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Abstract

Thermal residual stresses are analyzed in SOFC components, especially in conditions when electrolyte and cathode layers
are attached to other system components at different temperatures. The residual stress calculations were shown to agree
with experimental data. Upon successively joining layers at different temperatures, the anode-electrolyte system has a
noticeable curvature when attaching the cathode. Microcracking in individual elements of the fuel cell can be predicted
through evaluation of residual stresses in anode-electrolyte (half-cell) and anode-electrolyte-cathode (full cell) systems.
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1 Introduction

Fuel cells transform the chemical energy of fuel directly
into electrical and thermal energy; the electrochemical
oxidation process is characterized by a higher efficiency
and less environmental hazard than in conventional com-
bustion conditions. High operating temperatures can lead
to severe thermal degradation and hence significantly lim-
its the choice of materials for solid oxide fuel cells (SOFC)
[1, 2]. Ceramic materials are therefore predominantly used
in SOFCs due to their higher corrosion resistance, but the
low electrical conductivity of ceramics can limit the power
output of SOFCs. Such a limitation stipulates the need for
the development of SOFC with a lower operating tempera-
ture of 923-1123 K. A possible solution was the deposi-
tion of thin layers of electrolyte on the anode (cathode)
substrate [3].

Despite previous earnest efforts, problems such as
significant degradation of SOFC components and their
intermittent operation still pose a problem. In particular,
thermal cycling and oxidation result in degradation and
failure of the components. These problems are the result of

high temperatures and pressures required for SOFC opera-
tion, as well as inherent properties of ceramic materials
[4]. Improving the mechanical behavior of fuel cell com-
ponents is important to produce SOFCs with increased
reliability.

Since the SOFC components are rigidly joined, the ther-
mal expansion mismatch can lead to the appearance of
residual stresses that contribute to component damage,
affecting the cell’s operation and efficiency [5, 6]. Stresses
can arise during SOFC production (for example, in the pro-
cess of sintering); this is mainly due to the difference of the
thermal expansion coefficients, as well as the existence
of thermal or concentration gradients [7-10]. It should be
noted that during SOFC production different layers can be
attached to other cell components at different tempera-
tures. This complicates the analysis of residual stresses
in such a layered structure. To the best of our knowl-
edge there are no results published where such topic is
addressed. Additional stresses can also occur in the final
stages of the SOFC production, when the cells are fixed
in the fuel cell stack or temperature gradients arise as the
layered structures are further cooled or heated. Therefore,
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the study of thermal residual stresses that may contribute
to SOFC component degradation is extremely relevant.

The goal of this article is to analyze the appearance of
thermal residual stresses in anode-electrolyte systems (so-
called half-cells) and anode-electrolyte-cathode systems
(full cells), especially under conditions when electrolyte
and cathode layers are attached to the system at different
temperatures.

2 Experimental
2.1 Sample preparation

The composition of electrolyte used was 10 mol.%
Sc,05;-1 mol.% Ce0,-89 mol.% ZrO, (10Sc1CeSZ). Anode
layer consisted of mixture of 40 wt.% NiO and 60 wt.%
10Sc1CeSZ. Lag gSry,Co4 gFey,05 perovskite (LSCF)
was used as the cathode material. Anode material was
prepared as rectangular specimens with dimensions
45x 5.2 x4 mm and disk-shaped samples with diameter of
22.5 mm and with thickness of 1 mm. The anode material
was sintered at 1723 K. Cathode material was prepared as
rectangular specimens with dimensions 45x5.5x 4.5 mm.
Details of fabrications of anode material are presented in
[5].

The cathode material La, ¢Sr, ,Co, gFe,,0;5 (LSCF) was
prepared using the traditional solid-phase reaction with
La,0;, SrO, CoO and Fe, 05 powders (purity 99%, Miranda-
C). The stoichiometric compositions of the reagents were
milled with ceramic balls in ethyl alcohol for 24 h. The
obtained mixtures were dried and calcined in airat 1173 K
for 4 h. Compact LSCF samples were obtained by uniaxial
pressing of powders into bars at a pressure of 80 MPa and
sintering at 1473 Kfor 2 h.

Electron beam deposition (EBD) technique was used for
producing electrolyte films deposited on the porous, non-
reduced disk-shaped anode substrates (anode-electrolyte
system or half-cells). Electrolyte was deposited at 1173 K.
Detailed description can be found in [5]. During full cell
production, the electrolyte layer was first deposited by
Electron Beam Deposition (EBD) on a flat anode at a tem-
perature of 1173 K, and then the cathode layer was joined
to the curved half-cell at a temperature of 1473 K.

2.2 Characterization

Thermal expansion analysis, four-point bending tests
of rectangular specimens of SOFC materials as well as
biaxial ring-on-ring bending tests of disc-shaped sam-
ples of anode substrates and half-cells are described in
detail in [5]. Thermal expansion analysis were carried
out with a highly sensitive quartz dilatometer having
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the optical system for specimen length measurement.
The measurement accuracy of specimen length was
0.00025-0.0001 mm resulting from optical magnification
within the range 4000-10,000. Four-point bending tests
were performed using testing machine with internal and
external spans 20 and 40 mm, respectively. In biaxial ring-
on-ring bending tests the specimen thickness, the radii
of the load ring, supporting ring and disc-shaped speci-
men were 1,9, 18.6 and 23.8 mm, respectively. Five tests
for anode substrates and five tests for half-cells were per-
formed. Equibiaxial bending tests were carried out up to
failure at room temperature in air. The loading rate was
1.66 N/s in all tests. The schematic for thermal expansion,
four-point bending test and ring-on-ring bending test is
shown in Fig. 1.

To verify the calculation of residual stresses in cells and
half-cells, their curvature which arises due to the ther-
mal expansion mismatch, was evaluated. The curvature
determination includes the surface profile measurement
for cells and half-cells. The profile is a set of the surface
point heights over a certain horizontal plane. Further data
processing includes: (a) determining the profile center;
(b) rotating the profile points around its center to a posi-
tion that provides a minimum standard deviation of their
heights; (c) deriving the profile curvature radius by mini-
mizing the squared deviation sum of profile points from
the circle of such a radius.

3 Analysis of residual stresses

Residual stresses in a layered structure arise on a mac-
roscopic scale. The relative layer thickness determines
the relative value of residual stress. The strain mismatch
between the layers determines its absolute value. Control
of the thermal stresses are important to avoid damage of
the layered structure during fabrication and operation.
Figure 2 shows a schematic of the multilayer specimen
analyzed in general case. Parameter w; designates thick-
ness of layer number i. The total thickness of specimen
of rectangular cross-section is w, its width is b, the total
number of layers is N (N=2 and N=3 for half-cell and cell,
respectively). The coordinate origin is adopted to be on
the free surface of first layer. When the strain depends only
on x-coordinates, then the deformation compatibility con-
dition resulting in the total strain for the elastic material
should be a linear function of x [11]:

e(X) = gy + kx, )

where g, is the strain at x=0; k is the specimen
curvature.
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Fig. 1 The schematic for thermal expansion (a), four-point bending
test (b) and ring-on-ring bending test (c)

An equal biaxial stress state is the most appropri-
ate approximation to describe stress state in the com-
ponents of a planar SOFC [12]. This corresponds to
smaller thickness of specimen along x-direction and
large dimensions along y- and z-directions. In the equal
biaxial stress state the stress components along z- and
y-axis are equal. In this case the strain components along
z- and y-axis are also equal. Three-dimensional stresses
occur near the edges of the layered composite at a dis-
tance from the edge which is approximately equal to

Fig.2 Schematic of multilayered composite

the thickness of the layer [13]. In our case, edge effects
can be neglected due to their highly-localized character.
Then.

o(x) = E'(0)[e(x) — (X)), (2)
where
E'(x) = Ex)/[1 = v(x)). (3)

In Egs. (2) and (3) E(x) and v(x) are the elastic modu-
lus and Poisson ratio distributions along x-axis, £(x) is the
strain non-associated with stress. It is associated with ther-
mal expansion.

In the absence of an external load, the condition of
static balance in the selected coordinate system is given
by a system of linear equations with unknown values ¢,
and k [14]:

[ o(x,q,k)dx =0

W (4)
[ xo(x, €9, k)dx =0

0

If the external load is zero, the solution of the system
is [15]:

- LJy =Ly (5a)

0o~ ~5 5, ! a
P
iy = 1oy

TP h, (5b)

The distribution of residual stresses can be derived from
(M-(3), (5) [16]:
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c,(x) = [/u-/u =lpdo + (IL1JLO = lodiq )X

I2 /LOILZ
— (I} = hol2)&]

&, is the strain in i-th layer non-associated with stress,
x; is the coordinate of upper boundary of i-th layer. For a
layered structure, the auxiliary parameters /; and J; have
the following form [171]:

X SX <X (6)

N
/j=j%25i(x{” K (=0,1,2), (7)
J,.=j—12 EE =) (G=0,1), (®)

where jis the power exponent.
The i-th layer strain which is non-associated with stress
can be expressed as.

g=2"+e?, ©)

where s() is the strain associated with the thermal
expansion, 5(9) is the so-called geometric component of ;.
The strTam assoaated with the thermal expansion is
=t _

g T{
coefficient (TEC) of i-th layer at a temperature T; TI.(D is the

joining temperature for layersiand i+ 1. If a;(T) is a linear
~(f)

a,(T"dT" where a;(T) is the thermal expansion

function of temperature, then &

AT, =T — T(’) <a>= AULLIURE is the average value of
TECin the temperature range fromT to T(’) The geometric
component of £, takes into account the |n|t|al shape of the
i-th layer upon its joining with (i-1)-th layer at temperature
T,.(’). This shape can be described by two parameters,
namely, the strain g, of the layered structure with i-1 layers
atx=0and curvature k; of the structure at temperature Tl.(’).
Then

=< a; > AT; where

£ = 4 +kix, (10

where x;_; < x < x;.

This approach allows the calculation of distribution of
residual stresses in a layered structure, where layers are
joined successively at different temperatures. The param-
eters £,; and k; should be calculated for i = 3. For i=2, when
the second layer is joined to the first layer at temperature
T(’) the parameters ¢, and k, equal zero, because the first
Iayer is flat at this joining.
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4 Results and discussion

The distribution of residual stresses in the half-cell was
evaluated for the conditions when EBD was performed
at a temperature of 1173 K, followed by cooling to room
temperature and heating to a temperature of 1473 K cor-
responding to the cathode sintering temperature. EBD
delivers dense thin electrolyte layer [5]. The temperature
of 1173 K is in fact the temperature Tf’) corresponding
to the anode/electrolyte joining. This is stress free tem-
perature for anode and electrolyte. Stress free tempera-
ture for anode and electrolyte joining is the temperature
at which these components are bonded rigidly without
plastic deformation. In fact, such rigid joining occurs dur-
ing Electron Beam Deposition of electrolyte. EBD temper-
ature is quite low to exclude any plastic deformation of
components.

The initial data for calculating residual stresses in cells
and half-cells are given below. The thicknesses of the
anode, electrolyte and cathode layers are 990, 10, and
50 um, respectively. The coefficient of thermal expansion
for the electrolyte was adopted to be 1x 107> K" [18].
According to experimental data, TEC values for the anode
material was found to be 11.7x 10 and 11.6 x 10° K™
at temperatures below 1173 K and above 1173 K, respec-
tively. TEC of LSCF cathode at temperature T was deter-
mined from the expression: [14.750158 + 0.008077 (T-273)]
1078 K~'. The Poisson ratios of 10Sc1CeSZ electrolyte, the
NiO-ScSZ anode, and the LSCF cathode are taken to be
0.31, 0.3 and 0.3, respectively [19]. The elastic moduli of
the anode and the LSCF cathode determined from 4-point
bending tests were 81 GPa and 14 GPa, respectively. The
elastic modulus of an undamaged electrolyte was adopted
to be 200 GPa [20].

The x axis is perpendicular to the anode layer and
directed from anode (layer 1) to the electrolyte (layer
2) and the cathode (layer 3). The asymmetric structure

Table 1 Calculated residual stresses (MPa) in anode-electrolyte
half-cells at 293 K after EBD and at cathode joining temperature of
1473 K

SOFC component EBD at 1173 K
x=0 X=Ww, X=wW

EBD followed by cooling to 293 K

Anode -8.1 16.0 -

Electrolyte - —3935 -3929
Heating to cathode joining temperature of 1473 K

Anode 2.6 -5.1 -

Electrolyte - 126.3 126.1

=990 pum, w=1000 um
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of half-cell specimens results in a linear distribution of
residual stresses within each layer. The values of the resid-
ual stresses in the half-cells calculated using Eq. (6) are
giveninTable 1. It is seen that EBD followed by cooling to
room temperature leads to compressive residual stresses
of about 393 MPa in the electrolyte. Accordingly, in the
anode there are relatively small residual stresses (compres-
sive stresses near the free surface, tensile stresses near the
anode/electrolyte interface). At the same time, the heating
of the anode-electrolyte half-cell to the cathode joining
temperature results in a change in the stress sign. The ten-
sile stress (about 126 MPa) occurs in the electrolyte layer.
Increasing the temperature difference above stress free
temperature for anode and electrolyte joining results in
the electrolyte microcracking which promotes the signifi-
cant decrease of the electrolyte elastic modulus and Pois-
son ratio. In turn, this leads to decreasing effective ther-
mal stresses in the electrolyte. The experimental values of
microcrack density for different temperature differences
and corresponding elastic characteristics of electrolyte are
givenin [5].

To calculate the distribution of residual stresses in full
cell, the first step is to calculate £,; and k; at the temper-
ature of the cathode joining which describes the shape
of the half-cell. The temperature of 1473 Kiis in fact tem-
perature Tz(’) corresponding to the electrolyte/cathode
joining. This is stress free temperature for cathode. Note
that the sintering of cathode layer at 1473 K accompanied
by shrinkage occurs before a rigid joining is established
between the cathode and electrolyte layers as solids. Thus,
the shrinkage does not affect the calculation of thermal
residual stresses. The characteristics of the sintered cath-
ode material (after shrinkage) should be used for such
calculation.

Schematic of successive joining layers in SOFC is pre-
sented in Fig. 3. It should be noted that microcracking
occurs in the electrolyte layer of the half-cell upon heating
to a temperature of 1473 K. As a result of microcracking,
the elastic modulus and Poisson’s coefficient of the electro-
lyte layer become equal to 147 GPa and 0.228, respectively.
The microcracking process in the electrolyte is studied in
detail in [5]. The lower elastic modulus and the Poisson
ratio result in a decrease in the absolute value of the curva-
ture of the half-cell. Then, the curvature k; and strain £,; of
the half-cell at 1473 K equal —0.04575 m™' and 0.003495,
respectively. The residual stresses in components of full
cell can be calculated using (6)-(10). Computed stresses
are presented in Table 2.

Examination of surface profiles were made to deter-
mine the curvatures of the disk-shaped anode, half-cell
(anode-electrolytes) and cell (anode-electrolyte-cath-
ode). The surface profiles of anode before electrolyte
deposition (A), half-cell after electrolyte deposition

Flat anode

A

Electrolyte

Flat anode

Electrolyte joining at
EBD temperature

Half-cell at cathode
joining temperature

¥

Cathode

\____Electrolyte ™

Anode

Cathode joining

Fig.3 Schematic of successive joining layers in SOFC

Table 2 Calculated residual stresses in full cells at 293 K

SOFC component Residual stresses (Mpa)

x=0 X=w, X=Ww, X=w

Anode without microcracks/electrolyte with microcracks/cathode
without microcracks: cell curvature k= —0.361 m™'

Anode 14.4 -26.9 - -
Electrolyte - -3124 -313.1 -
Cathode - - 186.5 186.2

Anode without microcracks/electrolyte with microcracks/cathode
with microcracks: cell curvature k= —0.206 m™"

Anode 83 -153 - -
Electrolyte - -310.0 -3104 -
Cathode - - 131.3 131.2

w;=990 um, w,=1000 pm, w= 1050 um

before cathode joining (B) and full cell at room tem-
perature after cathode joining (C) are shown in Fig. 4. It
was found that the experimental values of the curvature
at room temperature are 0.0097 +0.0211 m~' (anode),
0.212+0.027 m™" (half-cell without microcracks) and
—-0.215+0.069 m™' (cell with LSCF cathode), respectively.
Such curvature values indicate that there are significant
residual stresses in half-cells and cells, while those are
practically absent in the anode. The measured curvature
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Fig.4 The surface profiles: a anode before electrolyte deposition;
b half-cell after electrolyte deposition before cathode joining; c full
cell at room temperature after cathode joining. The dashed lines
correspond to profiles with removed roughness
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Fig. 5 Dependence of the curvature of half-cells and cells on tem-
perature; dark and light circles indicate experimentally measured
room temperature curvature of the half-cells and cells, respectively;
the dashed line corresponds to the deposition temperature of the
electrolyte (1173 K): 1—half-cell without microcracks; 2—half-cell
with microcracks; 3—full cell with LSCF cathode
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of a full cell clearly shows the microcracking of cathode,
because the calculation indicates a much larger absolute
value of the curvature of the cell in the case of cathode
without microcracks (Table 2). The calculated curvatures
are 0.210 for half-cell without microcracks and -0.206 for
cell with LSCF cathode. Therefore, the experimental cur-
vature values are in good agreement with the calculated
ones for room temperature (Fig. 5).

Experimental verification of thermal stress calculation
for half-cells was also performed by biaxial ring-on-ring
bending tests [5]. It was found that the strength of the
anode samples is 41.5 +4.0 MPa, and that of the half-cell is
29.8+ 3.1 MPa. The half-cells were tested in such a way that
the applied tensile stress generated was in the electrolyte.
In this case, the residual tensile stress in the anode near
the anode/electrolyte interface is added to the applied
tensile stress. Thus, the anode near the interface is the
weakest link in the half-cell, and the failure of the half-
cell originates in the anode. A characteristic feature of the
stress—strain diagram of half-cell is the significant increase
in compliance immediately before failure (Fig. 6). The onset
of this increase in compliance corresponds to the begin-
ning of anode fracture, although complete failure of the
half-cell occurs after the electrolyte fracture. The anode
fracture in the half-cell occured at a stress of 28.1 + 3.0 MPa.
This decrease in the anode strength (13.4 MPa on average)
resulted from residual tensile stress in the anode near the
anode/electrolyte interface. The corresponding calculated
residual stress equals to 16 MPa, being in good agreement
with the decrease in the anode strength. Therefore, the
residual stress calculation is verified by experimental data.

One can see that tensile residual stresses in the elec-
trolyte can appear when the half-cell is heated to tem-
peratures above the temperature corresponding to the

45
40
35
30
25
20
15
10

Stress, MPa

0 0.0005
Strain

0.001

Fig.6 Stress—strain diagram for biaxial bending tests of anode
samples and half-cells; arrow indicates onset of essential compli-
ance increase: 1—anode; 2—half-cell
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Fig.7 Microstructure of electrolyte after EBD and annealing: a tem-
perature difference of 150 K; b temperature difference of 300 K

anode/electrolyte joining. A certain temperature dif-
ference and corresponding residual stresses can cause
microcracking. Calculation of residual stress in SOFC
components can predict critical temperature differ-
ence above which microcracking occurs in individual
elements of the fuel cell. The stress of microcracking
onset for 10Sc1CeSZ electrolyte is 82 MPa [5]. The criti-
cal temperature difference corresponding to this stress
is found to equal to 195 K using the method described
here. Microstructure of electrolyte after EBD and anneal-
ing is shown in Fig. 7. Temperature difference of 150 K
(below critical difference) results in the practical absence
of microcracking (Fig. 7a) while the difference of 300 K
(above critical difference) leads to appearance of micro-
cracks (Fig. 7b). Critical temperature difference predic-
tions allow choosing technological regime to avoid
microcracking in SOFC components.

5 Conclusions

1. A method was proposed to evaluate thermal residual
stresses in anode-electrolyte (half-cell) and anode-
electrolyte-cathode (full cell) when the electrolyte

layer and the cathode layer are joined successively at
different temperatures. The calculations were shown
to provide good agreement with experimental data.

2. Heating the half-cell to temperatures above the tem-
perature corresponding to the anode/electrolyte
joining results in the appearance of tensile residual
stresses in the electrolyte, which can cause microcrack-
ing to occur at a certain temperature difference.

3. Upon successively joining layers at different tempera-
tures, the cathode is attached to the anode-electrolyte
system having a noticeable curvature.

4. Evaluation of residual stresses in the anode-electrolyte
(half-cell) and the anode-electrolyte-cathode (full cell)
systems can predict microcracking in individual ele-
ments of the fuel cell resulting in loss of its efficiency
or impeding its operation.
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