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Abstract

Mechanical reliability is a critical parameter for both the assembling and long-term operation of solid oxide fuel cells (SOFCs). The mechanical
robustness of the SOFCs depends critically on the strength of the anode substrate. To enhance the mechanical strength, the density of the anode
substrate was increased. Three variations were chosen in addition to the standard-type SOFCs (4.7 gcm™): +5% (4.9 gcm ™), +10% (5.1 gcm™3) and
+15% (5.3 gcm ™). These SOFCs were characterised with respect to their bending strength, transport parameters, and electrochemical performance.

The experimental results showed that the mechanical strength of the anodes can be improved. The electrochemical performance was not

detrimentally influenced.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) with high power densities
[1-4] have already been used for stacks with various designs
developed at Forschungszentrum Jiilich [5]. The more recent
designs are based on the use of relatively thin sheet metal with
the aim of making the SOFC stack systems lighter and more
compact: a weight reduction between 80 and 90% is potentially
achievable, which has obvious advantages for use as automo-
tive power units. With such a design, the anode substrate cells
need to exhibit sufficient strength to withstand handling dur-
ing stack assembly and operation under stationary and thermal
cycling conditions. The effect of varying the porous ceramic
anode substrate density is one means of potentially realising
such an increase in the mechanical strength of the cells. The
SOFC:s are characterised with respect to their bending strength,
transport parameters, and electrochemical performance.

2. Experimental

FZJ-type anode-supported single cells with dimensions of
50 mm x 50 mm were used for electrochemical measurements
and are based on an anode substrate (thickness: ~1 mm),
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an anode functional layer (AFL) (thickness: 8 wm) and an
electrolyte (thickness: ~10 wm). The anode substrate consists
of a porous composite of NiO and zirconia stabilised with
8mol% yttria (8YSZ). In addition to the standard density of
the anode substrate in the oxidation state, which is set at 100%
(4.7gcm™3), also higher densities of the substrate were pro-
duced, i.e. +5% (4.9gcm’3), +10% (5.1 gcm’3), and +15%
(5.3 gcm™3). Regarding bending strength tests, the dimensions
of the samples were about 24 mm x 24 mm. In this case, the
samples consisted only of an anode substrate, an anode func-
tional layer, and an electrolyte. The processing conditions were
similar to those for the 50 mm x 50 mm samples.

The Lag 65519.3Mn0O3/YSZ cathode functional layer, with a
thickness of 10 wm, is based on a mass ratio of 50/50. The thick-
ness of the cathode current collector layer type Lag 65519 3MnO3
was between 70 and 80 wm. Both layers were applied by screen
printing, followed by co-firing at 1100 °C. The area of both lay-
ers was 40 mm x 40 mm. More information on the production
route can be found elsewhere [1-10].

Electrochemical measurements of single cells were per-
formed in an alumina test housing placed inside the furnace.
In order to obtain sufficient electronic contact between the cell
and the electronic devices, at the anode side a Ni mesh was
used and at the cathode side a Pt mesh. More information on the
experimental method is given in references [1-4].

Determination of transport parameters of the fuel gas in
porous media is based on the mean transport pore model
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(MTPM) [11-13]. The MTPM assumes that the decisive part
of the gas transport takes place in pores which are regarded as
cylindrical capillaries. The main model parameters to be calcu-
lated are the mean radius (r) of the capillaries, the mean of the
square of the radius of the transport pores (1) and the factor
Y = e1/t, which is the ratio of the porosity of the transport pores
et and the tortuosity factor 7. The diffusion processes of gases
are described by the modified Maxwell-Stefan equation [12].
For more information on the testing unit and test performance,
see references [14,15].

To assess the mechanical stability of SOFCs bending strength
tests with small samples (20 specimens per set) were carried out
in accordance with the European Standard EN 1288-1 “Glass in
Building. Determination of the Bending Strength of Glass. Part
1: Fundamentals of Testing Glass”. This document describes
in detail the procedure for determining the bending strength
of monolithic glass using the so-called ring-on-ring test. This
procedure was used here to determine the bending strength of
the anode substrate. Although this approach is only valid for
isotropic materials, it can also be used for the underlying anode
substrates with a thickness of about 1 mm, since the thin elec-
trolyte, which has only a minor effect on the strength, can be
neglected [16—18]. Since the test procedure was used to deter-
mine the bending the strength of the anode substrate, and the
thin electrolyte (10 wm) has only a minor effect on the strength,
specimens including a cathode layer with a thickness of about
80 pm, thus much thicker than the electrolyte layer, cannot be
used. In that case, the presence of the cathode layer could not
be neglected anymore. The strength in the ring-on-ring method
[16] can be calculated from:
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where op is the bending strength (MPa), u the Poisson ratio, 7
the radius of the inner ring, r, the radius of the outer ring, r3
the radius for round samples, F the applied force, and # is the
thickness of the sample.

Table 1

For the square samples used an effective radius 73 e has to
be substituted for 3 defined as:
(1+~2)L

— ~ 0.60L
2 2

Failure characterisation usually relies on Weibull statistics.
From the fracture stress values the associated characteristic
strength and Weibull modulus are determined using the so-called
maximum likelihood method as outlined in DIN EN 843-5.
These two parameters are used to assess the potential effect of
a density variation.

The stoichiometry of the various powders was verified by
optical spectroscopy (ICP-OES) and the phase purity by X-ray
diffraction (Siemens D 500). Grain size distribution measure-
ments of powders were carried out by a Fritsch Analysette 22
with software version 1.8.0. SEM analysis was performed using
a Gemini electron microscope (LEO 1530).

r3.eff =

3. Results and discussion

The current densities at 700 mV and the area-specific resis-
tance between 650 and 900 °C of the cells are listed in Table 1.
Calculations of the current density at 700 mV at exact temper-
atures are based on inter- or extrapolation (for I>1.25 A cm™2)
using a 2nd or 3rd order polynomial function. Calculations of
the area-specific resistance are based on linear regression or
linear extrapolation of the current—voltage curves at 700 mV.
From this table it is clear that the area-specific resistance and
thus the current density were not obviously affected by gravi-
metric variations in the density of the anode. Fig. 1 shows,
as an example, the current—voltage curves for a single cell
with a deviation of +10% from the standard density of the
anode.

The transport parameters characterising the porous structure
of the anode according to the mean transport pore model are (a)
the (@) factor; (b) the (r>¥) factor; (c) the ¥ factor, which can
be considered as the ratio of the porosity of the transport pores
and the tortuosity factor; (d) (r) the mean radius of the transport
pores. These parameters were obtained by numerical solutions.

Average values of calculated current densities (CD) and area-specific resistance (ASR) at 700 mV for LSM-type single cells with variations in the substrate density

(A cm™2, mQ cm?, both at 700 mV) between 650 and 900 °C

Temperature (°C) Standard Standard + 5% Standard + 10% Standard + 15%

Current density (A cm~2)
900 2.30 £ 0.10 1.94 + 0.05 2.01 £ 0.02 2.07 £ 0.01
850 1.95 £ 0.04 1.76 £ 0.03 1.81 £ 0.02 1.84 £+ 0.01
800 1.49 £ 0.02 1.43 £ 0.03 1.46 + 0.01 1.46 + 0.01
750 0.99 £ 0.01 1.02 + 0.02 1.03 £ 0.01 1.01 £ 0.03
700 0.59 £ 0.01 0.63 £ 0.02 0.63 £ 0.02 0.62 £ 0.03
650 0.33 £ 0.01 0.35 £ 0.01 0.34 £ 0.01 0.33 £ 0.01

Area-specific resistance (m€2 cm?)
900 127 £5 147 £ 2 150 £ 2 152 +£2
850 151 +£3 165 £ 2 167 £2 167 £2
800 190 £+ 2 203 £ 2 200 £+ 2 202 +£2
750 258 £ 6 300 £ 7 288 £ 6 278 £5
700 423 £ 10 462 + 11 443 + 10 437 + 10
650 750 £ 21 834 + 22 804 + 17 760 £ 19
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Fig. 1. Current—voltage and power output curves for a 16 cm? single cell with
LSM cathode and including an anode with a deviation of +10% from the standard
density. Fuel gas: Hp (3% H,0)=1000 ml min~!; oxidant: air= 1000 ml min—".

The transport parameters (r#) and (r2¥) derived from the per-
meation measurements are shown in Fig. 2. It appears that these
factors decrease with increasing anode density indicating a lower
permeability for the gases used. This tendency was observed
for the anodes in the oxidised as well as in the reduced state,
although the absolute values are smaller for the oxidised anode.
The mean pore radius of the anode and the ¥ factor, which
were calculated from both diffusion and permeation measure-
ments, are shown in Fig. 3. It is clear that the ¥ factor decreases
with increasing anode density. The mean pore radius of the dif-
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Fig. 2. Transport parameters, related to the permeation measurements from the
MTPM model as a function of the deviation from the standard density of the
anode: (a) (2 W) factor; (b) (r¥) factor.
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Fig. 3. Transport parameters from the MTPM model and calculated from the
permeation and diffusion measurements as a function of the deviation from the
standard density of the anode: (a) ¥ factor; (b) mean pore radius (r).

ferent anodes types is not affected within the limits of uncer-
tainty.

The characteristic bending strengths obtained using the ring-
on-ring test of samples with different anode substrate densities
are given in Table 2. The bending strength increases for the
series with a higher density as compared to the standard produc-
tion. However, no strength difference is measurable between
the series with various higher substrate densities. With respect
to the Weibull modulus, the values for the +5 and +15%
series are only slightly lower. In the case of the series with
+10%, the bending strength is slightly higher than that of the
series +5 and +15%. However, in this case the slightly lower
Weibull modulus potentially results in a higher failure probabi-
lity.

Table 2
Average values of bending strength and Weibull modulus for a series of single
cells including various densities of the anode substrate

Density Characteristic bending Weibull modulus
strength (MPa)

Standard 70.7 £ 2.4 8.1+27

Standard + 5% 88.0 £24 77 £ 1.7

Standard + 10% 90.3 £33 59+ 14

Standard + 15% 88.7 + 2.1 73+ 13
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4. Conclusions

Thin anode substrates with a thickness of about 1 mm and
higher density were successfully produced for the fabrication
of anode-supported cells. The experimental results permit the
following conclusions with respect to variations in the substrate
density:

e The permeability, given by (%) and (*¥), decreases with
increasing gravimetric density of the anode, although the per-
meability of cells in the oxidised state is always lower than in
the reduced state.

e The W-factor decreases with increasing anode density. The
effect is always smaller for cells in the oxidised than in the
reduced state.

e The mean pore diameter is not measurably affected by density
variations, but is always higher for cells with anodes in the
reduced state.

e The electrochemical performance is not affected within the
limits of uncertainty by variations in the density of the anode.

e The characteristic bending strength is higher for cells with a
higher anode density. However, no differences are measurable
between the specimen sets with increased density.
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