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Abstract

Traditional seals for planar solid oxide fuel cells (pSOFCs) are rigid glass and glass—ceramic, which have caused the problem of being unable
to replace malfunctioning components. Non-glass sealants have become a recent trend. In this paper, fumed silica-infiltrated alumina—silica fiber
paper gaskets were investigated as a novel compressive seal for planar solid oxide fuel cells. The leak rates decreased with increase of the silica-
infiltration amount and the compressive load. Samples pre-stressed at 10 MPa indicated far superior sealing characteristics, with leak rates as low
as 0.04 sccm cm™! at a 1 MPa compressive stress and a 10 kPa pressure gradient, and 0.05 sccm cm™! for 0.05 MPa, and a 1.4 kPa pressure gradient.

© 2006 Elsevier B.V. All rights reserved.

Keywords: SOFC; Compressive seals; Ceramic fiber; Fumed silica

1. Introduction

Planar solid oxide fuel cells (pSOFCs) can provide higher
power density than tubular SOFCs, but require high temper-
ature sealants, which are not required in tubular SOFCs. The
sealant needs not only to be stable in the dual oxidizing and
reducing environments but also has to be electrically insulating
and chemically compatible with the other fuel cell components
[1,2]. A durable sealant is at or near the top on the list of the
many technical hurdles hindering the advance of SOFCs.

So far, most SOFC seal development has focused on boned,
rigid seals, which essentially “glue” the stack components
together [3—6]—primarily glass and glass—ceramics. The advan-
tage of the rigid seals was that the thermal expansion coefficient
(TEC) of the glass—ceramics could be adapted to other stack
components by controlling the phase content [3]. However,
glass—ceramics were disadvantageous for long-term stack oper-
ation, and tended to react with the electrodes and interconnects
at the high SOFC operating temperatures [4]. Furthermore, a
non-destructive dismantling of the stacks due to malfunctioning
components was impossible.
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Compressive seals were developed to overcome the disadvan-
tages of rigid glass based seals. The major advantage of compres-
sive seals was that the seals were not rigidly fixed to the other
SOFC components, so that an exact match of thermal expan-
sion was not required. This allowed the cells and interconnects
to expand freely during thermal cycling and operation, thus,
replacement of malfunctioning components became possible.
Currently, two kinds of materials are developed for compressive
seals: deformable metallic and mica-based seals. Deformable
metallic, for example, corrugated or C-shaped gaskets fabricated
from superalloys, were designed to maintain high-temperature
strength and oxidation resistance to maintain a seal due to the
applied pressure [3,7,8]. The best data was obtained in a sand-
wich arrangement sheet. The leak rate was 0.05sccmem™!
at 0.7 MPa. However, this was not suitable for SOFC sealing
because of the occurrence of short circuits [7,8]. Compressive
single layer, multi-layer mica seals or hybrid mica, which added
a glass interlayer, have been tested by Chou [9-16]. Systematic
investigations have reported the sealing effect of plain mica or
hybrid seals. It was noticed that the leak rates decreased sharply
with hybrid seals compared to plain mica, and provided the bet-
ter adaptation of the TEC between adjacent stack components
and glass during thermal cycling at 800 °C. However, a compli-
ant glass interlayer was required for the hybrid mica-based seals
to reduce the leak rates. The problem of replacing the com-
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Table 1
Physical properties of ceramic fiber [17]
Property Values
Composition Al 03 >45%, SiOy > 51%, Fe;03 < 1.2%
Na;0 + K20 <0.5%, TiO; <0.3%CaO 1.21%
Diameter (pm) 2-5
Length (mm) 30-250
Porosity >90%
Volume resistivity at >100
850°C (2 cm)
Thermal conductivity ~0.0255
(Wm™ K1)
Elastic recovery >93.35%

ponent could not be solved. In boric acid or bismuth nitrate
infiltrated-mica, the leak rates tended to increase rapidly after
several thermal cycles because of the volatilization of B,O3. The
objective of the present study is to develop a non-glass compres-
sive seal offering constant or low leak rates (<3% fuel loss) for
SOFCs sealing.

Ceramic fiber is an insulation made of an alumina-silica
composition. It resists oxidation and is easy to fabricate and
install. In addition, it is flexible with an elastic recovery higher
than 93.35%. It is widely used in high temperature kilns (nor-
mally >1000°C) for long times, also in furnace insulation
and high temperature gaskets. Most of its characteristics meet
the demands for SOFC sealing. The physical properties of
alumina-silica fiber are listed in Table 1 [17].

However, because its porosity is higher than 90%, infiltration
is required for its application to SOFC sealing to reduce leak
rates. Selection of an appropriate infiltrant is very important.
Apart from effectively reducing the leak rates, the infiltration
must be insulating and have chemical stability in the SOFC envi-
ronment.

In water, fumed silica has a high dispersion and has a chain-
like particle morphology forming colloid silica. The fumed
silica bond together via weak hydrogen bonds form a three-
dimensional network. After drying, the colloid silica with a
size much larger than that of fumed silica filled in the voids
of the fiber, effectively reducing the leak rates. In this paper,

commercially available fumed silica with a particle size of
15-30 nm was chose as the infiltrant. The fumed silica-infiltrated
alumina-silica fiber gaskets were used as pSOFC seals initially.

2. Experimental methods

Commercially available alumina—silica fiber paper gaskets
of 5 mm thickness were cut into 6 cm x 6 cm pieces with a 2 cm
diameter center hole and were then pre-heated at 700 °C for
1h to burn out the organic binder. Fiber paper was dipped into
various concentrations of fumed silica solution for 10 min. The
concentration was 50, 100 and 150 g L~! and the weight of fiber
paper increased by 38.8, 68.8 and 100 wt.%, respectively. After
filling, the fiber paper was totally dried at 80 °C for 8 h before
leak testing. To suppress the formation of colloid silica before
infiltration, an ultrasonic cleaner was used during infiltrating.

Leak rates of the fiber paper with different infiltrating
amounts of fumed silica with and without pre-compression were
tested. The pre-compression was 10 MPa for 10 min. Samples
were placed between an SS430 cylinder and a SS430 steel plate
and then heated to 850 °C. The SS430 cylinder had 2 cm inner
diameter and 4 cm outer diameter and was 3 cm in height. A
compressive stress of 1-10 MPa or 0.05-0.1 MPa was applied
to the cylinder. A 150 cm? gas reservoir was kept under ambient
conditions and connected to the samples via a I mm inner diam-
eter SS430 tube. Two pressures: 1.4 and 15.0kPa were used.
1.4 kPa is likely to be close to the actual planar SOFC pressure
[18] while 15.0 kPa may be considered an upper limit. The line
between the nitrogen source and the reservoir was then closed,
and the resulting pressure decayed in the reservoir with respect
with time from 15.0 to 2.0kPa or 1.4 kPa to 0. A schematic of
the leak rate test is illustrated in Fig. 1. From the pressure decay
versus time data, leak rates could subsequently be calculated
using the equation [12].

_(P—=P)V

1
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where L is the leak rate, sccmem™! (standard cubic centime-
ter per minute per centimeter), V the reservoir volume and P
is the pressure. Subscripts i and f represented the initial and
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Fig. 1. Schematic of seal testing machine.
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final conditions and C is the outer length of the SS430 cylinder
circumference (12.56 cm).

The morphology of samples were analyzed by scanning elec-
tron microscopy (HITACHI S4700). The chemical stability of
the infiltrated ceramic fiber paper and colloid silica were mea-
sured by the mass loss in hydrogen at 800 and 850 °C for 20 h.

3. Results and discussion

With different infiltration amounts, leak tests on both samples
with and without pre-compression were conducted. The leak
rates were expressed as a function of the outer circumference of
the cylinder SS430.

3.1. Effect of infiltration on leakage

The effect of infiltration on the leakage is showed in
Fig. 2. The leak rates were tested under a 4 MPa compres-
sive load and it was found to be 4.6sccmcm™! for the
ceramic fiber without any infiltration. Under this same con-
dition, 3.5sccmem™! (38.8 wt.% infiltration), 1.0 sccmcm™!
(68.8 wt.%), 1.0 sccm cm ™! (100 wt.%) were found for different
infiltrations. It was clear that the leak rates were reduced with
increase of the infiltrating amount. From the microstructural
examination of the ceramic fiber with and without infiltration
in Fig. 3, it was found that the fiber without infiltration inter-

251 m
_ ®  without infiltration
' 20+ ® 388wt%
S A 6BBWI%
§ v 100.0wt%
B 15 .
@
L
3 .
x 10}
(]
-
[ ]
Sk [ ]
° v
x A
* I
0 f 1 N L s 1 . L R 1 R 1 "
2 4 6 8 10 12 14 16

Pressure gradient/kPa

Fig. 2. Effect of infiltration to the leakage at 4 MPa compressive load.
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Fig. 4. Leak rates of the samples with different compressive load.

laced each other as a meshwork, forming 3D leakage paths and
leaving spaces in the fiber. The leak rates were high. The infil-
trated fumed silica formed colloid silica after drying with the
size of most colloid silica being larger than 4 pm, compared
with the size of fumed silica was in the range of 15-30 nm. The
colloid silica filled in the spaces between fibers, reducing the gap
abruptly. These colloid silica fillings then blocked the leakage
paths, resulting in lower leakage. However, 1.0 sccmem™! was
still too high for SOFCs sealing.

3.2. Effect of compressive load on leakage

The effect of applied compressive load was also investigated.
The results are shown in Fig. 4. It is clearly seen that the leak-
age decreased with the increase of compressive load for all the
samples. At a 10 kPa pressure gradient, it was 18.49 sccm cm™!
at 1 MPa, compared with 0.11 sccm cm~! at 10 MPa, a 170-fold
reduction. This is easily understood, because a more hermetic
seal was achieved with higher compressive loads at the interface
between the SS430 cylinder and the fiber paper, together with the
interface between the fiber paper and the steel plate. Also, higher
compressive loads closed the fiber paper. This was evident when
the compressive load was increased from 4 to 6 MPa, the leak
rates decreased rapidly, this was shown in Fig. 5. For example,
for the 38.8 wt.% samples, it was 11.10 sccm cm~! at 4 MPa but

without infiltration

Fig. 3. SEM image of the fiber paper with and without infiltration.
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Fig. 5. Leak rates of the samples at 4 and 6 MPa compressive load.
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Fig. 6. Leak rates of the samples with and without pre-compression.

was 0.65 sccmecm™! at 6 MPa, i.e. it was reduced about seven-
teen times. The effect of the compressive load on the leakage
was much weaker when the compressive load was higher than
6 MPa. At 8 MPa, for instance, it was 0.31 sccm cm ™!, reduced
by only one order of magnitude compared with that at 6 MPa.
However, 0.65 sccmcem™! at 6 MPa is unacceptable for SOFC
sealing.

] before pre-compression

3.3. Effect of pre-compression

To reduce the leak rates further, a pre-compression method
was employed. The leak rates of the samples with and with-
out pre-compression are showed in Fig. 6. It can be seen that
the pre-stressed samples indicated far superior sealing charac-
teristics than those without pre-compression, especially at a low
compressive load. With a 10 kPa pressure gradient and a 1 MPa
compressive load, it was 18.49 sccmcm™! while for 100 wt.%
samples with pre-compression, it was only 0.04 sccmem™!, i.e.
reduced by about 460 times. However, the effect of increasing
the applied compressive stress was much weaker for the samples
with pre-compression. For example, the leak rate was reduced
about 50% (from 0.03 to 0.02 sccmecm™!) when the compres-
sive stress increased from 4 to 6 MPa. The fact that the leakage
of the pre-stressed samples was less dependent on compressive
load also demonstrated that it was more hermetic.

There were two paths for leaks: one was from the interface
between the fiber paper and steel cylinder or the interface of
ceramic fiber and steel plate; the other was through the fiber
itself. SEM images of infiltrated fiber before and after pre-
compression in Fig. 7 indicate that there were many cracks in
the samples before pre-compression. The colloid could not fill
these cracks in the fiber entirely, so leakage occurred through the
cracks in the fiber. However, no cracks or holes could be seen
in the samples after pre-compression. This demonstrated that
the pre-compression would make cracks disappear in the fiber,
reducing the leakage. The surface SEM image of the fume-silica
infiltrated ceramic fiber with and without pre-compression is
showninFig. 8.Itis evident that there are many cracks in the fiber
paper before pre-compression. Because there are long and irreg-
ular grooves on the cylinder [12], the colloid with cracks could
not hermetically seal the groove. Leakage occurred through
the interface. However, the surface of the samples with pre-
compression were flat. Few cracks could be seen. This showed
that the colloid silica filled most of the grooves and effectively
blocked the continuous 3D leak in the interface between the fiber
paper and cylinder, and the interface between the ceramic fiber
and steel plate.

This finding showed that the pre-compression method effec-
tively reduced the leakage, since it was possible that the
alumina-silica fiber could be initially compressed at high load
to give improved sealing.

(b)

after pre-compression

Fig. 7. SEM image in the fiber with and without pre-compression.
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(a)
without pre-compression

(b)

with pre-compression

Fig. 8. SEM images of the fiber surface with and without pre-compression.

We also compared the mica-based compressive seals with
a 1.4kPa pressure gradient, which was likely to be similar
to the actual planar SOFC conditions. The compressive load
was 0.05 MPa (7.35 psi) and 0.1 MPa (14.7 psi). The leak rate
was 0.04sccmem™! for 100 wt.% sample at 0.05MPa and
0.03 sccemem ™! at 0.1 MPa. For the glass (20 vol.%)—mica com-
posite, it was 0.04-0.05sccmem™! at 0.02MPa (3 psi) com-
pressive load, 0.011-0.015sccmem™! at 0.0827 MPa (12 psi)
[16]. For an anode supported SOFC (anode thickness >1 mm,
10cm x 10 cm), at 0.05 MPa compressive stress would require
500 N. The PEN would be kept intact at this compressive load
(at least in our lab). Though the leak rate was slightly higher for
infiltrated fiber than that of glass—mica composite seals, no glass
was required.

For the plain muscovite single crystal the leak rate was
0.05sccmem™! at 2.07 MPa, 10.3 kPa pressure gradient [12],
and for the metal/mica composites compressive seal it was
0.05sccmem™! at a 0.7 MPa compressing load, but it was not
deemed to be suitable because of short circuits [7,8]. However,
it was only 0.03sccmem™! at 2MPa and 0.04sccmem™! at
1 MPa of 10 kPa pressure gradient for the fumed silica-infiltrated
alumina-silica fiber paper. The leak rates of the fumed silica-
infiltrated fiber was only about half that of the plain muscovite
SC, and lower than the metal/mica composites seals, so it is a
promising compressive seal for SOFC.

To estimate the leakage using these seals in an SOFC stack,
we assume that the active area of each cell was 8 x 8 =64 cm”
with the outer seal length of 4 x 15 =60 cm per cell. The operat-
ing current density of 0.7 A cm? needed 470 sccm. Considering
a fuel utilization of 80%, 584 sccm was required. Assuming a
10.0kPa pressure gradient (upper limit) across the seal and a
leak rate of 0.04 sccmcm™! for the pre-stressed samples with
100 wt.% fumed silica-infiltrated and at 1 MPa compressive
load, then the total leakage was only 0.4%.

3.4. Chemical stability

There is concern that as to whether colloid silica and infil-
trated ceramic fiber paper are stable in a reducing environment.
For colloid silica, the rate of mass was 3.0 x 1073 g cm~2h~!at

800°C and 1.2 x 10~*gem~2h~! at 850 °C, respectively. For
infiltrated ceramic fiber paper, it was 1.5 x 107> gecm™2h~! at
800°Cand 8.0 x 1075 gecm~2h~! at 850 °C. This demonstrates
that colloid silica and infiltrated ceramic fiber are stable in a
reducing environment. The influence of the mass loss on leak
rate will be low because of the low rate of mass loss.

4. Conclusions

Fumed silica-infiltrated alumina-—silica fiber paper has shown
promising results for planar SOFC compressive sealing. The
leak rates decreased with increasing amounts of silica infiltra-
tion and under a compressive load. The pre-pressed samples at
10 MPa for 10 min indicated far superior sealing characteristics
than those without pre-compression, and the leak rates were as
low as 0.04 sccmcm™! with a 1 MPa compressive load, 10 kPa
pressure gradient, and 0.05 sccm cm ™! at 0.05 MPa compressive
load, 1.4 kPa pressure gradient. This was better than plain mica
and metal/mica composites seals. The rate of mass loss of col-
loidally deposited silica and infiltrated ceramic fiber paper was
very low at 800 °C.
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