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Abstract

Planar solid oxide fuel cells (SOFCs) require sealants to function properly in harsh environments at elevated temperatures. The SOFC
stacks are expected to experience multiple thermal cycles (perhaps thousands of cycles for some applications) during their lifetime service
in stationary or transportation applications. As a result, thermal cycle stability is considered a top priority for SOFC sealant development.
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n previous work, we have developed a hybrid mica-based compressive seal with very low leak rates of 2–4× 10 to 10 sccm cm at
00◦C, and showed stable leak rates over limited thermal cycles. In this paper we present results of long-term thermal cycle test

hermal cycles) of Phlogopite mica-based compressive seals. Open-circuit voltage (OCV) was measured on a 2 in.× 2 in. 8-YSZ plate with
he hybrid Phlogopite mica seals during thermal cycling in a dual environment (2.75% H2/Ar versus air). During two long-term cycling tes
he measured OCVs were found to be consistent with the calculated Nernst voltages. The hybrid mica seal showed excellent th
tability over 1000 thermal cycles and can be considered a strong candidate for SOFC applications.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Planar solid oxide fuel cells require a special sealant or
ealants in order to function properly at elevated tempera-
ures in the SOFC environment, which involves exposure to
oth oxidizing (air) and reducing (fuel) atmospheres. The
ealant needs to provide zero or low leak rates to avoid di-
ect mixing of the fuel and oxidant gases or leakage of fuel
as from the stack. It has to demonstrate long-term thermal
nd chemical stability in the SOFC environments (5000 h or
ore). Finally, it has to survive multiple thermal cycles (pos-

ibly thousands of cycles for some applications) during life-
ime service in stationary or transportation applications. To
o so, it has to be able to withstand transient stresses devel-
ped during startup or shutdown, and residual stresses due

o mismatch in thermal expansion of different SOFC stack

∗ Corresponding author. Tel.: +1 509 375 2527; fax: +1 509 375 2186.
E-mail address:yeong-shyung.chou@pnl.gov (Y.-S. Chou).

components. Currently, there are three primary approa
for SOFC seal development: rigid glass (or glass-cera
and glass fiber composite) seals[1–5], metallic brazes[6,7],
and compressive seals[8–12]. Among these studies, no
has investigated the long-term thermal cycle stability (
hundreds of cycles or more). As the thermal cycle stab
appears to be a top priority for SOFC seal development
paper reports the results of long-term thermal cycle testi
compressive mica seals. This study is a continuation of
vious work on the “hybrid” mica compressive seal which
exhibited very low leak rates compared to conventional m
gasket seals[6], and also demonstrated thermal cycle sta
ity over a limited number of thermal cycles. In this pap
we present results for two long-term thermal cycle sta
ties of two “hybrid” mica seals. Open-circuit voltage (OC
was used to characterize the thermal cycle stability of t
mica seals using a standard 8-YSZ electrolyte plate. In
tion, leak rates were measured and compared to the esti
calculated from OCVs.
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2. Experimental

2.1. Materials and processing

The mica used in this study is a commercially available
Phlogopite mica paper (McMaster-Carr, Atlanta, GA). The
mica paper is composed of discrete mica flakes overlapping
with each other[12]. The thickness is about 0.004 in. and the
paper contains 3–5% of organic binders. In this study, two
“hybrid” mica seals (i.e., mica paper sandwiched between
two glass layers[8]) were tested for long-term thermal cy-
cle stability. The glass layers were made by tape casting of
a Ba–Al silicate glass developed at PNNL for SOFC sealing
applications. The cast glass tapes had a thickness of about
0.015–0.020 in. after drying. The compressive stresses ap-
plied to the seals were 100 psi (sample #1) and 50 psi (sam-
ple #2). The compressive load was applied using a pneumatic
cylinder and compressed air.

2.2. Open-circuit voltage test

In order to assess the sealing capability of the seals, OCV
tests were conducted using 2 in.× 2 in. dense 8-YSZ plates
prepared by slip casting 8-YSZ powders (TOSOH, Zirco-

F
c

nia, TZ-8Y, Japan), followed by sintering at 1450◦C for 2 h.
The sintered plates were machined to the desired size (2 in.
× 2 in.) and thickness (∼1–2 mm), and then screen-printed
with silver paste on both sides. After electrode sintering, Pt
wire leads were connected for the OCV tests. A dense 8-
YSZ plate was pressed between an Inconel600 top cap (2 in.
×2 in. with a wall thickness of 0.2 in.) and an alumina bot-
tom support. The hybrid mica seals were placed between the
8-YSZ plate and the Inconel600 fixture. A schematic draw-
ing of the OCV test fixture and the mica seal arrangement
is shown inFig. 1. The OCV measurements were conducted
at 800◦C after dwelling at temperature for about 1.5–2 h. A
low-hydrogen content gas (2.55–2.71% H2/balance Ar with
∼3% H2O) was used as the fuel with variable flow rates. Air
was used as the oxidant on the cathode side with a flow rate of
100–200 sccm (standard cubic centimeter per minute). The
samples were first fired slowly to 600◦C for binder burnout,
followed by heating to 850◦C for 1 h and then cooling to
the test temperature (800◦C) for 2 h. After the first dwell at
800◦C for 2 h, the samples were furnace cooled to 100◦C
to initiate thermal cycling. The temperature profiles for the
thermal cycling are shown inFig. 2 for sample #2 (pressed
at 50 psi). Sample #1 (pressed at 100 psi) was cycled with
a different profile, i.e., rapid heating from 100 to 800◦C in
ig. 1. Schematic showing the open-circuit voltage test fixture (2 in.× 2 in.) of de
ap was made of Inconel600 with four 1/4 in. Inconel600 tubes. The 8-YSZ p
nse 8-YSZ plate with compressive mica seals on the fuel side. The pressing
late was supported on an alumina block with three bottom holes for airflow.
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Fig. 2. Typical temperature profile for initial heat treatment and subsequent thermal cycling of seal sample #2 (50 psi). Sample #1 (100 psi) was heatedmore
rapidly (100–800◦C in 35 min) and cooled slowly (in 5.5 h to 100◦C) during the thermal cycling period.

35 min, dwelling at 800◦C for 2 h, and cooling to 100◦C in
5 h and 25 min. Each thermal cycle took about 8 h, allowing
three cycles to be conducted each day.

3. Results and discussion

3.1. Choice of low-hydrogen fuel for OCV and thermal
cycle tests

A low-hydrogen fuel (2.55–2.71% H2/balance Ar) was
chosen for the long-term OCV and thermal cycling tests. The
use of a dilute hydrogen fuel allowed for establishment of re-
ducing conditions typical of the anode side of an SOFC with
no risk of fire or explosion during the seal tests. The equilib-
rium oxygen partial pressure at 800◦C was calculated to be
6.45× 10−19 atm for a 2.71% H2/Ar fuel (with 3% H2O),
1.68× 10−21 atm for a 50% hydrogen fuel (with 3% H2O),
and 4.2× 10−22 atm for pure moist hydrogen fuel (97%
H2/3% H2O). It is evident that the use of a low-hydrogen
fuel still provided a very reducing environment. The theoret-
ical (Nernst) voltage for the dilute hydrogen fuel versus air
across the 8-YSZ electrolyte is 0.934 V.

Another advantage of dilute hydrogen was an increased
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3.2. Long-term OCV and thermal cycling of hybrid mica
seal pressed at 100 psi

In the OCV tests, the fuel flow rate was fixed at 63 sccm.
This flow rate would correspond to an 80% fuel utilization
for a cell with an active area of 10 cm2 operating at a cur-
rent density of 0.75 A cm−2 on pure hydrogen (i.e., 97% H2
+ ∼3% H2O). The OCV versus number of thermal cycles
for the 2 in.× 2 in. 8-YSZ electrolyte plate with the hybrid
Phlogopite mica-paper seal (sample #1) pressed at 100 psi is
shown inFig. 3. This sample survived 1000 thermal cycles
when thermally cycled between 100 and 800◦C at a rapid
heating rate of 20◦C min−1. The initial (the first time reach-
ing 800◦C) OCV was 0.934 V, exactly matching with the the-
oretical (Nernst) voltage for 2.71% H2/balance Ar with 3%
H2O versus air at 800◦C. As the thermal cycles continued,
the OCV decreased to about 0.92 V in the initial∼50 ther-
mal cycles (Fig. 3B) after which the OCV stabilized for the
subsequent thermal cycles at 0.919 V± 2 mV, which is only
1.7% lower than the Nernst voltage. The drop of OCV in the
initial thermal cycles (Fig. 3B) is likely due to mica fracture
(cleavage) associated with these cycles[11]. For hybrid mica
seals, the glass interlayers will bond strongly to the mating
materials (Inconel600 and 8-YSZ in the present study) and
to the top several layers of the mica. During initial thermal
c fix-
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ensitivity to leaks during the OCV tests. During testin
ica seal was applied only on the anode side of the
late, and then compressed with the Inconel600 fixture
athode side of the YSZ plate was directly pressed again
lumina support block without any seals in-between. The
ina support block had several holes underneath for air
he gas pressure at the anode side was maintained s
igher than the ambient (∼0.2 psig) by using a downstrea
as bubbler filled with∼5 in. of water. Any leaked fuel wou
ave minimum effect on the cathode side since it would
ediately react with the air in the furnace chamber. On
ther hand, any air (21% O2) leaks into the anode chamb
hould have a more pronounced effect on the equilibrium
en partial pressure for a low-hydrogen (e.g., 2.71% H2/Ar)

uel compared to a pure hydrogen fuel (e.g., 100% H2).
ycling, the large CTE mismatch between the Inconel600
ure (∼17 ppm◦C−1), the mica paper (∼11 ppm◦C−1), and
he 8-YSZ electrolyte plate (∼10.5–11 ppm◦C−1) may form
ew fractures (leak paths) between the mechanically i

ocked flakes in the mica paper. Fortunately, after a few d
hermal cycles, the formation of additional leak paths ap
ntly ceased, as the OCV remained fairly constant. Ov

he hybrid seals demonstrated the desired long-term th
ycle stability.

.3. Long-term OCV and thermal cycling of hybrid mica
eal pressed at 50 psi

An identical hybrid Phlogopite mica seal (sample #2)
lso tested for long-term thermal cycle stability at a lo



Y.-S. Chou, J.W. Stevenson / Journal of Power Sources 140 (2005) 340–345 343

Fig. 3. OCV vs. thermal cycles of 2 in.× 2 in. 8-YSZ with hybrid mica seal
pressed at 100 psi: (A) OCV over the whole range of thermal cycles and (B)
OCV of the initial 50 thermal cycles. The fuel was 2.71% H2/Ar + ∼3%
H2O at a flow rate of 63 sccm, equivalent to 80% fuel utilization by a cell of
10 cm2 operating at a current density of 0.75 W cm−2.

applied compressive stress of 50 psi. Low compressive stress
requirements are desired for actual SOFC stack seals to pre-
vent the total compressive loads on the stack from being too
high to be practical. The results of the measured OCV ver-
sus number of thermal cycles are shown inFig. 4. The initial
OCV was 0.928 V, about 6 mV lower than the Nernst voltage
(0.934 V). The seal showed similar thermal cycle stability to
sample #1 in that most of the OCV drop occurred in the initial
∼50 cycles (Fig. 4B), but different behavior in that the OCV
continued to gradually drop to 0.906 V after 450 cycles. The
8-YSZ plate fractured at cycle #484, and the OCV dropped
to 0.72 V due to mixing of air and fuel through the fracture.
Considering the low concentration of H2 in the fuel (2.71%),
the effect of fuel leaking into air on the oxygen partial pres-
sure on the cathode side should be small. For the case of air
leaking into the anode side, one can calculate the equilib-
rium oxygen partial pressure at the anode side to be 5.76×
10−15 atm (for an OCV = 0.72 V at 800◦C). This corresponds
to an air leak rate of 3.87 sccm into the anode side or a nor-
malized leak rate of 1.9–3.9 sccm cm−1 (the fracture length
was found to be 1–2 cm). This simple calculation illustrates
that the leak rates through cracks in conventional rigid glass
seals could be 100 times higher than leak rates through hy-
brid mica seals. Also, such cracks yield highly localized leaks

Fig. 4. OCV vs. thermal cycles of 2 in.× 2 in. 8-YSZ with hybrid mica seals
pressed at 50 psi: (A) OCV over the whole range of cycles and (B) OCV of
the initial 60 thermal cycles. The fuel was 2.71% H2/Ar + ∼3% H2O at a
flow rate of 63 sccm, equivalent to 80% fuel utilization by a cell of 10 cm2

operating at a current density of 0.75 W cm−2.

at which a hot-spot may form and ultimately lead to entire
stack failure. Unlike the case for rigid glass seals, the leak
through mica seals should be evenly distributed since there
is a continuous network of voids between the discrete mica
flakes. As a result, a hot-spot may not form, and total stack
failure could be avoided even at higher leak rates.

3.4. Leak path in hybrid mica seals

It is important to point that the fuel was maintained at
a slightly higher pressure (∼0.2 psi) than the surrounding
air and the cathode side air. One would expect that the leak
path would be one-way, i.e., fuel leakage from the anode
side through the mica seal to the surrounding air, and that
the measured OCV would be the same as the Nernst volt-
age if there was no fracture in the YSZ electrolyte since the
cathode side was largely shielded from hydrogen leaks by
the alumina support (Fig. 1). That is, leaking dilute hydrogen
should react with the air surrounding the test fixture, causing
no change in the oxygen content on the airside of the YSZ
plate. This assumption is supported by the fact that variation
of the cathode airflow rate from 100 to 300 sccm resulted in
minimal change (a couple of minivolts) in OCV. The results
in Fig. 4clearly showed low OCVs were obtained, indicating
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the leak paths through mica seals were two-way, i.e., air into
the fuel side and fuel into the airside, even though the fuel
side was maintained slightly higher pressure than the airside.
Typically, the total gas flow (or leak =Ltotal) through porous
medium consists of two parts:

Ltotal = Lforced flow+ Ldiffusional flow (1)

whereLforced flowis the forced flow (leak) driven by a pressure
gradient andLdiffusional flow the diffusional flow (leak) driven
by concentration gradients. In the two long-term OCV and
cycling tests in this study, the deviations from the Nernst
voltage apparently are the result of air flowing into the fuel
side. Since the fuel was at a higher absolute pressure than
the air, it seems appropriate to attribute the leakage to the
diffusional flow of air into the fuel side driven by the oxygen
concentration gradient across the seal.

3.5. Comparison of experimental leak rate with
calculated leak rate from OCV tests

At 800◦C it is likely that combustion between leaked hy-
drogen and oxygen would occur very rapidly and reach equi-
librium. As a result, the measured OCVs could be used to
estimate the leak rates. The Nernst equation for open-circuit
voltage of an electrochemical cell is

O
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Fig. 5. Leak test of sample #1 at thermal cycle #671. (A) The actual pressure
vs. time data and (B) the slope (leak rate) of (A) vs. the helium pressure in
psid (i.e., pressure difference between the helium and the surrounding air).

ultra-high-purity helium initially set at 2 psig within the
sealed anode chamber through external tubing. The details
of the leak test and the rate determination are given else-
where[8]. By monitoring the pressure drop with time, one
can calculate the leak rates through the mica seals.Fig. 5A
shows the pressure versus time of the leak test of sample #1
at cycle #671.Fig. 5B shows the slope (leak rate) ofFig. 5A
versus helium pressure. The leak rate at a differential pres-
sure of∼0.2 psi was∼0.018 sccm cm−1 at 800◦C. This ex-
perimentally measured leak rate for helium with a 0.2 psi
differential across the seal (∼0.018 sccm cm−1) was similar
to, but somewhat lower than, the leak rate for oxygen in air
calculated from OCV values (∼0.032 sccm cm−1).

4. Summary and conclusions

We have conducted long-term thermal cycle tests of two
2 in. × 2 in. hybrid Phlogopite mica-based seals. OCV was
measured during thermal cycles to assess the stability of these
compressive mica seals. Both mica samples showed the de-
sired thermal cycle stability with minimum drop of OCV
over as many as 1000 cycles. Leak rates calculated from the
measured OCV also showed good agreement with direct leak
rate measurements. Overall, the hybrid Phlogopite mica seal
h solid
o

CV =
(

RT

nF

)
ln

[
PO2, cathode

PO2, anode

]
(2)

hereR is the ideal gas constant,T the absolute temperatu
the number of electrons associated with the electroc

cal reaction,F the Faraday constant, andPO2 the equilib-
ium oxygen partial pressure at the cathode or the anode
rom measured OCVs, one can calculate the equilibriumPO2

t the anode side assuming the equilibrium oxygen p
ressure at cathode side is constant (PO2 = 0.21). And from
O2,anode side, one can estimate the initial (transient) oxy
oncentration (C(O2)transient oxygen) at the anode side, bas
n possible chemical reactions between the following g
2, O2, H2O, CO, CO2 and OH. From estimated transie
xygen concentration in the fuel stream at the anode sid

eak rate (Lair leak) can be calculated by

air leak = Qfuel+air leakC(O2)transient oxygen

C(O2)air
(3)

hereC(O2)air (=0.21) is the oxygen concentration in air a
fuel + air leakthe total gas flow rate of the fuel and the lea
ir, but was assumed to be constant of initial fuel str
63 sccm) since the air leak rate by diffusion process
xpected to be small. Using OCV = 0.920 V and the e
ions mentioned, we can estimate the air leak rates fo
rid mica (sample #1, pressed at 100 psi at cycle #67
e 0.66 sccm, or 0.032 sccm cm−1 when normalized with th
uter leak length of the 2 in.× 2 in. test fixture.

Leak rates were also measured directly. The 800◦C leak
ate of sample #1 at thermal cycle #671 was measured
as demonstrated the desired thermal cycle stability for
xide fuel cells in a simulated SOFC environment.
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