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Sealing technology is currently considered a top-priority task for planar solid oxide fuel-cell stack devel-
opment. Compressive mica seals are among the major candidates for sealing materials due to their
thermal, chemical, and electrical properties. In this paper, a comprehensive study of mica seals is pre-
sented. Two natural micas, muscovite and phlogopite, were investigated in either a monolithic single-
crystal sheet form or a paper form composed of discrete mica flakes. A “hybrid” mica seal, developed after
identification of the major leak paths in compressive mica seals, demonstrated leak rates that were
hundreds to thousands times lower than leak rates for conventional mica seals. The hybrid mica seals were
further modified by infiltration with wetting materials; these “infiltrated” micas showed excellent thermal
cycle stability with very low leak rates (10−3 sccm/cm). The micas were also subjected to studies to evaluate
thermal stability in a reducing environment as well as the effect of compressive stresses on leak rates. In
addition, long-term open circuit voltage measurements versus thermal cycling showed constant voltages
over 1,000 cycles. The comprehensive study clearly demonstrated the potential of compressive mica seals
as sealing candidates for solid oxide fuel cells.
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1. Introduction

The need to develop a robust sealant or sealants for solid
oxide fuel cells (SOFC) has been recognized as one of the
major tasks for advancing SOFC technology. For planar SOFC
stacks, the sealing requirements are quite challenging due to
the multiple sealing sections present. Figure 1 shows the sche-
matic of a typical planar SOFC stack with repeating cells: a
ceramic positive electrode/electrolyte/negative electrode (PEN)
plate, a window frame (metal or ceramic), and an interconnect
(metal or ceramic). In general, planar SOFC stacks have up to
four different sealing sections: S1 is the seal between the ce-
ramic PEN plate and the metallic (or ceramic) window frame,
S2 is the seal between the window frame and the interconnect
(metallic or ceramic) plate, S3 is the seal between the ceramic
spacer (if required) and the window frame (or the metallic
interconnect), and S4 is the seal between the base manifold and
the stack. The seals need to provide zero or low leak rates to
avoid direct mixing of the fuel and oxidant gases or leakage of
fuel gas from the stack. They must demonstrate long-term ther-
mal and chemical stability in the SOFC environment (40,000 h
or more). Finally, they must survive multiple thermal cycles
(possibly hundreds to thousands of cycles) during lifetime ser-
vice in stationary or transportation applications. To do so, they
have to be able to withstand transient stresses developed during
startup or shutdown and residual stresses due to mismatch in
thermal expansion of different SOFC stack components. Cur-
rently, there are three primary approaches for SOFC seal de-

velopment: rigid glass (or glass-ceramic and glass fiber com-
posite) seals (Ref 1-5), metallic brazes (Ref 6,7), and
compressive seals (Ref 8-12). Among these approaches, com-
pressive mica seals offer a unique advantage in terms of tol-
erance of mismatch of coefficient of thermal expansion (CTE)
of mating materials, whereas the other approaches require
closely matched CTEs.

In this paper, a comprehensive study of the compressive
mica seals will be presented. In this study, the origin of leaks
was first identified for conventional compressive mica seals. A
“hybrid” mica seal was then developed and tested using several
types of mica. The effect of compressive stresses on seal be-
havior was examined. The hybrid mica seal was further modi-
fied by using “infiltrated” micas. Results of tests evaluating
thermal stability, open circuit voltage versus long thermal cy-
cling, and combined aging and thermal-cycling effects will be
reported.
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Fig. 1 Multiple sealing sections in a typical planar SOFC stack. S1
is the seal between ceramic PEN plate and the metal window frame, S2
is the seal between the metal frame and the interconnect, S3 is the seal
between the ceramic spacer and the metal frame and the interconnect,
and S4 is the seal between the manifold and the last cell.
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2. Experimental Procedures

2.1 Materials

Three commercially available micas were investigated in
this study. One was a naturally cleaved muscovite single-
crystal sheet ∼100 �m thick. The other two were muscovite
paper and phlogopite paper, each with a thickness of ∼100 or
∼200 �m. The mica papers were composed of large mica flakes
overlapping with each other (∼1 mm in diameter; ∼10 �m
thick) and held together with an organic binder (∼3-5 wt.%).
Figure 2 shows micrographs of the naturally cleaved muscovite
mica sheet (a) and the phlogopite mica paper (b). The naturally
cleaved mica was monolithic in nature and had a few surface
defects, such as fine scratches. Upon heat treatment at 600-
800 °C, the naturally cleaved muscovite mica sheets lost water
and cleaved into multiple layers when viewed in cross-section
(C) (Ref 9). The cross-section of the phlogopite mica paper (D)
shows the overlapping of the mica flakes.

2.2 Leak Testing

Mica samples were cut into 38 mm squares with a 12.7 mm
diameter central hole. The mica squares were then pressed
between an Inconel tube (outer diameter � 33 mm; inner di-
ameter � 25 mm) and a dense alumina substrate. Some larger
mica samples (50 × 50 mm) were also tested, using a 50 × 50
mm Inconel fixture with wall thickness of ∼5 mm. The mica
samples were tested in the conventional way (i.e., simple mica
gasket) as well as in a “hybrid” design. For hybrid compressive
seals, glass interlayers were placed between the Inconel tube/
mica and mica/alumina interfaces (Fig. 3). Samples were
heated in a clamshell furnace at a heating rate of ∼2 °C/min to
800 °C. The load was applied using a universal mechanical
tester with a constant load control (Model 5581, Instron, Can-
ton, MA). The experimental setup is shown schematically in
Fig. 4. A large known-volume (370 cm3) reservoir was kept at

ambient conditions and connected to the sample via a 3.2 mm
Cu tube. By setting up a vacuum in the system (initially as low
as ∼13.3 Pa), the leak rate was measured by monitoring the
pressure change with time. The final pressure was about 2 torr.
The pressure gradient across the seal therefore could be con-
sidered essentially constant at 101.4 kPa. Assuming the ideal
gas law, the leak rate (L) was calculated by the equation:

L =
�n

�t
=

nf − ni

tf − ti
=

�pf − pi�V

RT�tf − ti�

where n is the moles of the gas, T is the temperature, V is the
reservoir volume, R is the gas constant, t is the time, and p is
the pressure. Subscripts f and i represent the final and the initial
conditions, respectively. The calculated leak rate (L, in stan-
dard cubic centimeters per minute at STP, sccm) was further
normalized with respect to the outer leak length (10.5 cm) of
the Inconel tube and to a pressure gradient of 14 kPa by the
equation:

L =
L × 2

10.5 × 14.7

Before each run, the background leak rate (of the system with-
out test samples) was also measured and subtracted from the
actual test runs. To ensure a constant temperature, all leak tests
were conducted at ∼0.5-1 h after reaching the desired tempera-
ture (800 °C).

2.3 Thermal Cycling

The compressive mica seals were also evaluated for stability
during thermal cycling. Thermal cycling was conducted be-
tween ∼100 and 800 °C with a rapid ( ∼20 °C/min) or a slow
(∼6 °C/min) heating rate and a slow cooling rate of ∼2-3 °C/
min. The samples were held at 800 °C for ∼2 h before mea-
suring the leak rates.

Fig. 2 Micrographs showing the surface morphology of (a) naturally cleaved muscovite single-crystal sheet and (b) phlogopite mica paper.
Cross-section views are shown (c) for the naturally cleaved mica sheet and (d) for the phlogopite mica paper.
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2.4 Mica Infiltration

Commercially available phlogopite mica paper was used to
prepare “infiltrated” mica. The phlogopite mica had a thickness
of ∼75 �m and contained no binders. Bi(NO3)3 · 5H2O (98%,
Alfa Aesar, Ward Hill, MA) was chosen as the chemical for
infiltration. Deionized water was used to make saturated bi-
nitrate solutions. The infiltration was conducted by dispensing
the solution onto the paper instead of immersing the mica paper
into the solutions. The dried infiltrated micas were then evalu-
ated in the hybrid form for thermal-cycle stability. They were
pressed at 0.69 MPa between an IN600 fixture (50 × 50 mm)
and a metal substrate of three materials: IN600, Haynes230,
and SS430. The objective was to study the effect of CTE mis-
match in these couples. The average CTE (from RT to 800 °C)
values of these metals are ∼17 ppm/°C (IN600), ∼14.5 ppm/°C
(Haynes230), and ∼12.5 ppm/°C (SS430).

2.5 Open Circuit Voltage Test

To assess the sealing capability of the seals, open circuit
voltage (OCV) tests were conducted using 50 × 50 mm sintered
dense 8-YSZ plates. The sintered plates were machined flat to

the desired size and thickness (∼1 mm) and screen printed with
silver paste on both sides. After electrode sintering, Pt wire
leads were connected for the OCV tests. The dense 8-YSZ
plate was pressed between an IN600 top cap (50 × 50 mm with
a wall thickness of 5 mm) and an alumina bottom support. The
hybrid mica seals were pressed between the 8-YSZ plate and
the IN600 fixture at a stress of 0.69 MPa. A schematic drawing
of the OCV test fixture and the mica seal arrangement is shown
in Fig. 5. The OCV measurements were conducted at 800 °C
after dwelling at temperature for about 1.5-2 h. A low hydro-
gen-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).

3. Results and Discussion

3.1 Origin of Leak Path and Concept of “Hybrid” Mica
Seals

For conventional compressive seals, a gasket material such
as mica sheet was placed between two mating components
(Fig. 3a) and a load was applied to achieve the seal. Potential
advantages of a gasket seal include simplicity of design and
fabrication and low cost. Viewing the microstructure of the
mica gasket, either the monolithic single-crystal sheet or the
mica paper of the discrete flakes (Fig. 3), one would expect to
have two leak paths in conventional compressive mica seals:
one at the interfaces between the mica paper and the mating
components, and the other through the interstitials/flat voids
between discrete mica flakes. Of these two types of leak paths,
the interfaces between the mica paper and the mating compo-
nents were suspected to be the major leak path, which was
attributed to the surface roughness of the mating component or
the mica paper. To verify this assumption, a simple test was
conducted using a common glass slide for optical microscopy
and an alumina integrated circuit (IC) substrate plate. The op-
tical glass slide had no visible defects on its surface, and the
thickness was uniform (Fig. 6a), and the alumina substrate had
a surface roughness of <0.89 �m and shallow sintering voids
on the surface (Fig. 6b). In the leak tests, the materials were
pressed directly under a fine finished (#800 grit) Inconel pipe
at various stresses. In addition, a third test of glass on glass was
conducted by using a ring of an optical glass slide glued to the
end of Inconel pipe and pressed against the optical glass slide.

Fig. 4 Experimental setup for leak testing at elevated temperatures.
Leak rates were determined by monitoring the pressure (vacuum or a
positive pressure) versus time (Ref 8).

Fig. 3 Assembly of (a) conventional compressive mica seals pressed between two components and (b) “hybrid” mica seal where interlayers
(shaded) are added at the two interfaces.
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The surface roughness at the interfaces of the three couples can
be categorized qualitatively as low roughness, medium rough-
ness, and high roughness for the glass/glass, Inconel/glass, and
Inconel/alumina couples, respectively. The room-temperature
leak rates of these three couples at various compressive stresses
are plotted in Fig. 7. It is evident that the glass/glass couple in
which the interface (leak path) was smoothest showed the low-
est leak rates. The leak rates of the roughest interface (Inconel/
alumina substrate) were the highest, and the leak rates of the
medium roughness (Inconel/glass) were intermediate. The re-
sults clearly verify the surface roughness/defects effect on the
leak rates for compressive seals.

After identifying the primary source of leaks, the hybrid
mica seal concept was proposed. The hybrid mica seal con-
tained a mica gasket as in the conventional compressive seal
but also included compliant layers at the two interfaces (Fig.
3b). The compliant layer can be a glass, a glass-ceramic, or a
metal in the form of thin sheet or foil, so a low-melting boro-
silicate glass (Ref 7), a Ba-Al-Ca silicate glass-ceramic (Ref
13), and a precious metal (Ag) as the interlayer (Ref 8) were
tested. The results of the 800 °C leak rate tests of hybrid mica
seals are shown in Fig. 8(a) for muscovite single-crystal sheet
with the low-melting borosilicate glass interlayers, and Fig.
8(b) for the muscovite mica paper with Ag thin-foil interlayers.
It was evident that the leak rates could be substantially reduced
once these interfaces were sealed by the compliant metal or the
wetting glass. It should be pointed out that these interlayer
materials were not optimized but rather served to demonstrate
proof of concept. For SOFC applications, these interlayer ma-
terials must also meet the stringent thermal and environmental
long-term stability requirements; however, the close matching
of CTEs may not be required.

3.2 Concept of “Infiltrated” Mica Seals

In the previous section and earlier work (Ref 7), it was
found that the major leak paths for compressive mica seals
were at the interfaces between the mica and the adjacent ma-
terials being sealed (metal or ceramics). Leak rates of the
monolithic muscovite mica seals can be substantially reduced
(2-3 orders of magnitude) by adding extra compliant layers
(glass or metal foil) at these interfaces to form the so-called
“hybrid mica seals ” (Ref 7, 8). However, the leak rates in these
seals increased rapidly during initial thermal cycles. Further
testing on phlogopite mica papers (in hybrid form) showed
different behavior in terms of leak rate versus thermal cycling
in that the leak rates gradually decreased with increasing of
thermal cycles (Ref 12). From microstructural observations, it
was found that some of the glass (from the compliant layers)
had penetrated into the mica paper and resulted in leak rates
that were insensitive to thermal cycles. Microstructural exami-
nation of the mica papers verified the presence of voids be-
tween the discrete mica flakes (Fig. 2d) that formed continuous
3-D leak paths through the mica paper. The concept of “infil-
trated” mica was therefore proposed. The objective was to
introduce a wetting or glass-forming material into the voids
between mica flakes such that the continuous 3-D leak paths
could be reduced to 2-D geometry (Fig. 9), thereby reducing
the leak rate through the material. It was expected that the
flatter the fracture surfaces (leak paths), the closer the geo-
metrical match when they were compressed against each other.
This would result in narrower gaps between the fracture planes
and lead to lower leak rates and less damage upon thermal
cycling. The concept of the infiltrated micas is illustrated in
Fig. 9, where the infiltrated materials will wet or form necks at
the voids and form a controlled 2-D leak path upon thermal
cycling (dotted line in Fig. 9) (Ref 14).

3.3 Effect of CTE Mismatch on the Thermal Cycle Stability
of “Infiltrated” Micas

The infiltrated mica was tested successfully with H3BO3 as
the chemical for infiltration (Ref 14). The concept was further
tested to evaluate the tolerance in CTE mismatches on high-
temperature leak rates during thermal cycling using bismuth
nitrate as the infiltrant. The CTE mismatches were selected
using three typical metals: IN600, Haynes230, and SS430. The
average CTEs (from RT to 800 °C) for these three metals are
∼17, ∼15, and ∼12.5 ppm/°C, respectively. The CTE of phlogo-
pite mica is ∼11 ppm/°C (along the basal plane). IN600 and
Haynes230 are superalloys with superior high-temperature oxi-
dation resistance and mechanical properties. However, because
of their high CTEs, they can only be considered as SOFC
interconnect candidates if compliant seals (such as mica seals)
are used. SS430 has a close CTE match with the typical anode-
supported cells but suffers severe oxidation at elevated tem-
peratures. Tests of the infiltrated micas in these three metal
couples, therefore, covered a wide range of CTE mismatch
over which other sealing approaches (e.g., glass and braze) are
not likely to be suitable.

The leak rates versus thermal cycling of the Bi-nitrate in-
filtrated mica in the three metal couples are shown in Fig. 10.
It is interesting to note that the leak rates are much lower for all
three metal couples, i.e., less than 4 × 10−3 sccm/cm, than for
the as-received mica [(2-3) × 10−2 sccm/cm]. Leak rates of the
Bi-nitrate infiltrated mica appeared to be independent of the
wide range of CTE mismatches among the three metal couples.

Fig. 5 Open circuit voltage test fixture (50 × 50 mm) is shown with
a dense 8-YSZ plate and compressive mica seal on the fuel side. The
pressing cap was made of IN600 with 4-6.35 mm IN600 tubes. The
8-YSZ plate was supported on an alumina block with three bottom
holes for airflow.
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In addition, the leak rates were rather insensitive to the number
of thermal cycles (the fluctuation of leak rates during the 36
cycles is likely caused by ambient temperature fluctuations).
Compared with the H3BO3-infiltrated micas (Ref 14), the Bi-
nitrate infiltrated micas showed low leak rates in the first cycle
instead of a gradual decrease with thermal cycles. This behav-
ior is likely due to the presence of excess Bi-nitrate on the mica
surfaces as well as the thinner mica used (75 �m) as compared
with the H3BO3-infiltrated mica (100 �m). It was found that
Bi-nitrate [Bi(NO3)3 · 5H2O] did not form a stable aqueous
solution but instead decomposed to form BiONO3 · H2O white
precipitates. After infiltration and drying, a coating of the pre-
cipitate remained on the mica discs. In post-cycling microstruc-
tural characterization, it was also found that the mica could be
easily detached from the test fixtures. The penetration of Bi2O3

into the mica paper and the smooth fracture surface of the
cleaved mica were evident with scanning electron microscopy.
It needs to be noted that these chemicals (e.g., bismuth nitrate,
which yields bismuth oxide at higher temperatures) are not
stable in actual SOFC environments. However, they were con-
sidered to be appropriate choices for these proof-of-concept
experiments.

3.4 Open Circuit Voltage Test During Long-Term Cycling

A low-hydrogen fuel (2.55-2.71% H2/balance Ar) was cho-
sen for the long-term OCV and thermal-cycling tests. The use
of a dilute hydrogen fuel allowed for establishment of reducing
conditions typical of the anode side of a SOFC with no risk of
fire or explosion during the seal tests. The equilibrium 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) and 4.2 × 10−22 atm for

pure hydrogen fuel (97% H2/3% H2O). It is evident that the use
of a low-hydrogen fuel still provided a very reducing environ-
ment. The theoretical (Nernst) voltage for the dilute hydrogen
fuel versus air across the 8-YSZ electrolyte is 0.934 V.

In addition to providing sufficiently reducing conditions in
a safe manner, the dilute hydrogen also offered higher sensi-
tivity to leaks during the OCV tests. In these tests, a mica seal
was applied only on the anode side of the YSZ plate and then
compressed with the IN600 fixture (Fig. 5). The cathode side of
the YSZ plate was directly pressed against the alumina support
block without any seals in between. The alumina support block
had several holes underneath for airflow. The gas pressure at
the anode side was maintained slightly higher than the ambient
(∼102.7 kPa) by using a downstream gas bubbler filled with
∼13 cm of water. Any leaked fuel would have a minimum

Fig. 6 Surface morphology of (a) the optical glass side and (b) the alumina IC substrate (bars are 100 �m).

Fig. 7 Effect of surface roughness/defects on the room-temperature
leak rates of three test couples at various stresses

Fig. 8 Leak rates at 800 °C of hybrid mica seals with different in-
terlayers: (a) muscovite single-crystal sheet with the low-melting bo-
rosilicate glass (Ref 7), and (b) muscovite mica paper with thin Ag
foils (Ref 8)
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effect on the cathode side because it would immediately react
with the air in the furnace chamber. On the other hand, any air
(21% O2) leaks into the anode chamber should have a more
pronounced effect on the equilibrium oxygen partial pressure
for the low-hydrogen (e.g., 2.71% H2/Ar) fuel compared with
a pure hydrogen fuel (e.g., 100% H2).

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 current
density of 0.75 A/cm2 on pure hydrogen (i.e., 97% H2 + ∼3%
H2O). The OCV versus number of thermal cycles for the 50 ×
50 mm 8-YSZ electrolyte plate with the hybrid phlogopite
mica-paper seal pressed at 0.69 MPa is shown in Fig. 11. This
sample survived 1026 thermal cycles when thermally cycled
between 100 and 800 °C at a rapid heating rate of 20 °C/min.
The initial (the first time reaching 800 °C) OCV was 0.934 V,
exactly matching with the theoretical (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 thermal cycles, after which the OCV stabi-
lized 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 is likely caused by mica
fracture (cleavage) associated with these cycles (Ref 11). For
hybrid mica seals, the glass interlayers will bond strongly to the
mating materials (IN600 and 8-YSZ in the current study) and
to the top several layers of the mica (the final thickness of the
glass layer was ∼10 �m; no spalling was observed during ther-

mal cycling even though the CTE mismatch was large at the
IN600 side). During initial thermal cycling, the large CTE
mismatch between the IN600 fixture, the mica paper, and the
8-YSZ electrolyte plate may form new fractures (leak paths)
between the mechanically interlocked flakes in the mica paper.
Fortunately, after a few dozen thermal cycles, the formation of
additional leak paths apparently ceased, as the OCV remained
fairly constant. Postcycling analysis showed typical wear par-
ticle formation at the fracture surface (Fig. 12A), consistent
with earlier report that the frictional wear damages were local-
ized to that specific fracture plane (Ref 10). The micas below
the fracture plane showed no wear damage at all (Fig. 12B).
The microstructure of the intact micas also suggested some
thermal stability of the phlogopite mica in the simulated re-
ducing and moist environments because the mica was exposed
to the environments for a total of 2052 h at 800 °C. Overall, the
hybrid seals demonstrated the desired long-term thermal cycle
stability.

3.5 Combined Aging and Thermal Cycling

As mentioned earlier, the SOFC sealants need to demon-
strate not only thermal-cycle stability but also thermal, chemi-
cal, and mechanical stability during long-term (>40,000 h) op-
eration. Several combined aging and thermal cycling tests of
the hybrid phlogopite mica seals have been conducted. These
tests were conducted by aging at 800 °C in a flowing reducing
(∼2.5-2.7% H2/Ar + ∼3% H2O) environment for ∼1000 h fol-
lowed by short (∼30 cycles) thermal cycling between 100 and
800 °C. The mica was pressed between an IN600 fixture and
8YSZ electrolyte plate (50 × 50 mm) at a very low stress of
41.4 kPa. The 800 °C leak rate versus aging time is shown in
Fig. 13. The initial leak rates were ∼0.02 sccm/cm and gradu-
ally decreased to ∼0.002-0.003 sccm/cm at ∼600 h. The leak
rates then increased rapidly after aging ∼800 h to ∼0.05 sccm/
cm. After aging for 1036 h, thermal cycling was initiated be-
tween ∼100 and 800 °C. The leak rates were ∼0.08 sccm/cm at
the 5th cycle, ∼0.1 sccm/cm at the 15th cycle, and ∼0.3 sccm/
cm at the 21st cycle. Such high leak rates were equivalent to
the leak rate through rigid glass seals after fracture caused by
CTE mismatch.

Postcycling analysis showed that the high leak rates were
related to the reaction of the phlogopite mica with the glass

Fig. 9 Concept of the “infiltrated” mica seals. Infiltrated phases will
fill in the voids and form necks with mica flakes, such that the original
3-D leak path will be reduced to 2-D leak path (dotted line) (Ref 14).

Fig. 10 Effect of CTE mismatch on the thermal cycle stability of
infiltrated phlogopite micas. Mica in hybrid form was pressed between
three metal couples of different CTE mismatch.

Fig. 11 OCV versus thermal cycles for the 50 × 50 mm 8-YSZ with
hybrid mica seal pressed at 0.69 MPa. The fuel was 2.55-2.71% H2/Ar
+ ∼3% H2O at a flow rate of 63 sccm, equivalent to 80% fuel utili-
zation by a 10 cm2 cell operating at a current density of 0.75 A/cm2.
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layers. It was found that the phlogopite mica completely re-
acted with the Ba-Al-Ca silicate glass interlayers (which also
contained B2O3 to improve wetting at ∼830-850 °C) (Ref 13).
The fracture surface therefore showed no smooth cleavage
planes of mica but instead the rough morphology of the crys-
tallized and reacted glass-ceramic (Fig. 14). The presence of
Mg and K also confirmed the reaction of the glass with the
phlogopite mica (KMg3(AlSi3O10)(OH,F)2), as shown in Fig.
15(a), as compared with the Ba-Al-Ca silicate glass alone (Fig.
15b). It is interesting to also note the presence of Cr at the
fracture surface (Fig. 15a) that likely comes from the IN600.
The cause for the severe reaction of hybrid phlogopite mica
through the whole thickness (∼100 �m) during the aging test is
not yet fully understood. It is not clear why the long-term OCV
and cycling-tested phlogopite mica showed only limited deg-
radation of the mica at the fracture planes (Fig. 12) after a total
holding time of 2052 h at 800 °C, whereas the mica seal aged
continuously for 1036 h in the same environment showed re-
action through the entire mica thickness (Fig. 14).

4. Summary and Conclusion

A comprehensive study of mica-based compressive seals for
SOFC was reported. It was found that the major leak paths in

conventional mica seals were at the sealing interfaces, not
through the mica itself. By introducing extra compliant or wet-
ting layers at these interfaces, the high-temperature leak rates
could be substantially reduced. The leak rates could be further
reduced by about 10 times when the micas were infiltrated with
a wetting agent. The infiltrated micas also showed excellent
thermal-cycle stability with wide tolerance of CTE mis-
matches. Very-long thermal cycling, up to 1026 cycles, was
conducted on a hybrid phlogopite mica. OCV test showed
minimal (∼1.7%) reduction of voltage from the Nernst voltage.
Microstructural characterization also revealed that frictional
wear damage was localized rather than extending through the
mica thickness. However, further testing on combined aging
and thermal cycling of hybrid micas showed severe reaction of
mica with glass interlayers, and future modification of the glass
interlayers will be required. Overall, the hybrid mica seal has
demonstrated low leak rates and good thermal cycle stability
over a wide range of CTE mismatch.

Fig. 12 Scanning electron microscopy shows the surface morphol-
ogy of the hybrid phlogopite mica after 1026 thermal cycles in the
long-term OCV and cycling test: (a) fracture surface of the mica at the
interface and (b) mica from layers below the fracture surface.

Fig. 13 Combined aging and thermal cycling test of hybrid phlogo-
pite mica seal pressed between an IN600 fixture (50 × 50 mm) and an
YSZ electrolyte plate at 800 °C. The sample was pressed at low stress
of 41.4 kPa and flowing with 64 sccm of ∼2.5-2.7% H2/Ar + ∼3%
H2O.

Fig. 14 Typical fracture surface of the hybrid phlogopite mica after
aging at 800 °C for 1036 h followed by 21 thermal cycles between
∼100 and 800 °C in a flowing reducing and wet environment. The
rough surface indicated the phlogopite mica reacted completely with
the Ba-Al-Ca silicate glass layer and fractured along the Inconel 600
interface due to large CTE mismatch.
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Fig. 15 (a) EDS of the fracture surface of Fig. 13; (b) EDS of the
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