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Abstract

The technical application of layered functional ceramic components is challenged by curvature effects and residual stresses originating mostly
from the thermal mismatch or chemical strains of the joined materials. Based on the general solution for elastic deformation of monolithic and
multilayered materials the determination of curvature and residual stress for linear elastic bi-material specimens with chemical strains, chemical
reduction in stiffness, shape variations, gradients in elastic modulus or thermal expansion is outlined. The use of the relationships is exemplified
for ceramic solid oxide fuel cell (SOFC) and ceramic membrane materials. For SOFCs curvature changes are considered resulting from the
reduction of the anode and crystallization of a glass—ceramic sealant with semi-spherical shape. For gas separation membranes which currently
under development for fossil power plants the effect of chemical strains is assessed. The limits of using analytical relationships are addressed for

the warpage of thin, rectangular SOFCs.
© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Functional ceramic layers materials find widespread use in
electronic, magnetic, optical, and structural components. Theo-
ries to relate stress, strain and curvature to the mechanical and
thermal loading have been established for isotropic materials,
bi-layered,! multilayered composites and materials with differ-
ent stiffness in tension and compression.? The layers are usually
rigidly bonded and differences in the thermo-elastic materials
properties will result in residual stresses which can facilitate
component fracture.® Such stresses arise from manufacturing,
i.e. intrinsic stresses due co-firing, differences in thermal expan-
sion, thermal/chemical gradients or phase changes.* Since the
solutions usually concentrate on the simple cases the purpose of
the present study is to give analytical solutions for more complex
cases and to exemplify their use for functional ceramic materials.

Ceramic materials are used widely as anode, electrolyte and
cathode’ in SOFCs, which are highly efficient devices for con-
verting chemical fuels directly into electrical energy. Especially
the planar design has proven to be successful for stacks with
high power density.® In the case of asymmetric designs and for
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unconstrained layered composites the residual stress is reflected
as warping. In SOFC stacks the cells are connected in serial
mode with intermediate bipolar plates via contact layers, hence
curvature effects have to be eliminated during assembling for
example by applying a permanent mechanical load. Operation
of an SOFC stack at high temperatures (600-900 °C) obviously
results in significant changes residual stress which for free cells
will be reflected in a curvature change. A means to assess resid-
ual stresses is to measure the curvature of free components,
where the stress state in the cell can be determined via a curva-
ture measurement of the bi-layer composite anode—electrolyte.*
In fact for SOFCs the curvature is also influenced by the oxida-
tion state of the anode, i.e. it has been reported that the reduction
of the anode leads to a significant increase in the curvature of
the component.

The SOFC stack has to be gas tight, hence an inner sealant
has to separate anode and cathode compartment and an outer
sealant has to isolate the anode and cathode from the outer envi-
ronment. Hence, the sealant material as well as the other stack
components will be exposed to residual stresses due to differ-
ence in thermal expansion or crystallization strain, which again
can be assessed using curvature measurements of for example
sealant — steel substrate composites. Examples are presented for
curvature and stress effects in SOFC materials due to the reduc-
tion of an anode and a crystallization of glass—ceramic sealant
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with semi-spherical shape. An outlook is given to a more com-
plex case of geometrical non-linearity that requires the use of
finite element calculation.

Global warming and the CO; problem has increased interest
in perovskite ceramic oxides of ABOj3 type (rare earth metal
ions on A sites, and transition metal ions on B sites) since they
appear to be suited for potential applications in gas separa-
tion membranes.” When operated at high temperatures, these
mixed ionic and electronic conducting perovskite membranes
provide high oxygen permeation rates. Besides such advanta-
geous functional performances the challenges of mechanical
integrity especially in industrial applications need to be consid-
ered to prevent the mechanical failure of the membranes during
exposure at elevated temperatures and thermal cycles, but also
to avoid fracture caused by a large chemical gradient of oxy-
gen and resulting chemical strains of 0.2% to 0.4%.'%!! Hence
an example is given how the effect of chemical strains can be
assessed for layered gas separation membranes which exhibit
chemical strain behavior.

1.1. General theory and outlook

Suppose an elastic multilayer composite where n layers
(thicknesses #;) are bonded. The subscript, j, denotes the layer
number ranging from 1 to n.'> The coordinate system is defined
such that the surface of the layer 1 is located at z=0. The
applied forces and moments can be linked to the stresses using
Euler—Bernoulli beam theory.!? Hence, the resultants of the axial
force N, shear force Q and the bending moment M are related to
the axial normal o, and transverse shear stress 7y as:

t’l
NN =w/ 02z (n)
0
ty
MM, = w / ovzdz @
0
In
0= w/ Ty, ydz 3)
0

where z is the position relative to the surface and N, and M, are
the axial force and bending moment acting on the layers j=1
to n due to the difference in thermal or isothermal expansion.
The parameter w is the width of the beam. In general M, N and
Q can be a function of the in-plane position x. At the position z
perpendicular to the interface between the layers the strain &y,

and stress oy, in the layer j are!3:
T]_j
Ex,jz = €x,0 + 2K — / (T, 2)dT (z) “
To,j
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where &, is the strain the at z=0 and « the curvature of the
beam. In the case of a two dimensional geometry the biaxial
elastic modulus is given by E = E/(1 — v?). The parameter o
represents the thermal expansion coefficient, which can be a
function of z and the temperature T. The temperature T, is the

initial and T the final temperature in the layer j. The current
approach can be extended to non-negligible shear stresses.'>
The resulting relationships between the force, moment and beam

deformation are
{N+Na}: {gw} ©

M+ M, K
where the symbols A, B and D denote the extensional, flexural-
extensional coupling and flexural stiffness coefficients.'? Note
that these equations take the temperature dependency of the
stiffness into consideration as well as the effect of temperature
gradients within the layers.

The case of a linear proportionality of thickness and temper-
ature dT= AT=Ty+z T has been outlined before.!? If the plate
like layered composite is constrained at its edges by an elastic
material (sealant) A has to be substituted by A + Egeqa1 /2 t and
Dby D+ Egeq 112 12, due to the changed boundary conditions.*
Here E., is the stiffness of the sealant, / is the plate width and
t = >_" .1 the plate height.

The thermal or isothermal expansion of bi-layers can be
assessed by curvature measurements. For more complex mul-
tilayered materials multiple measurements of composites with
increasing number of layers might be necessary. A direct assess-
ment of residual stress might be possible by for example X-ray
diffraction or the hole drilling method, requiring minimum stress
levels of ~30-50MPa. A recent variation of the hole drilling
method for pm thin layers is based on the cutting of a notch
using a focused ion beam, requiring even higher stress of the
order of hundreds of MPa.!3 In order to assess the reliability the
residual stress has to be compared to the strength of the material,
where for brittle materials statistical aspects of failure probabil-
ity have to be considered. Note that such statistics obtained from
testing of isotropic specimens might not be valid to predict the
failure of thin layers since the defect size will be limited by the
layer thickness.!®

A B
B D

1.2. Special theory for bi-layered materials and outlook

Due to their technical relevance and assessment simpli-
fication of the mechanical behaviour of functional ceramic
composites only bi-layer materials are considered in the fol-
lowing. Obviously the number of unknown parameters and
uncertainty increase with the number of layers in a compos-
ite where especially the problems associated with the thickness
measurement of a thin layer can lead to large uncertainties. Spe-
cial consideration is given to the effect of a change in substrate
stiffness (reduction of a SOFC anode), effect of phase changes
(crystallisation of a glass—ceramic sealant) and chemical strain
(gas separation membrane).

For the special case of a bi-layer material first the general
solution for layers of equal width is given, which permits also
an assessment of the effect of an isothermal change in sub-
strate stiffness (reduction). Then consideration is given to the
cases where substrate and coating have a width that decreases
with the distance from the interface. This is an effect typically
observed for glasses and glass—ceramics deposited on a sub-



Table 1

Relationships for curvature and strain.
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strate and associated with the surface wetting of the material.
Finally the relationships to assess the effect of chemical strains
are given.

In the case of thermal expansion related effects the substrate
strains g has to be substituted by as-7T and the coating strain
ec by ac-T. A measurement of the curvature change permits
therefore a calculation of the strain in the coating. The general
relationships for curvature and strain at the free surface z=0
of a bi-layer specimen with layers of equal width are given in
Table 1, Egs. (7) and (8), where for simplification the normali-
sation A| = E¢/Es and Ay =t¢/tg are used.

Due to the deposition process, the width of the coating might
change as a function of height. Examples of possible shapes are
illustrated in Fig. 1. Assuming a semi-triangular shape, with w
being the width of the substrate, the width of the coating can
be related to the position (z) relative to the interface as w¢e =
w(l — (z — ts)/tc). The resulting relationships for curvature and
strain are given in Table 1 as Egs. (9) and (10). Assuming a
semi-cylindrical shape (Fig. 1), the width of the coating can
be related to the position (z) relative to the interface as w¢ =
wa/T — (z — ts)/tc then the relationships for the curvature and
strain change into Egs. (11) and (12) in Table 1.6

If coating and substrate have a semi-triangular shape, the
width of the coating can be related to the position (z) relative
to the interface as we = wWmax(1 — (z — t5)/tc). With the width
of the substrate wg = wmax (1l — (—z + t5)/ts) (Fig. 1) the rela-
tionships for curvature and strain can be written in the form
of Egs. (13) and (14) in Table 1. Finally, assuming a semi-

Fig. 1. Schematic of some specimen geometries.

cylindrical shape of coating and substrate (Fig. 1), the width
of the coating can be related to the position (z) relative to
the interface as we = wmax/1 — (2 — ts)/tc, of the substrate
We = Wmaxa/1 — (—2 + ts)/ts. The resulting relationships are
identical to Egs. (13) and (14).

The thermo-mechanical load might also be a result of isother-
mal/chemical strain. Assuming a chemically strained layer on
an inert substrate (eg=0), the strain in the layer might change
linear with thickness ec=((z — ts)/tc)emax. Hence curvature
and strain are represented by Egs. (15) and (16) in Table 1.
In a more complex case the support might not be inert, with
ec=((z—ts)tc)emaxc and &5 =(z/ts)emaxs, the curvature and
the strain are given by Eqs. (17) and (18) in Table 1. How-
ever, alternatively the free surface of the chemically strained
layer might also be at strain zero. If the substrate is inert
(es=0) and the strain in the layer changes linear with thickness
ec=(1 — (z— ts)/tc)emax the equations become to (19) and (20)
in Table 1. Finally, both support and materials exhibit chemical
strains, ec=(1 — (z — t5)/tc)emaxc and es= (1 — z/ts)Emaxs, the
relationships for curvature and strain become Eqgs. (23) and (24)
in Table 1.

The analysis of non-elastic effects is not the aim of the cur-
rent analysis. However, solution or bi-materials are available in
the literature to consider the effect of plasticity!”-!8 creep!®-20
and viscoelasticity>! or the interaction of creep deformation and
scale growth processes.?? In particular creep can lead to fail-
ure due to expansion of a creep damage zone from the tensile
surface.

2. Case studies
Example A: an example for the use of the relationships is the

curvature change due to a stiffness change in the case of a reduc-
tion of the NiO to Ni. The substrate in an as-produced anode
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Fig. 2. Cross-section view of glass—ceramic/YSZ specimen.

supported SOFC typically contains NiO and YSZ. Typically in
such a functional ceramic component an YSZ electrolyte layer
is deposited on a porous NiO/Y SZ composite substrate and then
co-fired. The NiO in the composite substrate has to be reduced to
Ni at a temperature that is lower than the co-firing temperature
before operation to provide the necessary functionality.

A bi-layer YSZ electrolyte on the Ni/YSZ cermet shows a
curvature change compared to a bi-layer YSZ electrolyte on the
NiO/YSZ substrate. The CTE of NiO/YSZ is different from the
CTE of Ni/YSZ, however, since an isothermal effect is consid-
ered which has been observed in situ at elevated temperatures>*
the CTE change cannot be responsible for the reported curva-
ture change. Note that the reduction process is not associated
with a chemical expansion/shrinkage of the NiO to Ni in the
substrate®; hence the change in curvature can be associated
with the lower stiffness of the Ni/YSZ substrate.”* Typically the
stiffness of the electrolyte (10 wm) is ~200 GPa, the value for
the substrate (1 mm) before reduction ~100 GPa and ~50 GPa
after reduction.”* Hence using Egs. (7) and (8) an increase in
curvature of ~3.3 is obtained, whereas the stress will change
only by ~10%. In fact, similar values for the curvature changes
have been reported in the literature.>

Example B: an example for an entirely geometrical anisotropy
for a bi-layer is the effect of a change of the width of
glass—ceramic sealants which is applied on top of a substrate
similar to the sealants used for SOFC stacks. Here the width
decreases with distance from the interface due to wetting effects.
In order to assess the properties the material can be deposited on
either an YSZ or steel substrate, contrary to the application in a
SOFC stack where the material is in a sandwich between either
YSZ and steel or between two steel plates. The deposition of
on a single substrate permits to assess the difference in thermal
and isothermal expansion via curvature measurements. Such dif-
ferences have been reported for sealants deposited on steel as
compared to YSZ substrates, where the differences between the
behaviour of the bi-layers have partly been associated with the
creep of steel at elevated temperatures.?® The sealants showed
typically a semicircular shape (Fig. 2). The observed change in
curvature during a dwell time at high temperatures (see Fig. 3)
was considered to be the result of the sealant crystallisation of the
glass to become a glass—ceramic composite. Assuming a purely
crystallisation induced strain ¢ (¢5=0) and based on the rela-
tionships (11) and (12) and the material properties given in%°
it can be determined that the strain increases with progressive
crystallisation up to 0.05%.

Example C: perovskites used for gas separation are known to
exhibit an oxygen partial pressure dependent change in lattice
parameter. Since the membrane operation requires an oxygen

Fig. 3. Isothermal curvature change of glass—ceramic A on YSZ at 850 °C.

gradient, chemical strains arise across the thickness. They have
to be assessed to estimate the failure probability of the perovskite
under operation. In order to increase the permeation the mem-
brane layer might need to be very thin and hence supported by
a porous substrate in practical application.

Since the material will shrink under lower oxygen partial
pressure (vacuum) the maximum strain emax Will arise where
the oxygen partial pressure is lowest, which can depending on
the set-up either be at the free surface of the membrane or at
the interface to the substrate. It is reasonable to assume that the
stiffness of the porous substrate is 100 GPa, the value of the
membrane 200 GPa and the chemical strain in the membrane
increases roughly linear with thickness with a maximum value of
~0.2% at the free surface of the membrane on an inert substrate
(Table 2).10-11

The data presented in Table 2 illustrate that the compres-
sive strain in the membrane decreases as the substrate thickness
increases, leading to tensile stresses near the interface to the sub-
strate. However, the tensile strain is still lower than the value of
0.1% that would develop for a free membrane. In addition the
tensile stress in the substrate becomes larger as the membrane
thickness decreases which eventually can cause failure of this
support. Using a sealant to clamp the edges reduces the tensile
stress in the membrane and the maximum stress in the support.
Note that, whereas the remaining deflection for a plate length of
0.1 m is less than 0.5 pm, it is ~30 pwm for a plate of 1 m length.

Example D: the examples presented above are limited to
quadratic or circular specimens where the substrate thickness
is significantly larger than the coating thickness since then the
components have a spherical shape.?’” When the substrate thick-
ness is reduced a bifurcation arises with different curvatures
in both in-plane directions and the component will display a

Table 2
Strain (%) in supported membranes.

Substrate Substrate—free Interface =~ Membrane—free

thickness/mm surface surface
(thickness 50 p.m)

1 —0.005 0.01 —0.19

0.5 —0.01 0.02 —0.18

0.25 —0.02 0.03 —0.16

0.25 — edges clamped 0.005 0.005 —0.195
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Fig. 4. Experimental (a) and simulated (b) deformation of a cell with a 465 pm thick anode substrate.

cylindrical shape. Results from laminated piezoelectric materi-
als demonstrated that the larger the difference between the two
in-plane lengths for a bi-layered composite the stronger the dif-
ference between the two in-plane curvatures.?® In order to gain
insight into the warping behaviour in the case of large deflection
and the effect of a rectangular geometry the complex curvature
of anode supported SOFCs has been studied using the finite ele-
ment simulation package ANSYS (typically 900 shell elements
were used in a simulation). In fact stacks with rectangular cell
geometry have proven to be advantageous for the fast heating
requirements in auxiliary power units.?’

Typical measured curvature profiles for cells (in-plane
~8.5cm x 15cm) with a 465 pm and 300 wm anodes sub-
strates as measured using a laser profilometer are shown in
Figs. 4a and Sa, respectively. For details on the processing of
such SOFC cells see, for the elastic moduli and thermal expan-
sion coefficients see.> The anode substrate supports a ~8 wm
thick YSZ electrolyte. The cell with the thicker anode possesses
a spherical curvature the cell with the thinner anode substrates

has a cylindrical shape. The maximum deflection of the cells is
1.49 +0.06 mm and 1.75 £ 0.10 mm for the cell with 300 pm
and 465 pm thick anode substrate, respectively.

The measured curvature of the thicker cell compares well with
the simulated linear material deformation (Fig. 4b). Note that for
the thinner cell non-linear geometric effects have to be explicitly
considered in the simulation. This non-linear simulation with
no initial curvature leads to a cylindrical shape in the opposite
direction of the experimental observation (Fig. 5b). However, the
result of the non-linear simulation agrees with the experimental
simulation, if the cell has a small initial curvature in the short
direction (radius 20 m) or if a small anisotropy in the elastic
moduli (~10%) or thermal expansion coefficient in x- and y-
direction is considered (~2%).

Although it was not possible to verify such small effects
experimentally, anisotropic materials properties are not unusual
in such tape casted products. In fact, although the terms spherical
and cylindrical curvature are used in the manuscript for simplifi-
cation a detailed look at the shape of the specimens revealed that

Fig. 5. Experimental (a) and simulated (b, ¢) deformation of a cell with a 300 wm thick anode substrate.
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the cylindrical curvature is rather a parabolic curvature and the
spherical curvature is a superposition of parabolic curvatures in
both in-plane directions.

The electrolyte and thick anode substrate residual stress
which result from the mismatch in thermal expansion are nearly
independent of the in-plane direction with values of ~—310 MPa
and 21 MPa, respectively. As to be expected, for the thinner com-
ponent the anode stress increases by 50% whereas the electrolyte
stress decreases only by 10%.

Further simulations, not given here in detail, have been car-
ried out with the aim to determine the critical parameter for
the change in shape and revealed that for the current rectangu-
lar shaped cells the shape changes from spherical to cylindrical
requires an anode substrate thickness of ~400 wm. Considering
the side length ratio of the cylindrical cell of 1.7 given above a
change from spherical to cylindrical shape occurs for a cell of
~62 mm x 106 mm for an anode substrate thickness of 300 pm
and ~100mm x 176 mm for an anode substrate thickness of
465 pm, i.e. it can be concluded that the thicker the anode sub-
strate the larger is the side length ratio at which the change from
spherical to cylindrical curvature occurs.

Additional simulations have also shown that a change from
spherical to cylindrical geometry occurs at a side length of
~80mm for a square cell with an anode substrate thickness
of 300 wm with the slight anisotropy in elastic modulus or ther-
mal expansion coefficient defined above. For a cell with an anode
substrate thickness of 465 pm this change occurs if a side length
of ~130 mm is exceeded. This implies that the shape in change
occurs once a critical surface area has been exceeded.

3. Conclusions

Relationships have been derived for curvature and resid-
ual stress of linear elastic bi-material specimens with chemical
strains, chemical reduction in stiffness, shape variations, gra-
dients in elastic modulus or thermal expansion. The use of the
relationships has been illustrated for the SOFC curvature change
resulting from the reduction of the anode yielding values which
agree well with literature and a glass—ceramic sealant with semi-
spherical shape where the interestingly the crystallization leads
to curvature changes and strains. For gas separation membranes
currently under development for fossil power plants the effect
of chemical strains has been addressed considering the effect
of the geometrical arrangement with respect to the surrounding
atmosphere and sealant. The limits with respect to thickness of
using analytical relationships are addressed for the warpage of
thin, rectangular SOFCs.
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