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a b s t r a c t

An alkali silicate glass (SCN-1) is currently being evaluated as a candidate sealing glass for solid oxide
fuel cell (SOFC) applications. The glass containing ∼17 mole% alkalis (K2O and Na2O) remains vitreous
and compliant during SOFC operation, unlike conventional SOFC sealing glasses, which experience sub-
stantial devitrification after the sealing process. The non-crystallizing compliant sealing glass has lower
glass transition and softening temperatures since the microstructure remains glassy without significant
crystallite formation, and hence can relieve or reduce residual stresses and also has the potential for crack
healing. Sealing approaches based on compliant glass will also need to satisfy all the mechanical, thermal,
chemical, physical, and electrical requirements for SOFC applications, not only in bulk properties but also
at sealing interfaces. In this first of a series of papers we will report the thermal cycle stability of the glass
OFC when sealed between two SOFC components, i.e., a NiO/YSZ anode supported YSZ bilayer and a coated
ferritic stainless steel interconnect material. High temperature leak rates were monitored versus thermal
cycles between 700 and 850 ◦C using back pressures ranging from 1.4 to 6.8 kPa (0.2–1.0 psi). Isothermal
stability was also evaluated in a dual environment consisting of flowing dilute H2 fuel versus ambient
air. In addition, chemical compatibility at the alumina and YSZ interfaces was examined with scanning
electron microscopy and energy dispersive spectroscopy. The results shed new light on the topic of SOFC

glass seal development.

. Introduction

Solid oxide fuel cells are an emerging technology which not
nly can reach very high energy conversion efficiency (over 60%)
ut also offer great opportunities for carbon capture, due to sep-
rate fuel and air flow streams [1,2]. In SOFCs, electrical energy is
xtracted from the electrochemical reaction of fuels like hydrogen
r carbon monoxide with oxidants like air. Oxygen is ionized at
he cathode/electrolyte interface and transported through vacan-
ies in the electrolyte to the anode, where the oxygen reacts with
ydrogen to form water and releases electrical energy as well as
hermal energy. To increase the power density, many SOFC devel-
pers are pursuing planar designs in which repeating unit cells are
tacked and connected electrically in series. Planar stack designs

ypically require several different seals, such as ceramic cell to
indow frame seals, seals between interconnect plates, and seals

etween end plates which provide gas inlets and outlets. Sealing
f planar stacks represents one of the primary challenges facing
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SOFC developers, so development of a reliable sealant or sealing
system remains one of the top priorities in advancing planar SOFC
technology. For glass seals, the challenges lie not only in satisfy-
ing the initial requirements such as hermeticity or allowable leak
rates through optimization of the bulk glass properties, but also in
controlling reactivity at the sealing interfaces. 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
to thousands of thermal cycles make glass seal development a most
challenging hurdle [3].

To date, SOFC glass seal research has been focused mainly
on glass–ceramic approaches in which the initial glass devitri-
fies into a rigid or semi-rigid glass–ceramic mixture after the
sealing processes [4–12]. Previously, alkaline earth-based alu-
minosilicate glasses have been extensively studied as candidate
sealing glasses [5–19]. Lahl et al. studied the crystallization kinetics
of AO–Al2O3–SiO2–B2O3 glasses (A = Ba, Ca, Mg) and the influ-

ence of nucleating agents [9]. Sohn et al. investigated the thermal
and chemical stability of the BaO–Al2O3–La2O3–SiO2–B2O3 system
[10]. Ley et al. studied the system of SrO–Al2O3–La2O3–SiO2–B2O3
and thermal expansion behaviors [6]. Other systems of phosphate
glasses [11], borosilicate glasses [4], and ceramic fiber reinforced
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Table 1
Chemical composition of SCN-1 glass (wt%) determined by ICP-OES.

Oxide wt%

A12O3 2.81
BaO 8.23
CaO 3.34
Fe2O3 0.22
K2O 10
MgO 0.62
Na2O 7.29
TiO2 0.54
ZnO 0.01
ZrO 0.01
710 Y.-S. Chou et al. / Journal of Po

lass [5] have also been investigated. However, the CTEs of these
lasses were in the low range, e.g., ∼5.7–7.9 × 10−6 ◦C−1 for the
hosphate glasses, which resulted in poor thermal cycle stabil-

ty [11]. A good example of a state-of-the-art sealing glass is a
a–Ca–Al–B silicate glass–ceramic developed by Pacific North-
est National Laboratory [12]. This glass has a very good CTE
atch with the SOFC components after initial crystallization

CTE ∼ 12.5 × 10−6 ◦C−1 750 ◦C/4 h). The CTE, however, decreases
o ∼11 × 10−6 ◦C−1 after ageing at 750 ◦C for 1000 h, which could
ause problems during repeated thermal cycling. To retain con-
tant CTE over ageing and minimize use of Ba, a Sr–Ca–Y–B silicate
lass system was developed that shows very promising thermal
nd electrical stability [13–16].

As mentioned above the glass–ceramic sealants develop a
igid or semi-rigid microstructure after substantial crystallization,
esulting from the fact that a “glass” is in a meta-stable state and
hermodynamically will prefer to rearrange its random structure
o lower the free energy. The typical SOFC operating condition
f ∼700–900 ◦C provides substantial thermal energy for atoms to
eorganize themselves into a crystalline structure. As a result, the
atching of CTEs is very critical for the glass–ceramic type of

ealants. To avoid this constraint, a novel approach using a glass
esistant to crystallization was sought such that, after heat treat-
ent, the sealing glass will remain vitreous and retain the softening

r compliant behavior to relieve stresses [17]. In addition, should
racks form during cooling to room temperature they may heal
pon re-heating of the stack for routine operation. Crack healing has
een observed in glasses at elevated temperatures [17,18]. How-
ver, the ability to maintain a vitreous state without crystallization
t SOFC operation conditions over the long term remains unknown.
ost of the glass–ceramic candidates contain no alkalis and the

ffect of alkalis appears unclear. In this paper, we will present the
rst part of a series of studies on a commercially available alkali sil-

cate glass, with an emphasis on thermal property characterization
nd leak behavior at various temperatures and back pressures. High
emperature leak rates will be reported for cycling and ageing tests.
f particular interest is the chemical compatibility with SOFC com-
onents such as YSZ electrolyte and metallic interconnect. Results
f post-mortem microstructure and interfacial analysis will be dis-
ussed to assess the suitability of the compliant glass approach for
OFC applications. The second part of the work, involving volatility,
lectrical, and mechanical properties, will be reported in the future.

. Experimental

.1. Chemical composition and thermal properties
haracterization

The glass under study is a commercial alkali silicate glass (SCN-1,
EM-COM, Toledo, OH). The chemical composition, as determined
y inductively coupled plasma-optical emission spectroscopy (ICP-
ES), is listed in Table 1. The silicate glass contains alkaline
arths, mainly BaO (8.23 mole%) and CaO (3.34 mole%), alkalis
f K2O (10.0 mole%) and Na2O (7.3 mole%), Al2O3 (2.8 mole%),
nd some impurities (less than 1%) of Fe, Mg and Ti. Ther-
al properties of glass transition (Tg), softening point (Ts), and

verage coefficient of linear thermal expansion (CTE) were deter-
ined by thermal mechanical analysis using sintered glass bars of
mm × 3 mm × 5 mm.
.2. Sample preparation and coupon sealing

To mimic actual SOFC conditions, the candidate sealing glass was
ealed between a NiO/YSZ anode-supported thin YSZ electrolyte
i-layer and a ferritic stainless steel (SS441) square substrate. The
2

Li2O 0.02
B2O3 0.03
SiO2 66.86

ceramic bi-layer was fabricated by a conventional tape casting and
lamination process, punched into discs, and sintered at ∼1400 ◦C
in air. The as-sintered discs were creep flattened at a lower tem-
perature (∼1350 ◦C) under a dead weight equivalent to ∼7 kPa. The
discs were circular in shape with 35.6 mm diameter and a total
thickness of 550 �m including a thin and dense YSZ electrolyte
layer of ∼10 �m after sintering. The metal substrate was a square
of 50 mm × 50 mm × 1 mm with a central hole of 6.35 mm diameter
machined from larger SS441 sheets (ATI Allegheny Ludlum, Pitts-
burgh, PA). Stainless steel SS441 is currently considered a candidate
metallic interconnect for planar SOFC applications, due to matching
CTEs with NiO–YSZ anode (both SS441 and NiO–YSZ anode have
average CTEs in the range of 12–13 × 10−6 ◦C−1 from room tem-
perature to elevated temperatures), ability to form a conductive
oxide layer, and reasonable low cost. However, the metal contains
an appreciable amount of Cr, which can cause poisoning of cath-
odes as well as mechanical degradation in sealing areas by forming
chromates with very high CTEs if sealing glasses containing alkaline
earths (e.g., Ba and Sr) are used [13,14,19]. As a result, a protective
coating is required for the sealing area, in addition to the active
cathode area. In this study 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, fol-
lowed by drying and oxidizing at 1000 ◦C for 1 h in air [20]. To
contain the low viscosity sealing glass, two concentric rings of 8YSZ
ceramic (∼225 �m thick) with different diameters were also fabri-
cated using the same tape casting and heat treatment process as the
ceramic bilayers. Fig. 1 shows the preparation of the test couples
with glass paste on the bilayer disc between two concentric YSZ
rings, and the sintered couple, in A and B, respectively. The sinter-
ing was conducted at 800 ◦C for 2 h in air with a small dead weight
to ensure good contact.

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, by applying the alcohol in the cen-
tral cavity and observing if any alcohol penetrated through the glass
seal to the other side. Only hermetic samples, i.e., no alcohol pene-
tration, were used for thermal cycle and ageing stability tests. The
sample was then pressed at 82–163 kPa between a leak tester made
of Inconel600 and an alumina support for thermal cycle and age-
ing stability tests, as shown in Fig. 2. A hybrid mica seal with Ag or
SCN-1 glass as the interlayer was used for the perimeter seal [3].

Thermal cycling was conducted in ambient air from room temper-
ature to elevated temperatures of 700, 750, 800, and 850 ◦C. It took
3 h to heat to the elevated temperatures; the furnace was then held
for 3 h while measuring the leak rates, and then cooled to room
temperature in 18 h so that a full thermal cycle took 24 h. Leakage
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Fig. 1. Optical micrograph shows the sample preparations for coupon sealing. (A)
Glass paste (gray) applied between two concentric YSZ rings (white) on the ceramic
bi-layer disc (green), and (B) the ceramic bilayers disc sealed onto an aluminized
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bility up to ∼28,400 h at 800 ◦C [21,22]. In addition, de-assembly
S441 square substrate. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

as measured with ultra-high purity helium at a differential pres-
ure of ∼1.4–6.8 kPa (0.2–1 psi), and represented as standard cubic
entimeters per minute per leak length (sccm cm−1) [3]. In addi-
ion to thermal cycling tests, ageing tests in a dual environment
ere also conducted at 750 and 800 ◦C for ∼1000 h with flowing

% H2/N2 (with ∼3% H2O) inside the test chamber surrounded by
mbient air. During the ageing test a back pressure of 6.8 kPa (1 psi)
as established by flowing the gas through a column of water. After

he ageing test, the sample was checked with optical microscopy,
ollowed by cutting and polishing for microstructure and chemi-
al analysis with scanning electron microscopy (SEM) and energy
ispersion spectroscopy (EDS) (JOEL SEM model 5900LV).

. Results and discussion

.1. Thermal expansion behavior of non-crystallizing SCN-1 glass

nd conventional crystallizing sealing glass

Fig. 3A shows the thermal expansion behavior of SCN-1 glass
uring three heating and cooling cycles. For comparison, a con-
urces 196 (2011) 2709–2716 2711

ventional glass–ceramic type of refractory sealing glass is also
included (Fig. 3B). It is evident the SCN-1 glass has much differ-
ent thermal expansion behaviors as compared to the crystallizing
glass–ceramics. For example, the SCN-1 glass still shows the typ-
ical glass expansion behavior with distinct glass transition point
and softening points. The glass transition temperature increased
slightly from 468 ◦C (1st cycle at 0.1 N) to 486 ◦C (2nd cycle
at 0.05 N), and 494 ◦C (3rd cycle at 0.01 N) while the softening
point increased from 540 ◦C (1st cycle) to 585 ◦C (2nd cycle),
and ∼600 ◦C (3rd cycle). After ageing for 500 h in air at 800 ◦C
the linear expansion curve (not shown here) was very similar
to the as-sintered one, with a slightly higher glass transition
point of 509 ◦C. On the other hand, a conventional glass–ceramic
sealant (YSO1) showed a significant change in thermal expan-
sion behavior after short-term heat treatment at 1000 ◦C/1 h and
800 ◦C/4 h. After the heat treatment, the material showed linear
expansion behavior up to the softening point, suggesting dras-
tic microstructure and phase changes. The glass transition point
of the as-prepared YSO1 glass was 695 ◦C and softening point
was 733 ◦C while the heat-treated (crystallized) material showed
no obvious transition point and much higher softening at 880 ◦C
[13].

3.2. Design of leak test fixture

Fig. 2 shows a leak test fixture which was designed for eval-
uating high temperature seals. For SOFC applications, the normal
operation temperature ranges from ∼700 ◦C to ∼850 ◦C for planar
designs and could be close to ∼950 ◦C for tubular or electrolyte-
supported cells. To measure the high temperature leak rates during
repeated thermal cycling is not trivial, as the test fixture needs to
have high temperature strength, very good oxidation resistance,
stability in humid reducing environment, matching CTEs, and avail-
ability in block and tube forms. Unfortunately no single material
meets all the requirements to the best knowledge of the authors.
Inconel600 and alumina were chosen as the primary fixture mate-
rials, with hybrid mica seals around the perimeter. The total leak
rate measured during the leakage tests was the sum of the leak
rate through the hybrid mica perimeter seal plus the leak rate
through the glass seal. Given a known leak rate through the hybrid
mica perimeter seal, one can then subtract that value to obtain
the leakage (if any) through the glass seal. The choice of this indi-
rect method appears to be unavoidable given that no glass seal
can tolerate the large CTE mismatch between the Inconel600 top
fixture (∼16–17 × 10−6 ◦C−1) and SS441. Welding the Inconel600
fixture with SS441 substrate would induce severe thermal stresses
which can easily damage the glass seal to be tested since the
ceramic bilayer would already be sealed onto the metal substrate,
not to mention issues involving welding of dissimilar materials.
One could braze the metal substrate to the Inconel600 top fix-
ture, however, the large residual stresses from CTE mismatches
between Inconel600, braze, and aluminized SS441 would still cre-
ate uncertainty regarding the braze stability during thermal cycling.
Should the braze start to leak with an unknown and changing leak
rate during the test, one could not accurately determine the leak
rate of the glass seal under test. Also, post mortem de-assembly
could very well fracture the glass seal. As a result, hybrid mica
was chosen as the perimeter seal for the test fixture. The hybrid
mica seal has been shown to have fairly constant leak rates during
thermal cycle testing up to 1000 cycles and long-term ageing sta-
of the test fixture after testing is unlikely to damage the glass
seal, since the compressive mica seal does not bond strongly with
mating surfaces, allowing for post-mortem leak checking with iso-
propanol.
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ig. 2. Schematic drawing shows the assembly of leak test fixture for glass sealed
etween an Inconel600 top fixture and an alumina bottom support with hybrid m
ade of YSZ ceramics.

.3. Effect of temperature on thermal cycle stability at various
ack pressures

Results of thermal cycle stability tests of SCN-1 glass at vari-
us temperatures and different helium pressures for cycling from
oom temperature to 850 ◦C, 800 ◦C, 750 ◦C, and 700 ◦C are shown
n Fig. 4A–D, respectively. For thermal cycling to 800 ◦C (Fig. 4B)
nly leak rates tested at 1.4 kPa (0.2 psi) are reported. Leak rates
t the other three temperatures were also measured at higher
elium pressures. The measured leak rates, as mentioned in pre-
ious section, are the summation of all leak paths, through the
lass seal and the mica seal. It is evident that the leak rates at
ow helium pressure of 1.4 kPa are all within 0.01–0.05 sccm cm−1,
onsistent with typical hybrid mica seals at similar compressive
tresses [3,21,22]. It is noted that the mica paper used for this study
s ∼200–300 �m thick and is composed of discrete mica flakes of
arying sizes (hundreds to thousands of microns in size and thick-
ess less than 10 �m) overlapping with each other. As a result, the
ore microstructure of each mica sheet will be different and lead to
range of leak rate measurements. However, leaks in the observed

ange are much less than would be expected with a typical glass
eal failure. It was found from our earlier study that brittle fracture
f a rigid glass seal of similar geometry would result in substan-
ially higher leak rates, as much as 8 times higher. For example,
he hybrid phlogopite mica with glass–ceramic (G18, Ba–Ca–Al–B-
ilicate [12]) interlayers turned into a rigid monolithic ceramic after
sothermal ageing at 800 ◦C for ∼1000 h, due to reaction of G18
lass with mica (aluminosilicate in layer structure). As a result,
he 800 ◦C leak rates after some thermal cycles increased substan-
ially from ∼0.04 sccm cm−1 to ∼0.32 sccm cm−1 [22]. Therefore,
he leak rates measured in the present study clearly suggested
hat the SCN-1 glass had very good thermal cycle stability with-
ut fracture during cooling (or, if fracture occurred, it may have
ealed upon re-heating). The fairly constant leak rates at all tem-
eratures are consistent with the thermal cycle stability of hybrid

icas. The leak rates at various helium pressures (∼3.4–6.8 kPa)

ppeared to be linearly proportional to the pressure, as previ-
usly observed in hybrid mica seals. For example, the average
50 ◦C leak rates (Fig. 4C) are 2.9 × 10−2 sccm cm−1 (±0.5 × 10−2),
.0 × 10−2 sccm cm−1 (±0.8 × 10−2), and 16.1 × 10−2 sccm cm−1
en a ceramic bi-layer and an aluminized SS441 substrate. The sample was pressed
the perimeter seal. The glass was contained between two concentric rings spacer

(±1.4 × 10−2), proportional to the helium pressure at 1.4 kPa
(0.2 psi), 3.4 kPa (0.5 psi), and 6.8 kPa (1.0 psi), respectively.

3.4. Isothermal ageing in dual environments

In addition to pure thermal cycling tests, isothermal ageing
stability testing was also conducted with dual environments of
flowing dilute hydrogen (with ∼3% H2O) inside the test fixture
surrounded by ambient air at 750 and 800 ◦C. Upon completion
of 1000 h ageing the sample was further subjected to a few ther-
mal cycles to room temperature. The leak rates during isothermal
ageing are shown in Fig. 5A and B for 750 and 800 ◦C, respectively.
It is evident the seal based on SCN-1 glass was hermetic with a
majority of leak rates less than ∼0.01 sccm cm−1, and no depen-
dence on helium pressure. For these two samples SCN-1 glass was
also used as the compliant interlayers of the hybrid mica perimeter
seal (see Fig. 3), instead of thin (25 �m thick) Ag foil. The SCN-1
glass on the mica was much thicker (a few hundreds of microns)
and was under compressive stresses. As a result of the 800 ◦C seal-
ing process, some of the low viscosity glass was squeezed out.
The extra glass apparently coalesced and sealed off the edges of
the perimeter mica, resulting in observed the hermetic behavior
(i.e., independent of helium pressure). Most importantly, however,
the SCN-1 glass did demonstrate the desired thermal stability in
dual environments. These two samples were then subjected to a
few thermal cycles to room temperature. Leak rates of the 800 ◦C
sample after 4 thermal cycles showed a substantial increase to
∼0.19 sccm cm−1, ∼0.42 sccm cm−1, and ∼0.58 sccm cm−1 for the
helium pressure at 1.4 kPa, 3.4 kPa, and 6.8 kPa, respectively. Similar
drastic increase of leak rates was also observed for the 750 ◦C sam-
ple, where the leak rates were ∼0.38 sccm cm−1, ∼0.69 sccm cm−1,
and ∼1.1 sccm cm−1 at these three pressures. Clearly, these leak
rates were much larger than those of typical hybrid micas, indicat-
ing fracture of glass seal or ceramic bilayers. Upon post-mortem
analysis, it was found that the ceramic bilayer disc fractured in

both cases. In the previous pure thermal cycling tests, no bilayer
fracture was observed with the same materials set and geom-
etry. Clearly the cause of bilayers fracture could not be solely
attributed to the residual stresses from CTE mismatch between the
thick YSZ spacer rings (CTE ∼ 10.5 × 10−6 ◦C−1) and mating SOFC
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Fig. 3. (A) Typical thermal expansion behavior of glass (SCN-1) during heating and
cooling for three times. The number indicates the glass transition point. (B) Typi-
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next to the alumina coating. The glass matrix (point #2) showed
two types of precipitates, equiaxed light particles and darker rod-
like precipitates (points #3 and #4, respectively). The chemical
compositions of these spots are listed in Table 3. The light particle

Table 2
Chemical analysis of the selected areas in Fig. 5 for sample after 800 ◦C/1000 h ageing
in dual environment. The numbers are in at.%.

Element #1 #2

O K 66.2 62.9
Na K 0.6 3.2
Mg K 0.2 0.7
A1 K 1.7 1.5
Si K 29 25.9
al expansion behavior of a crystallizing glass–ceramics glass sealant (as-made and
rystallized).
rom Ref. [13].

omponents (CTE ∼ 12.5 × 10−6 ◦C−1) since the CTE of the NiO–YSZ
node was similar before and after reduction. The fracture of the
ilayers in dual environment tests was likely related result of the
educed strength of the bilayer discs after full reduction in reduc-
ng gas where more pores (defects) were formed and elasticity was
owered. For example, Radovic and Lara-Curzio found the biaxial
trength of sintered NiO/YSZ bilayers decreased from 86 MPa to
8 MPa after reduction at 1000 ◦C for 30 min where the porosity

ncreased from ∼20% to ∼37% [23].

.5. Microstructure and interfacial characterization

The microstructures of the glass matrix and along the glass/YSZ
lectrolyte and glass/aluminized SS441 interfaces are shown in
igs. 6 and 7, respectively, for the sample aged at 800 ◦C/1000 h in
he dual environment. At the YSZ electrolyte/glass interface, there

ere localized and concentrated precipitates of “gray” particles
hereas in the glass matrix (away from the interface) fewer pre-

ipitates were found (Fig. 6). EDS analyses of the selected areas
re listed in Table 2. These gray particles are oxides composed
ainly of Si (29 at.%), consistent with line scans, with a few per-
urces 196 (2011) 2709–2716 2713

cent of Al and K and trace amounts of Na, Mg, Ti, and Zr. The glass
matrix shows similar composition but less Si (25.9 at.%) content
and some alkaline earths (Ba and Ca). The atomic ratios from these
EDS analyses of the gray particle area could not lead to specific sil-
icate compound of these elements (for example simple compound
as Na2SiO3 and Al2SiO5 both are thermodynamically favorable to
form at 800 ◦C with negative Gibbs free energy). Another possibil-
ity of common crystalline phase containing K, Al, and Si would be
KAlSi3O8; however, the atomic ratio of K or Al to Si was far from 1:3.
This exact nature of these precipitates whether crystalline or amor-
phous requires further micro-analysis. The current glass contains
about 17 wt% of alkalis (K and Na together) and has a low viscosity
of 105 Pa s (800 ◦C) (the typical softening point of common glass by
its own weight has a viscosity of 106.6 Pa s [24]). The low viscosity
glass could be more reactive or corrosive since diffusion is much
faster in liquids than solids. As a result one would expect to see
the dissolution of 8YSZ electrolyte into the glass matrix, and deep
migration into the matrix as time progresses if the SCN-1 glass and
8YSZ were not compatible with each other. The fact that EDS area
analysis showed no detectible Y and a low concentration of Zr in
the glass near the interface seems to indicate the desired chemical
compatibility of the compliant SCN-1 glass with YSZ electrolyte.

At the glass and aluminized SS441 interface, no high Si-
containing precipitates were found as in the glass/YSZ interface.
The alumina coating (point #1 in Fig. 7) remained fairly intact
without showing substantial dissolution into the glass matrix, as
shown by the elemental line scan where the Al concentration
dropped sharply across the alumina coating. Corrosion of alu-
mina or alumina-containing refractory by alkalis to form �-alumina
(NaAl9O14) has been of interest for some time due to its use in
sodium discharge lamp envelopes [25], in composites [26], struc-
tural ceramics, and glass melting [27]. The corrosion can occur
either by metal vapor as in the sodium discharge lamp or metal
hydroxide as in the combustion-heating furnaces. The corrosion
will lead to materials loss by forming �-alumina (for K it has a
composition between K2O·4.75Al2O3 and K2O·10Al2O3) and struc-
ture damage due to large volume expansion (28%) associated with
the formation of �-alumina [25]. The current glass contains about
10 wt% K2O and 7.3% of Na2O, and was exposed to ambient air and
5%H2/N2 with a few percent of moisture (<3%) at 750 and 800 ◦C for
∼1000 h. No �-alumina was identified along the glass/metal inter-
face, which suggests the desirable compatibility between the glass
and the alumina coating on the SS441 metal substrate. The long-
term stability remains to be evaluated. Nonetheless, the alumina
coating was able to minimize Cr diffusion into the glass despite the
fact that is was not fully dense and had variations of coverage and
thickness. There were some tiny “white” Fe-containing particles
K K 1.8 3.4
Ca K 1.2
Ba K 1.2
Ti K 0.1
Zr K 0.3
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ig. 4. Thermal cycle stability of SCN-1 glass sealed between ceramic bilayers and a
as thermally cycled from room temperature to elevated temperatures of: (A) 850

ontains primarily Si, Na, and Ca while the dark rod-like precipitates
re mostly of Si, Al, and K. The corresponding crystalline phases
emain to be determined.

.6. Self healing and stress considerations for compliant sealing
lass

For planar SOFC stacks, the sealing joints are the most criti-

al parts during routine operation with high thermal loads, due
o fabrication processes and the service conditions. For sealing
lass, whether it is a rigid-type glass–ceramic or a compliant-type
on-crystallizing glass, the stress states at operation temperatures

able 3
hemical analysis of the selected spots in Fig. 6 for sample after 800 ◦C/1000 h ageing

n dual environment. The numbers are in at.%.

Element #1 #2 #3 #4

O K 58.4 63.0 61.9 63.9
Na K 3.0 6.0 0.9
Mg K 0.9 0.4
A1 K 39.4 1.3 0.3 5.5
Si K 0.2 25.9 22.2 23.4
K K 5.7 3.2 0.9 5.7
Ca K 1.4 7.6
Ba K 1.4 1.2 0.3
Ti K 0.4
Cr K 1.0
Fe K 0.5
# of thermal cycles

ized SS441 substrate, and contained between two concentric YSZ rings. The sample
), 800 ◦C, (C) 750 ◦C, and (D) 700 ◦C at various helium pressures.

are considered minimal. For compliant (non-crystallizing) sealing
glasses, any residual stresses can easily be relieved due to the low
viscosity since the thermal and elastic properties remain similar
to the as-prepared bulk glass. Even for the crystallizing sealing
glasses such as Ba–Ca–Al–B-Si (G18) or the more readily crys-
tallized Sr–Ca–Y–B-Si glass (YSO1 in Fig. 3), the volume fraction
of crystallites can never approach 100%. There are always some
residual glassy phases present at the grain boundaries after for-
mation of the crystallizable phases. As a result, the crystallized
glass–ceramics still possess the typical softening behavior and can
relieve the stresses at elevated temperatures (although it will take
longer as compared to the compliant glasses). Structural damage
is most likely to begin during cooling when the glass or glassy
phases transform into rigid elastic bodies below the glass transi-
tion point; residual stresses (due to mismatch in CTE and elasticity)
will continue to build up as the temperature decreases. One may
estimate the magnitude of the residual stresses (�) considering the
rigid glass–ceramics (YSO1 glass in Fig. 2B) and the compliant glass
(SCN-1 glass in Fig. 2A) with the simple equation:

� = E �˛ �T

where E is the elasticity of the glass, �˛ is the mismatch of CTE,

and �T is the temperature difference between the glass transition
temperature and room temperature. Using elasticity of 70 GPa for
YSO1 glass and 50 GPa for SCN-1, �˛ = 0.5 × 10−6 ◦C−1 for YSO1 and
�˛ = 0.8 × 10−6 ◦C−1 for SCN-1, and �T = 775 ◦C for YSO1 glass, and
�T = 443 ◦C for SCN-1 glass (Tg = 468 − 25 ◦C), the calculated resid-
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Fig. 6. EDS line scanning along the SCN-1 glass/YSZ electrolyte interface for sam-
ple tested at 800 ◦C/1000 h followed by 4 thermal cycles in dual environment. The
elemental analyses in selected rectangular area (1 and 2) are listed in Table 2.

Fig. 7. EDS line scanning along the SCN-1 glass/aluminized SS441 interface for sam-
ig. 5. Isothermal ageing of SCN-1 glass sealed between ceramic bilayers and alu-
inized SS441 substrate, and contained between two concentric YSZ rings. The

amples were tested in dual environment and at elevated temperature of (A) 750 ◦C
nd (B) 800 ◦C.

al tensile stress was 27 MPa for rigid YSO1 glass–ceramics and
18 MPa for compliant SCN-1 glass. The stress is indeed smaller for

he compliant glass than the rigid glass–ceramics (though it was
omewhat overestimated for YSO1 glass since no clear glass tran-
ition point can be identified). As brittle fracture is dominated not
nly by stress but also depends on the flaw size, location, and orien-
ation, the compliant type sealing glass would likely offer flaws with
ess stress concentration, due to smoother outer surfaces and the
ack of crystalline particles. In addition, should cracks initiate and
ropagate during the cooling cycle, the re-heating to elevated tem-
eratures may well promote the crack healing by capillary actions.

. Summary and conclusions

A novel alkali-containing compliant silicate sealing glass for
OFC applications was evaluated in terms of thermal cycle sta-
ility and chemical compatibility. The glass was sealed between
NiO/YSZ supported YSZ electrolyte disc and an aluminized SS441

ubstrate, and contained between two YSZ rings. High temperature
eak rates were measured between 700 and 850 ◦C at a differen-
ial pressure of 0.2–1.0 psi. All samples showed good thermal cycle
tability with hermetic seal behavior in air for 20 deep thermal

ycles. The isothermal ageing in dual environment also showed her-
etic behavior during the 1000 h isothermal ageing; however, the

educed bilayers fractured after a few thermal cycles. On interfacial
icrostructure analyses, the alkali-containing glass was found to

e compatible with YSZ electrolyte as well as the alumina coating in
ple tested at 800 ◦C/1000 h followed by 4 thermal cycles in dual environment. The
elemental analyses in selected spots (1, dark alumina coating; 2, glass matrix; 3,
white particle; 4, dark particle) are listed in Table 3.

that no discernable reaction or dissolution was found. Simple stress
calculations indicated lower stress development during cool down
for the compliant sealing glass compared to a devitrifying glass seal.
Overall the current study demonstrated the potential applicability
of a compliant sealing glass for SOFC sealing applications.
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