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1. Introduction
Solid oxide fuel cells (SOFCs) have received much attention in
recent years due to anticipated depletion of fossil fuels, increas-
ing electricity demand, and the need for greener technologies
to fight against climate change. Unlike conventional combustion
engines/turbines, SOFCs generate electricity by electrochemical
at elevated temperatures reaction rather than combustion. As a
result, higher energy efficiency and less pollutants are expected
[1,2]. Potential markets of interest to industrial developers include
stationary and transportational applications. Currently, there are
two generic designs of SOFCs: tubular and planar [3–5]. The lat-
ter approach involves stacking of tens of repeating unit cells
(anode/electrolyte/cathode) separated by metallic interconnect
plates. Sealing technology is needed to prevent direct mixing of
fuel with oxidizer for the SOFC stack to function properly. The seal-
ing materials have to provide hermeticity or low leak rate, and
must be electrically insulating, chemically compatible with mating
materials, thermally stable, and durable in the harsh dual operating
environment (oxidizing vs. wet reducing atmospheres). The seals
must survive thermal cycling as well as long-term (e.g., ∼40,000 h)
operation at elevated temperatures (∼700–850 ◦C).
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ine-earth silicate sealing glass was developed for solid oxide fuel cell (SOFC)
d to join two ferritic stainless steel coupons for strength evaluation. The
d at elevated temperatures to promote thick oxide layers to simulate long-
dition, seals to as-received metal coupons were also tested after aging in
ents to simulate the actual SOFC environment. Room temperature tensile
ation when using pre-oxidized coupons, and more extensive degradation
ce and microstructural analysis confirmed that the cause of degradation
outer sealing edges exposed to air.

© 2008 Elsevier B.V. All rights reserved.

In general, SOFC sealing approaches can be classified into
three categories: glass and glass-ceramic seals [6–14], silver-
based active brazes [15–18], and mica-based compressive seals
[19–21]. Each one has its own advantages and disadvantages, as
addressed in recent reviews [22,23]. Among these approaches,

glass and glass-ceramics have been most extensively studied.
Chou et al. studied a novel SrO–CaO–Y2O3–SiO2–B2O3 glass sys-
tem with focus on higher sealing temperatures (>950 ◦C) for
better long-term thermal and chemical stability by varying the
B2O3 content [6]. Results showed very stable microstructure and
crystalline phases after 2000 h aging at 900 ◦C. Lahl et al. stud-
ied the crystallization kinetics of AO-Al2O3–SiO2–B2O3 glasses
(A = Ba, Ca and Mg) and the influence of nucleating agents (TiO2,
ZrO2 and Cr2O3) on the activation energy for crystal growth [7].
They found that the activation energy for crystal growth was
increased by most nucleating agents except ZrO2, and the prepara-
tion method determined whether surface or bulk nucleation was
the dominant mechanism. Sohn et al. investigated the thermal
and chemical stability of the BaO–Al2O3–La2O3–SiO2–B2O3 sys-
tem. They found that the CTE increased with BaO content and
a maximum CTE of ∼11 × 10−6 ◦C−1 was obtained at BaO = 40%
and B2O3/SiO2 = 0.7. The thermal properties of the crystallized
glasses were not reported [8]. Ley et al. studied the glass sys-
tem of SrO–Al2O3–La2O3–SiO2–B2O3. The coefficients of thermal
expansion (CTE) of the as-prepared glasses were in the range
of 8–13 × 10−6 ◦C−1 [9]. Adding ceramic fibers into the seal-
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were also studied. Fracture surface and microstructure analy-
ses were conducted and correlated with the strength testing
results.
Y.-S. Chou et al. / Journal of P

Table 1
Chemical composition range of Crofer22APU metal coupons used for seal strength t

wt.% Cr Fe C Mn

Minimum 20.00 Balance 0.30
Maximum 24.00 Balance 0.03 0.80

Data from manufacturer (Thyssenkrupp VDM GmbH, Germany).

ing glass was demonstrated by Taniguchi et al. to improve the
thermal cycle stability [10]. However, the seal was complex, con-
sisting of three layers: a glass plate, a ceramic fiber layer, and
a composite layer of glass and YSZ powders. As a result, high
compressive applied stress (2 kgf cm−2, ∼29 psi) was needed. In

addition to the CTE match, minimal interfacial reaction with
adjacent components is also required for sealing glasses. As the
operation temperature for SOFC has dropped from ∼1000 ◦C to
below ∼800 ◦C, the use of metals as the interconnect plate has
become possible. However, glass/metal interactions can degrade
the mechanical properties of the seals. The behavior of various
glass-ceramics with ferritic stainless steels under SOFC environ-
ments was investigated [11–14], and the results for as-sealed or
short-term aged (<400 h) samples showed undesirable chromate
formation [6,14], microstructure degradation, and electrical short
circuiting [12]. None of these studies investigated the mechan-
ical properties of the seal, which are important in advancing
SOFC technologies since typical SOFC stack life expectancy is
around 40,000 h with numerous thermal cycles during routine
operation. Thus, a robust seal is a must for the stack to sur-
vive transient as well as residual stresses during thermal cycling.
The objective of this study was to investigate the seal strength
of a novel high-temperature sealing glass with a candidate steel
interconnect material (Crofer22APU) and to identify the cause of
failure. Effects of environmental aging and oxide layer thickness

Fig. 1. A schematic drawing showing the tensile testing assembly with a sealed
metal couple bonded to the Al grips with epoxy.
ources 184 (2008) 238–244 239
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2. Experimental

2.1. Raw materials and sample preparation

The sealing glass used in this study is a high-temperature
(SrO,CaO)–Y2O3–B2O3–SiO2 glass (YSO75) which was prepared by
melting of oxides and carbonates at 1500 ◦C in a Pt crucible. The
details of glass fabrication and heat-treatment are given in Ref.
[6]. The as-cast bulk glass was crushed and ground in a WC vibra-
tory mill for two minutes and sieved through a #100 mesh sieve.
Thermal properties of the as-cast glass and glass powder com-
pacts sintered at 950 ◦C for 2 h followed by 800 ◦C for 4 h were
measured with a dilatometer (Unitherm 1161, ANTER Corp., Pitts-

Fig. 2. Linear thermal expansion curves of glass YSO75: (A) as-cast and annealed
bulk glass, and (B) glass powder compact after short-term crystallization in air at
950 ◦C/2 h and 800 ◦C/4 h.
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Table 2
Thermal properties of the sealing glass

Condition Tg (◦C) Ts (◦C) Average CTE (× 10−6/◦C)

As-cast bulk glass 685 741 11.63
Short-term crystallized N/A 914 11.87

Note: Average CTE of the as-cast glass was for temperature range from RT to Tg;
average CTE of the short-term crystallized glass was from RT to Ts.
burgh, PA) using rectangular bars about 27 mm long. The glass
powders were also mixed with an organic binder (V-006, Heraeous
Electronic Materials, W. Conshohocken, PA) to form a paste for seal-
ing. The Crofer22APU steel coupons used for sealing and strength
tests 12.5 mm × 12.5 mm × 1 mm. The compositional range for Cro-
fer 22APU, a special ferritic stainless steel developed for SOFC
applications, is listed in Table 1. Test specimens were prepared by
applying the glass paste to two metal coupons to form steel/glass
paste/steel sandwiches. After drying, the specimens were slowly
heated to 550 ◦C for 2 h to remove organic binders. They were
then heated to 975 ◦C for 2 h followed to 800 ◦C for 4 h (short-
term crystallization). To study the oxide layer thickness effects,
metal coupons were pre-oxidized in air at 800, 1000 or 1200 ◦C for
2 h. To study effects of environmental aging, as-sealed specimens
were either aged in air at 850 ◦C for 500 h or aged in a wet (∼30%
H2O) dilute hydrogen (2.7% H2/Ar) atmosphere at 850 ◦C for 250 h.

Fig. 3. SEM images showing the oxide scale (primarily Cr2O3) on pre-oxidized Cro-
fer22APU metal coupons: (A) pre-oxidized at 1000 ◦C/2 h and (B) pre-oxidized at
1200 ◦C/2 h. Arrows in the figures show the top layer of (Cr,Mn)3O4 spinel.
Fig. 4. Effect of pre-oxidation of the metal coupons on the room temperature seal
strength.

2.2. Mechanical testing and microstructural characterization

For room temperature seal strength tests, the sealed metal

coupons were glued to two aluminum test fixtures using fast-
setting epoxy as shown in Fig. 1. The assembly was then tested
in uniaxial tension using a mechanical tester (MTS Bionix 400,
MTS Canton, MA) with a cross-head speed of 0.5 mm min−1 in
ambient conditions. The fixture had a self-alignment joint to mini-
mize bending or twisting during tensile testing. For each condition,
about 6–7 samples were tested and the average strength was deter-
mined. After the test, fracture surfaces were examined with optical
microscopy. Some of the samples were also epoxy mounted, sec-
tioned, and polished for interfacial characterization using scanning
electron microscopy (JOEL SEM model 5900LV).

3. Results and discussion

3.1. Thermal properties of high-temperature sealing glass

The sealing glass (YSO75) used in this study is a high-
temperature sealing glass. While conventional sealing glasses for
SOFC stacks operated at ∼800 ◦C typically have a sealing temper-
ature of ∼825–850 ◦C, the sealing temperature of glass YSO75 is

Fig. 5. Load and displacement curve of the room temperature seal strength test of
as-sealed as-received Crofer22APU. The curve shows typical brittle failure.
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Fig. 6. Effect of environmental aging on the room temperature seal strength.

∼950–1000 ◦C. Higher sealing temperatures allowed for compo-
sitional modifications which resulted in improved thermal and
electrical properties of the glass, and are also expected to result
in improved sintering and hence higher bonding strength and
conductivity of the contact materials at the cathode/interconnect
interface. Satisfactory contact bonding during long-term opera-
tion and thermal cycling is critical because poor contact results in
high ohmic resistance and therefore poor electrochemical perfor-
mance.

The linear thermal expansion of glass YSO75 is shown in Fig. 2A
for the as-cast and annealed bulk glass, and in Fig. 2B for a short-
term crystallized glass powder compact. Thermal properties (glass
transition temperature (Tg), dilatometric softening point (Ts), and
coefficient of thermal expansion) are listed in Table 2. The as-cast
and annealed bulk glass showed a typical expansion curve for glass,
with a distinct glass transition point (Tg = 685 ◦C) and dilatometric
softening point (Ts = 741 ◦C). The short-term crystallized glass did
not exhibit a normal glass transition point but did soften at 914 ◦C,
suggesting the glass power compact had crystallized substantially
but still contained residual glassy phase. It should be noted that
glass YSO75 exhibits a CTE that is well matched with other SOFC
stack components including Ni/YSZ anode-supported cells and fer-
ritic stainless steel interconnect materials (∼12.5 × 10−6 ◦C−1).
3.2. Pre-oxidation of Crofer22APU

For SOFC stacks operating at temperatures ≤800 ◦C, metal-
lic interconnects are favored over ceramic interconnects due to
higher electrical and thermal conductivity and lower cost. Con-
ductive chromia scale forming ferritic stainless steels are the
leading candidates. Among these candidates, Crofer22APU has
been studied extensively due to its excellent CTE match with
Ni/YSZ anode-supported cells and good oxidation resistance. The
bonding/wetting behavior of silicate glasses to metals is strongly
dependent on the nature of the surface of the metal. Metallic sur-
faces often result in poor joining due to poor wetting, while an
oxide layer on the metal surface tends to promote wetting which
leads to improved chemical bonding. As the metallic interconnect
is exposed to a dual environment of fuel and air at elevated temper-
atures during SOFC operation, oxidation of the metal is inevitable,
with the thickness of the oxide scale on the surface increasing over
time. Extensive oxidation can lead to cracking and/or spallation at
the scale/metal interface leading to degradation of seal strength
and integrity. Oxidation rates at seal/interconnect interfaces will
ources 184 (2008) 238–244 241

be substantially reduced if the seal material is sufficiently dense
to effectively prevent oxygen transport to the interconnect surface;
protective interconnect coatings can also greatly assist in minimiz-
ing scale growth.

As the service life of planar SOFCs may be 40,000 h or more,
it is critical to know the effect of scale thickness on seal strength.
To simulate long-term operation, Crofer22APU coupons were pre-
oxidized in air at various elevated temperatures to promote
different thickness of chromia scales. Fig. 3 shows the cross-section
view of samples pre-oxidized at 1000 ◦C/2 h and 1200 ◦C/2 h. The
oxide thickness of 1000 ◦C/2 h pre-oxidized samples was about
1–2 �m, and 6–10 �m for 1200 ◦C/2 h oxidized ones. The growth
of chromia scale frequently follows a classical parabolic law. Pub-
lished chromia scale growth rate constants varied substantially.
For example, Fontana et al reported a scale growth rate constant
of 4.8 × 10−14 g2 cm−4 s−1 for Crofer22APU (2 mm thick) at 800 ◦C
[24]. Huczkowski et al., however, found the growth constants were
dependent on sample thickness due to exhaustion of Cr reser-
voir and break-away phenomenon for thin samples, and a much
higher rate constant of 1.0 × 10−12 g2 cm−4 s−1 for the same mate-
rial at 800 ◦C [25]. One can estimate the thickness of chromia
after 40,000 h using these two constants and a chromia density of
5.2 g cm−3 to be around 5–23 �m. On the other hand, actual scale
thickness was found around 13–17 �m for Crofer22APU when oxi-
dized in air for 8850 h at 800 ◦C [26]. Our sample pre-oxidized at
1200 ◦C/2 h appeared to be in this long-term oxidation range. The
chemical composition of the oxide layer was found to be primar-
ily Cr2O3, with a thin, discrete layer of (Cr,Mn)3O4 spinel on top
of the Cr2O3 layer (arrow in Fig. 3A); this is consistent with previ-
ous studies [14,27]. The scale thickness of the sample pre-oxidized
at 800 ◦C/2 h was lower (<0.5 �m), and should be negligible for
the as-received (un-oxidized) steel, although the as-received sam-
ples could still form some oxide scale during the sealing process
before the glass powders melted and sealed off the oxygen. The rel-
atively thick Cr2O3 oxide layer on the 1200 ◦C/2 h oxidized sample
did not spall off after cooling, suggesting good adhesion strength
even though the Cr2O3 had a low CTE (∼9 × 10−6/◦C) compared to
the parent metal and was therefore expected to be under residual
compressive stress. The 1200 ◦C/2 h oxidized sample also showed
some undesirable pore formation underneath the thick oxide layer
(Fig. 3B).

3.3. Room temperature seal strength of pre-oxidized samples
Overall, all the samples (as-received and pre-oxidized) showed
good bonding without fracture after sealing at elevated temper-
ature and cooling down to room temperature. Room temperature
seal strengths of the joined metal/glass/metal couples are shown in
Fig. 4. The strength of as-sealed samples was 6.3 ± 0.9 MPa, and was
6.3 ± 0.9 MPa for samples pre-oxidized at 800 ◦C/2 h. The strength
of samples pre-oxidized at 1000 ◦C/2 or 1200 ◦C/2 h showed a dis-
tinct reduction to 2.6 ± 0.8 and 2.9 ± 0.4 MPa, respectively. This
indicates that the seal strength was degraded if the thickness is
greater than ∼1–2 �m while scales thinner than ∼0.5 �m had no
effect on strength. It should be noted that the term “seal strength”
is used due to the intended application of the material, although
the more conventional terms “joint or interfacial strength” could
be used for the specific properties measured in this study. The
measured seal strengths were one to two orders of magnitude
lower than the individual strength of the bulk glass or typical
SOFC components. For example, NiO/YSZ porous anode supports
were reported to have a bend strength ranging from 56 to 200 MPa
depending on the porosity and test methods, and YSZ electrolyte
was much stronger [28]. The strengths of ferritic stainless steels
were also very high at room temperature (>300 MPa). The bend
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samp
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Fig. 7. Optical and SEM micrographs of the fracture surface of as-sealed as-received
SEM image of the circled area in (A); (C) and (D) high magnification images of circ
features.

strength of a typical SOFC sealing glass (e.g. Ba–Ca–Al–B–SivO) was
84 ± 14 MPa [29]. No joint or interfacial strengths for SOFC sealing
glass bonded with metallic interconnect were found in the litera-
ture. The results of the present study indicate that the seals would
likely be the weakest link in an assembled planar stack, where mul-
tiple tens of repeating unit cells may be joined with seals. The cause
of the observed low strengths will be discussed in the next section.

Fig. 5 shows the load and displacement curve for the seal strength
test of an as-sealed coupon. Samples with pre-oxidized samples
showed similar behavior. Clearly, the curve exhibited typical catas-
trophic brittle failure with load dropping at the maximum point,
with no sign of nonlinearity, microcracking, or gradual damage
during the test.

3.4. Effect of environment on seal strength of aged samples

As SOFC sealants are exposed to both oxidizing and reducing
environments during operation, it is important to understand the
effect of environment on seal strength, especially for planar SOFCs
which are expected to last for tens of thousand of hours with
repeated thermal cycling. Two additional sets of as-sealed sam-
ples were aged in different gases to assess the environmental effect
on mechanical integrity of the seals. The seal strength of samples
aged in air or a wet reducing environment are plotted in Fig. 6,
together with the data of unaged samples from Fig. 4. It is evi-
dent that the strength degraded substantially after aging in air
(850 ◦C/500 h), dropping to 0.5 ± 0.3 MPa. On the other hand, no
strength degradation was observed for samples aged in the wet
le. (A) Optical micrograph shows that fracture initiated from the sealing edges; (B)
eas in (B) showing regions with micro-cracked large grains, and regions with fine

reducing environment (850 ◦C/250 h). The strength of those sam-
ples was 7.0 ± 1.6 MPa, which was slightly higher than that of the
unaged samples (6.3 ± 0.9 Mpa). The severe strength degradation
of samples aged in air appeared to be consistent with the strength
data of the pre-oxidized samples discussed above, and was related
to interfacial reaction in the oxidizing environment between SrO
or SrSiO3 (from the sealing glass) and Cr2O3 (from the metal scale)

[6]:

2SrO(s) + Cr2O3(s) + 1.5O2

(g) → 2SrCrO4(s) �G800–900◦C = −(135–145) kJ mol−1 (1)

2SrSiO3(s) + Cr2O3(s) + 1.5O2

(g) → 2SrCrO4(s) + 2SiO2(s) �G800–900◦C

= −(4–14) kJ mol−1 (2)

The negative Gibbs free energies indicates that strontium chro-
mate can form spontaneously in air, and that chromate formation
may be more favorable from “SrO” in an un-crystallized glassy
phases rather than from the crystallized SrSiO3. Both SrCrO4 and
BaCrO4 have been observed at glass/metal interfaces exposed to air
when the metal was a Cr-containing ferritic steel [6,14]. Chromate
formation has not been observed in reducing environments, which
is consistent with the positive Gibbs free energy calculated under
those conditions [6]. For the case of SrCrO4 the equilibrium oxygen
partial pressure was calculated to be 2.5 × 10−8 atm (800 ◦C) and
therefore would not form in the reducing environment where PO2
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amount of Cr in these grains. (3) Microcracking in ceramics is often
observed when the ceramic material experiences large volume
changes from phase transformation during cooling, such as ZrO2
(due to tetragonal to monoclinic phase transition) or PbTiO3 (due
to large CTE anisotropy). Pure SrCrO4 is orthorhombic and highly
anisotropic in CTE with ˛a = 16.5 × 10−6 K−1, ˛b = 33.8 × 10−6 K−1,
and ˛c = 20.4 × 10−6 K−1 [30]. Also, the CTE of the glass matrix is
only 11.8 × 10−6 K−1, so the chromates grains would be under large
tensile stresses during cooling and therefore likely to crack. (4) The
formation of SrCrO4 is thermodynamically favorable only if oxy-
gen is available, as it is in the circumferential region. Therefore
the strength degradation for samples pre-oxidized at 1000 and
1200 ◦C/2 h as well as samples aged in air 850 ◦C/500 h could be
attributed to continuous chromate formation along the glass/metal
interfaces over time resulting in larger critical flaws and there-
fore lower strength. The observed strength degradation of silicate
sealing glasses containing alkaline earths, particularly Ba and Sr,
clearly indicates the potential failure of SOFC stack seals if bare
Cr-containing alloys are used as metallic interconnect materials.
Remedies for this undesirable interfacial reaction such as alu-
Fig. 8. EDS of the selected areas (point #1 and #2) from Fig. 7(B) showing (A) the
region with micro-cracked large grains containing an appreciable amount of Cr, and
(B) the region away from the sealing edge, which was free of Cr.

was less than 10−19 atm. Due to the very high CTE of these chro-
mates (22–23 × 10−6 ◦C−1), high residual tensile stresses would be
expected to build up during cooling, leading to severe strength
degradation. The reason for the slight strength increase for the
samples aged in the reducing environment is not clear, but may be
related to changes in flaw morphology/size or relaxation of residual
stresses when samples were held at elevated temperatures.

3.5. Fracture surface and interfacial microstructure analysis
The fracture of as-sealed samples, whether the metal coupons
were as-received or pre-oxidized, all showed similar fractography
with most of the fractures originating from the outer boundary of
sealing glass, where oxygen was available for interfacial reaction.
Fig. 7A is a typical low magnification optical micrograph which
reveals the hackle lines pointing toward the failure origin, i.e., along
the sealing edges. Scanning electron microscopy (Fig. 7B) revealed
regions of larger grains (Fig. 7C) and finer grains (Fig. 7D). It was
noted that the larger grains were all micro-cracked (Fig. 7C). EDS
point analysis (Fig. 8) of the two regions (points #1 and #2 in Fig. 7B)
indicated that the micro-cracked large grains contained an appre-
ciable amount of Cr, while the regions away from the edge with finer
precipitates/crystallites showed the typical glass composition with
no trace of Cr. It is interesting to note that Ba (a significant impurity
in the SrCO3 raw material) appeared to be concentrated at the edge
regions as shown in Fig. 8B, suggesting Ba is more reactive with
Cr than Sr. Similar Ba depletion was observed in a similar sealing
glass (Ba–Ca–Al–B–Si–O) when joined with SS446 alloy [27]. The
calculated Gibb’s free energy of formation for BaCrO4 (based on a
reaction analogous to Eq. (1)) was found to be −207 kJ mol−1, which
is more favorable than the value for SrCrO4 of −144 kJ mol−1. In
ources 184 (2008) 238–244 243

a cross-section view, the formation of an interfacial reaction zone
near the outer sealing edges of the glass/metal interface was clearly
evident, as shown in Fig. 9A (arrow), and much less evident at loca-
tions away from the sealing edges (Fig. 9B). Overall, the current
fractography and chemical analyses strongly suggest that the large
micro-cracked grains were SrCrO4: (1) Pure SrCrO4 is yellow and
yellowish color was observed on the fracture surfaces along the cir-
cumference. (2) EDS analyses showed the presence of a substantial
Fig. 9. Cross-section view of the glass/metal (as-received) interface: (A) region close
to seal outer edge showing distinct interfacial reaction zone (arrow), and (B) region
away from the sealing edge.
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minization of the metal surface are under investigation and will
be reported in the near future.

4. Summary and conclusion

A novel alkaline-earth aluminosilicate sealing glass was devel-
oped with stable thermal properties. The glass was sandwiched
between two metal coupons to evaluate the mechanical strength.
Joins with pre-oxidized metal coupons showed a large strength
degradation for samples heat-treated above 1000 ◦C. Strength was
drastically reduced when for joins aged in air for 500 h. Fracture
surface analysis, spot chemical analysis, and thermodynamic cal-
culations revealed the formation of SrCrO4 and/or BaCrO4 along
the edges of the glass/metal interfaces. This chromate formation is
believed to be the cause of the observed strength degradation due
to high CTE and anisotropy. It is concluded that a protective coating

will likely be needed if Cr-containing ferritic stainless steels are to
be used as metallic interconnect materials for SOFCs.
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