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An alkali silicate glass (SCN-1) is being evaluated as a candidate sealant for solid oxide fuel cell (SOFC)
applications. The glass contains about 17 wt.% alkalis (K+Na) and has low glass transition and soften-
ing temperatures. It remains vitreous and compliant after sealing without substantial crystallization, as
contrary to conventional glass—ceramic sealant. The glassy nature and low characteristic temperatures
can reduce residual stresses and result in the potential for crack healing. In a previous study, the glass
was found to have good thermal cycle stability and was chemically compatible with yttria stabilized
zirconia (YSZ) coating during short term testing. In this study, the compliant glass was further evaluated
Compliant glass in a more realistic way in that the sealed couples were first isothermally aged for 1000 h followed by
YSZ coating thermal cycling. High temperature leakage was measured. Chemical compatibility was also investigated
SOFC with powder mixtures to enhance potential interfacial reaction. In addition, interfacial microstructure
was examined with scanning electron microscopy and evaluated with regard to the leakage and chem-
ical compatibility results. Overall the compliant sealing glass showed desirable chemical compatibility
with YSZ coated metallic interconnect of minimum reaction and hermetic behavior at 700-750°C in dual
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1. Introduction

Solid oxide fuel cells (SOFCs) are an emerging energy technol-
ogy which has many advantages over existing technologies: high
electrical conversion efficiency (over 60%), potential for carbon cap-
ture, no NOx emission, fuel flexibility, low noise, and flexibility for
transportation and stationary applications [1-4]. To increase the
volumetric power density, planar design SOFC, in which repeating
flat unit cells are stacked and connected electrically in series, is the
current leading candidate. Due to processing and quality control
the size of ceramic cell is often limited to no more than 10-12in.
As a result, SOFC stacks must contain ~50 to ~100 of repeating
cells to reach power output in the tens of kW range. This presents
a great challenge in sealing since planar SOFCs require several dif-
ferent seals: ceramic cell to “window frame,” interconnect plate
to interconnect plate or window frame, and seals between end
plates which provide gas inlets and outlets [5]. The very harsh SOFC
operating conditions, i.e., elevated temperatures and dual environ-
ments, and requirement of a lifetime up to 40,000 h with hundreds
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to thousands of thermal cycles make seal development a most chal-
lenging hurdle [6].

To date, SOFC glass seal research has been focused mainly on
glass—ceramic approaches in which the initial glass devitrifies into
a rigid or semi-rigid glass—ceramic mixture after the sealing pro-
cesses [7-22]. Most of the glass—ceramic approaches focused on
alkaline earth-based silicate glasses, likely due to the fact that com-
positions can be modified to match coefficient of thermal expansion
(CTE) with SOFC components [8-12,15,16]. Other systems, includ-
ing phosphate glasses [14], borosilicate glasses [7], and ceramic
fiber reinforced glass [8], have also been investigated. However,
the CTEs of these non-alkaline earth based glasses were in the low
range, e.g., ~5.7 to 7.9 x 10~6 °K-1 for the phosphate glasses, which
resulted in poor thermal cycle stability [14].

Recently a novel approach involving compliant glass was pro-
posed for SOFCs. The glass will remain vitreous without substantial
crystallization after sealing and during operation at elevated tem-
peratures. In contrast to the conventional glass-ceramic sealant
which develops a rigid or semi-rigid microstructure after sealing,
the compliant glass will retain the glassy nature and result in more
tolerance in terms of residual stresses. Should cracking occur dur-
ing routine thermal cycling, the capillary force or surface tension
of the compliant glass at elevated temperatures would lead to a
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“self-healing” behavior [23-25]. Indeed, crack healing has been
observed in glasses at elevated temperatures [25,26]. However, the
ability to maintain a vitreous state without crystallization at SOFC
operation conditions over the long term remains unknown. In our
earlier work, we reported the initial investigation of a compliant
alkali-containing silicate glass, with an emphasis on thermal prop-
erty characterization and leak behavior during thermal cycling at
various temperatures and back pressures [27]. The glass showed
desirable thermal cycle stability over 20 deep thermal cycles at
various temperatures from 700 to 800 °C, and minimum interfacial
reaction was found along YSZ electrolyte and alumina coating inter-
faces. In the present work, the compliant glass was further studied
in terms of combined isothermal ageing and deep thermal cycling
to mimic the real SOFC stack operation conditions. Of particular
interest is the chemical interaction with a potential coating can-
didate for ferritic stainless steels, i.e., YSZ. High temperature leak
rate versus ageing time and deep thermal cycles will be reported.
Interfacial microstructure characterization, evaluation of YSZ/glass
powder mixtures for enhanced chemical reactions, and the pos-
sible reaction and the stability of YSZ protective coating will be
discussed.

2. Experimental
2.1. Glass composition and thermal properties

The glass under study is a commercial alkali silicate glass (SCN-
1, SEM-COM, Toledo, OH). It contains alkaline earths, mainly BaO
(8.23 wt.%) and CaO (3.34 wt.%), alkalis of K, 0 (10.0 wt.%) and Na, O
(7.3wt.%), Al,03 (2.8 wt.%), SiO, (66.9 wt.%) and some impurities
(less than 1%) of Fe, Mg and Ti. The glass has a glass transition tem-
perature of 468-486 °C, softening point of 540-600 °C, and average
coefficient of linear thermal expansion (CTE) up to glass transition
of ~11 x 10-6°K~1, The details of the thermal property characteri-
zation were given in Ref. [27].

2.2. Sample preparation and coupon sealing

To mimic actual SOFC conditions, the candidate sealing glass was
sealed between a NiO/YSZ anode-supported thin YSZ electrolyte
bi-layer and a ferritic stainless steel (S5441, ATI Allegheny Lud-
lum, Pittsburgh, PA) square substrate of 50 mm x 50 mm x 1 mm.
The metal substrate was machined with a circular groove to contain
the sealing glass. The details of ceramic bi-layer and metal substrate
preparation are given in Ref. [27]. Stainless steel SS441 is currently
considered a candidate metallic interconnect for planar SOFC appli-
cations, due to matching CTEs with NiO-YSZ anode, conductive
oxide scale formation, and reasonable low cost. However, Cr from
the metal can cause poisoning as well as mechanical degradation
in sealing by forming chromates with very high CTEs [17,18,28].
As a result, a protective coating is required for the sealing area.
In earlier work we have adopted a novel reactive air aluminizing
coating process involving ultrasonic spraying of SS441 substrates
with a mixture of Al powders in a binder solution, followed by dry-
ing and oxidizing at 1000°C for 1h in air [29]. However, due to
potential reaction of alumina with sealing glass, a YSZ coating was
applied in addition to the aluminization process. Fine YSZ powders
were mixed with organic binders to form slurry and ultrasonically
sprayed (Model Prism-350, USI, Haverhill, MA) a few times (in x and
y directions) onto the aluminized substrate at room temperature.
The substrate was then dried and heat treated at 1000°C for 1 h in
air. Fig. 1 shows the preparation of the test couples with glass paste
on the SS441 substrate (Fig. 1A), and the joined couple after sealing
at 800°C for 2 h in air (Fig. 1B).

Fig. 1. Optical micrograph shows the sample preparation for coupon sealing. (A)
White glass paste applied onto circular groove of SS441 substrate with a central
hole for dual environment exposure, and (B) sealed green ceramic bilayers disc and
metal substrate couple with mica perimeter seals (the use of mica perimeter seal is
illustrated in Fig. 2).

2.3. Leak test, thermal cycling, ageing in dual environment, and
characterization

The as-sealed couples (Fig. 1B) were first leak checked at room
temperature using iso-propanol. Only hermetic samples, i.e., no
alcohol penetration, were used for thermal cycle and isothermal
ageing tests. The sample was then pressed at 82-163 kPa between
a leak tester made of Inconel 600 and an alumina support as
shown in Fig. 2. A hybrid mica seal with Ag or SCN-1 glass as
the interlayer was used for the perimeter seal [6]. The sample
was first isothermally aged for 1000 h at 700 or 750°C followed
by 5-10 deep thermal cycles from ~50°C to elevated tempera-
tures with a heating rate of 5°Cmin~! and natural furnace cooling.
A dilute fuel of 5% Hy in N, (with ~3% H,0) was flowing inside
the test chamber surrounded by ambient air. During isothermal
ageing and thermal cycling, high temperature leak rates were mea-
sured with high-purity helium. The details of thermal cycling and
leak test are given in Ref. [27]. After the test, the sample was
checked with optical microscopy, followed by cutting and polishing
for microstructure and chemical analysis with scanning electron
microscopy (SEM) and energy dispersion spectroscopy (EDS) (JEOL
SEM model 5900LV).

2.4. Chemical compatibility

To induce rapid chemical reaction between YSZ coating and the
SCN-1 glass, powder mixtures were used. The as-received SCN-1
glass powder and YSZ powder (TOSOH ZIRCONIA, Japan, TZ-8YS,
<1 wm) were mixed at a weight ratio of 1:1 in a 250 mL plastic
jar with ZrO, milling cylinders and iso-propanol. The powder mix-
tures were ball milled for 1h followed by drying on a hot-plate
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Fig. 2. Schematic drawing shows the assembly of leak test fixture for glass sealed between a ceramic bi-layer and an YSZ-coated aluminized SS441 substrate with grooves.
The sample was pressed between an Inconel 600 top fixture and an alumina bottom support with hybrid mica as the perimeter seal. To mimic actual solid oxide fuel cells, a

Ni-mesh was inserted on top of the cell.

with constant stirring to minimize the settling of large size SCN-
1 glass powders. The mixed powders were then die-pressed into
discs and fired to 800°C for 2 h in air. The as-fired disks were fur-
ther isothermally aged in ambient air at 700 and 800 °C for 1000 h
as the lower and upper bound for this compliant glass. After ageing,
the disks were crushed, ground, and sieved through #325 mesh for
X-ray diffraction (XRD) characterization (Rigaku, Miniflex II, X-ray
diffractometer, Japan).

3. Results and discussion
3.1. YSZ coating for S5441 metal substrate

In our earlier work evaluating thermal cycle stability with the
compliant SCN-1 sealing glass, minimum interfacial reaction was
observed with the dense YSZ electrolyte, as well as the alumina
coating on the SS441 metal substrate [27]. However, a stable crys-
talline phase of KAISi3Og, Sanidine monoclinic structure, did form
when in mixed powders after isothermal ageing at 800°C/1000 h
[30]. The fact that the current silicate glass does contain an appre-
ciable amount of K0 makes it likely that interaction with an
alumina coating will occur during the long-term operation. In
addition, corrosion of alumina or alumina-containing refractory
by alkalis to form 3-alumina (NaAlgO14) has been investigated in
sodium discharge lamp envelopes [31], composite and structure
ceramics [32], and glass melting [33]. A YSZ coating was therefore
investigated as an additional coating for the SS441 metal substrate.
Selection of YSZ was motivated not only from the minimum reac-
tion observed from previous work, but also by the considerations
related to residual stresses and integrity of coating adhesion. Alu-
minization of stainless steel is a well established process, due to low
melting point of metal Al which can be easy activated by halides,
and fast diffusion into metal matrix. However, the very high elastic

modulus (~400 GPa) and relatively low CTE (~8.8 x 10-6°K-1) can
lead to large residual stresses when coated onto a SS441 substrate
which has a high CTE of ~12.5 x 10-6°K-1. The combination of
these two materials can result in de-lamination if coating thick-
ness is not optimized. From a residual stress point of view, YSZ
coating should be favored over Al, 03 coating since YSZ has a lower
elastic modulus (~200 GPa) and higher CTE (~10.5 x 10-6°K~1). As
a result, the residual stresses should be significantly lower than
alumina coating. However, direct coating of YSZ onto bare SS441
substrates resulted in poor adhesion; the coatings either did not
adhere or spalled off after a few thermal cycles. Whether the
cause was due to limited chemical bonding/diffusion of Zr with
SS441 or lack of mechanical interlocking (since the substrate sur-
face was rather smooth) remains to be investigated. Therefore, YSZ
coatings were applied to pre-aluminized SS441. Fig. 3 shows the
typical microstructure of the YSZ coating on the aluminized SS441

Fig. 3. Typical microstructure of YSZ-coated aluminized SS441 substrate showing
the relatively porous thick YSZ coating and thin Al, 05 layer.
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Fig. 4. High temperature leakage of SCN-1 glass with YSZ coated aluminized SS441
substrate. (A) Isothermal ageing at 750°C, and (B) 10 deep thermal cycles (after
isothermal ageing).

substrate. The YSZ coating was rather porous and thick, with thick-
ness around 25-30 um, due to multiple spray runs (6 times) to
ensure full coverage of the alumina layer. The alumina coating
was thin (a few microns thick) and appeared to be continuous.
The original smooth metallic surface was roughened during the
aluminization process at 1000°C for 1h.

3.2. Combined isothermal ageing and thermal cycling

As mentioned earlier, SOFC stacks are expected to operate at
elevated temperature for long periods of time (up to 40,000 h)
with many thermal cycles during routine operation. The current
glass has a low viscosity of 10° Pas at 800°C, 10° Pas at 750°C,
and 108 Pas at 700 °C. At 700°C the viscosity is equivalent to the
softening point of common glass by its own weight [34]. The inter-
action of sealing glass, especially the soft or paste-like compliant
glass with appreciable amount of alkalis, with mating materials
is of particular interest. Any undesirable interfacial reaction can
potentially lead to the degradation of seal integrity. Our earlier
work reported the effect of thermal cycling tests in which the accu-
mulated time at elevated temperature was rather short (~60 h for
a total of 20 thermal cycles). The current work, which combined
isothermal and thermal cycle testing, was intended to shed more
light on the viability of the compliant sealing glass. Fig. 4 shows
the high temperature leak rates during the combined stability test,
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Fig. 5. High temperature leakage of SCN-1 glass with YSZ coated aluminized SS441
substrate. (A) Isothermal ageing at 700°C, and (B) 10 deep thermal cycles (after
isothermal ageing).

which consisted of a first stage of isothermal ageing at 750°C for
1000 h (Fig. 4A) followed by a series of deep thermal cycles (Fig. 4B).
Fig. 5 shows the similar results for samples tested at 700°C. It is
evident that the leak rates appeared to be constant during the ini-
tial 1000 h ageing for both 700 and 750°C tests, with leak rates
in the range of 0.01-0.02 standard cubic centimeter per minute
per cm leak length (sccmcm™!, at 1.4 kPa). This is the typical leak
rate for the hybrid mica seals (used as perimeter seals in the test
fixture) under a compressive stress of 82 kPa [6,27], clearly suggest-
ing the hermetic nature of the seal over the 1000 h ageing. During
the following 10 thermal cycles, the leak rate slightly increased,
with slightly higher leak rates observed for 700°C samples than
750 °Cones. Nonetheless, the leakages were still within the nominal
leak rates for hybrid micas (0.01-0.04 sccmcm™! at 1.4 kPa differ-
ential gas pressure) and remained fairly constant, demonstrating
the desired stability and hermetic nature. Although the interpreta-
tion of hermeticity from leak rates was indirect, the samples were
all tested with iso-propanol at the end of test and no penetration
was found.

3.3. Interfacial microstructure characterization

After the combined test, samples were mounted, cut and pol-
ished for microstructure characterization. Fig. 6 shows the typical
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Fig. 6. Microstructure of SCN-1 glass sealed between anode-supported YSZ bilayer
and YSZ-coated aluminized SS441 substrate after (A) isothermal ageing at750 °C for
1000 and (B) 700°C for 1000 h followed by 10 deep thermal cycles.

microstructure across the two YSZ interfaces of the sample after
annealing at 750°C for 1000h (Fig. 6A) and 700°C for 1000 h
(Fig. 6B) and 10 deep thermal cycles. The glass appears bonded
with both the dense YSZ electrolyte and the porous YSZ coating.
There was fracture through the thick YSZ coating (Fig. 6A). This
likely occurred during metallurgical sample preparation, not dur-
ing the combined stability test, otherwise high leak rates would be
anticipated. The weakness of the YSZ coating is not surprising since
multiple coating runs were applied to build up the thick layer, and
between each runs the coated powder slurry needed to be dried. In
addition, the heat-treatment for the YSZ coating was carried out at
the relatively low temperature of 1000 °C. At such a low tempera-
ture, solid-state sintering between YSZ particles would be minimal.
Itis alsointeresting to note that the fracture did not propagate along
the YSZ/alumina interface where the solid-state sintering/bonding
would be expected to be similarly weak, due to CTE mismatch and
the fact that the nominal sintering temperature of Al,03 and YSZ
are very similar. This is likely due to the mechanical interlocking at
the rough Al, 03 surface.

Looking at the glass microstructure, it is clear that the glass did
partially crystallize, as evidenced by some white rod-like precip-
itates, and some light gray precipitates. There were more white
precipitates for 700°C sample than 750°C one. At high magni-
fication along the YSZ electrolyte interface of the 750°C sample
(Fig. 7), it is evident that the glass was chemically compatible
with YSZ electrolyte in that no distinct precipitates or crystallites
could be identified. Also the YSZ/glass interface was rather smooth,
indicating no substantial corrosion by the glass or YSZ grains dis-
solution into the glass matrix. Energy dispersive spectroscopy was

Fig. 7. High magnification of microstructure along YSZ (electrolyte) and SCN-1 glass
interface after isothermal ageing at 700 °C for 1000 h and 10 deep thermal cycles.
Note minimum interaction of the glass with YSZ.

conducted on selected spots and the chemical analysis in atomic%
is listed in Table 1. Inside the glass matrix close to the YSZ elec-
trolyte (spot 1 in Fig. 7), EDS showed a trace amount of Zr, likely
from the parent glass. The light gray precipitates (spot 2 in Fig. 7)
contained an appreciable amount of the alkalis, Ca and Si. How-
ever, the atomic ratio does not correspond to KAISi3Og phase. The
white particles (spot 3 in Fig. 7), which contained primarily Ba and
Si with small amounts of Na and K, could be BaSiO3. Some very tiny
white particles were also identified (spot 4 in Fig. 7) which con-
tained some Ag and Sb, likely from the Ag/mica hybrid mica used
for perimeter seals. To further investigate the interaction or dif-
fusion across the interface, line scans were conducted across the
YSZ electrolyte/glass and YSZ coating/glass interface as shown in
Figs. 8 and 9, respectively. Clearly the inter-diffusion of YSZ and
glass constituents was very limited, indicating the desired stability.
Some precipitates were also observed along the YSZ coating/glass
interface (Fig. 9) but these precipitates showed similar contrast and
morphology to those inside the glass matrix.

3.4. Chemical compatibility with powder mixture

In addition to the combined stability test with YSZ electrolyte
and YSZ coating, the chemical compatibility was further investi-
gated using direct powder mixtures in which fine (<1 wm) YSZ
powders were used. The goal was to accelerate the reaction, if any,
since the YSZ electrolyte was previously sintered at a much higher
temperature ~1450 °C such that the chemical potential for sinter-
ing (as well as for reaction) was likely reduced. On the other hand,
the YSZ coating was heat treated at 1000 °Cbut have a slightly larger
particle size and small contact area for substantial reaction. The

Table 1
Chemical analysis of selected spots in Fig. 7 in at.% of sample after annealing at 750 °C
for 1000 h with 10 thermal cycles in dual environment.

Element\spot 1 2 3 4

0K 57.9 58.85 55.83 57.85
Na K 5.62 5.37 2.23 2.86
Mg K 0.66 0.27 ND 0.51
AlK 1.28 0.20 0.96 4.21
SiK 26.71 2513 29.91 23.62
KK 4.43 5.16 2.17 4.71
Ni K ND ND ND 0.32
AglL ND ND ND 2.84
SbL ND ND ND 2.41
CakK 1.12 4.85 1.10 ND
ZrL 0.66 ND ND ND
Bal 1.62 0.17 7.79 0.67
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20um Electron Image 1

Fig. 8. Line scan across YSZ electrolyte and SCN-1 glass interface after isothermal
ageing at 750°C for 1000 h followed by 10 deep thermal cycles in dual environment.

Electron Image 1

20um

Fig.9. Line scanacross YSZ coating and SCN-1 glass interface after isothermal ageing
at 750 °C for 1000 h followed by 10 deep thermal cycles in dual environment.

X-ray diffraction pattern for the mixed powder approach is shown
in Fig. 10 for the 800°C annealed for 1000 h and 700°C for 1000 h
samples, as well as the glass after initial sealing process (800°C
for 2 h). It is evident the SCN-1 glass was amorphous without any
distinct crystalline peaks. The sample aged at 700 °C showed only

SCN/YSZ mixture

10000
9000 1 —_SCN as-fired
8000 —__SCN/YSZ 700C1000h
7000 —__SCN/YSZ 800C1000h
£ 6000
§ 5000 1
4000 ‘ ;
3000 5 »
2000 L M R | !
] S— - ) J
A
020 30 40 50 60 70

2 theta

Fig. 10. XRD patterns of glass/YSZ powder mixture (weight ratio of 1:1) after
isothermal ageing at 700 and 800 °C for 1000 h in air. For comparison the diffraction
pattern of sintered glass (800 °C for 2 h) is also included (1 = cubic YSZ).

the cubic YSZ peaks. Similar results were obtained for the 800°C
sample; however, there were a few un-identified crystalline peaks
of small amount. The current XRD results are consistent with pre-
vious SEM and EDS analysis indicating that the YSZ coating and
electrolyte are chemically compatible with the alkali-containing
SCN-1 glass.

4. Summary and conclusions

A novel alkali-containing compliant silicate sealing glass for
SOFC applications was evaluated in terms of combined isothermal
ageing and deep thermal cycling at 700 and 750 °C in dual environ-
ment. The compliant glass was sealed between anode-supported
YSZ electrolyte and YSZ coated aluminized SS441 metal substrate.
The high temperature leak tests showed that all samples exhibited
good combined stability (isothermal ageing and 10 deep thermal
cycles) with hermetic seal behavior. From interfacial microstruc-
ture analyses and XRD of powder mixtures, the alkali-containing
glass was found to be chemically compatible with YSZ electrolyte
as well as the YSZ coating in that no discernable reaction or dissolu-
tion was found. The thick YSZ coating, however, presents a potential
for fracture and further optimization is required. Overall the cur-
rent study demonstrated the applicability of a compliant sealing
glass for SOFC sealing applications with YSZ ceramics.
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