indicates that the mismatch
in thermal expansion coefficients (mechanism 3) dominates
the failure occurrence in the case of linear elastic, brittle ma-
terial behavior. Furthermore the coupled criterion revealed
that the fracture toughness I,c is the most significant mate-
rial parameter which must be determined properly in order
to achieve a reliable result concerning the failure load.

In sections where the present temperature is above the
glass transition temperature, viscoelastic material behavior
is presumed. Performing viscoelastic calculations at the
representative model led to the finding, that in this case the
pressure load caused by the weight on or of the stack (mech-
anism 2) is dominant leading to very large deformations
which may cause sealing failure.
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