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Seal glass plays a crucial role in solid oxide fuel cell performance and durability. In this review paper,
overall composition-structure-property relations of seal glasses are discussed from bulk glass behav-
ior, interfacial interaction, and sealing ability point of view. A seal glass should have a combination of
desired thermal, chemical, mechanical, and electrical properties in order to seal cell components and
stacks and prevent gas leakage. It must be stable for ~40,000 h at 500-1000°C in oxidizing and reduc-
ing atmospheres and withstand ~10,000 thermal cycles between room temperature and cell operating
temperature. A SrO-La;03-Al,035-SiO; based seal glass shows the promise to meet all the desired ther-
mophysical properties, long-term stability, and thermal cycling resistance. In this paper, the most recent
advances in the field are discussed along with this glass. Future seal glass research directions for solid
oxide fuel cells are also analyzed.
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1. Introduction

Energy demand is increasing exponentially with continued
growth of world population, economy, and living standards. Lim-
ited reserve of fossil fuel and emission of greenhouse gases (COy,
NOy, SOy) from its use are threatening the present and future gen-
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erations in terms of energy crisis, environmental pollution, global
warming, and health hazards. Sustainable energy is much needed
in order to address these problems.

Fuel cells are attractive electrochemical devices that convert
hydrogen or hydrocarbon into electricity without any moving
parts during operation. When hydrogen is used as a fuel, water
is the by-product. Example fuel cells are phosphoric acid fuel cell,
proton exchange membrane fuel cell, molten carbonate fuel cell,
solid oxide fuel cell, and alkaline fuel cell. Among these differ-
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Table 1
State-of-the-art materials for SOFCs [3-5].

Components High temperature SOFC Intermediate temperature Low temperature SOFC
(900-1000°C) SOFC (700-900°C) (500-700°C)

Anode Nickel/fully stabilized Nickel/fully stabilized Nickel/fully stabilized
zirconia cermet zirconia cermet zirconia cermet

Cathode Strontium-doped Strontium-doped Strontium-doped

lanthanum manganate

(LSM), LSM-fully stabilized

zirconia composite
Electrolyte Scandia, yttria, or ceria
fully stabilized zirconia

Interconnect Doped lanthanum

chromite

lanthanum cobaltite,
Strontium-doped
lanthanum cobaltite ferrite

lanthanum manganate
(LSM), LSM-fully stabilized
zirconia composite

Scandia, yttria, or ceria
fully stabilized zirconia

Gadolinia-doped ceria

Chromia based ferritic
stainless steel

Chromia based ferritic
stainless steel

ent fuel cells, solid oxide fuel cells (SOFCs) are the most preferred
due to their higher efficiency, fuel flexibility, and cost effective-
ness. However, SOFCs have to be operated at high temperatures
(500-1000°C) to realize these advantages. When a SOFC is oper-
ated in the reverse mode, it is called solid oxide electrolyzer cell
and can generate hydrogen by splitting water. In this paper, we will
focus the discussion on SOFCs with the understanding that most
knowledge can be directly applied to solid oxide electrolyzer cells.

SOFC operates based on Nernst equation to generate electrical
voltage (E) from oxygen partial pressure difference at the elec-
trodes:

RT Po,(c)

E=(—-=)In 2 1

(41") (Poz(a)) W
where R is the gas constant, T the temperature, F the Faraday con-
stant, and Po, ) and Po,(,) are the partial pressures of oxygen at the
cathode and the anode, respectively. ASOFC mainly consists of elec-
trodes (anode and cathode), electrolyte, and interconnect. Oxygen
gas from air is ionized to oxygen ions on the cathode side. The oxy-
gen ions then migrate to the anode side through the electrolyte and
combine with the fuel on the anode side. The interconnect collects
current and provides integrity to the cell stacks.

SOFCs have great potentials for stationary and mobile applica-
tions such as residential, power grid, military, long duration mobile
devices, and remote communication electronics. Energy conver-
sion efficiency for SOFCs increases with operating temperatures
and 56% has been achieved [1]. By cogeneration of heat and power,
65-85% efficiency can be achieved in a hybrid system [2]. SOFC can
be classified into three types according to operating temperatures:
high temperature SOFC (900-1000 °C), intermediate temperature
SOFC (700-900°C), and low temperature SOFC (500-700 °C). Typ-
ical SOFC operating temperature is ~800°C. Most of the research
has been carried out for intermediate temperature SOFCs. Reducing
the operating temperature to 500-600 °C requires new electrolytes
with high oxygen ionic conductivity, active catalysts for oxidation
at the anode and reduction at the cathode, and electrode mate-
rials with suitable ionic and electronic conductivities. To produce
electrical power in kilowatt to megawatt range, many cells need
to be stacked through interconnect materials. The state-of-the-art
materials for SOFC components are listed in Table 1.

There are mainly two designs for SOFCs: tubular and planar.
Planar designs are preferred due to: (1) high power density, (2) a
wide range of operating temperatures, (3) potential for both sta-
tionary and mobile applications, (4) design flexibility and ease of
fabrication, and (5) lower cost [6]. For example, a current density of
0.3468 Acm~2 can be obtained from a planar design compared to
0.289 Acm~2 from a tubular design at the same operating condition
[7]. This article will focus exclusively on the planar cell design. For
this design, sealing is required along the edges of the cell compo-

nents [6]. Example locations of seals in planar SOFCs are illustrated
in Fig. 1. A seal material is a critical component of planar SOFCs
because it seals the cells/stacks and prevents gas leakage and mix-
ing. The efficiency of SOFCs degrades proportionally to the gas
leakage rate because of decreased utilization of input fuels. Mixing
of reducing and oxidizing gases also accelerates cell degradation
and can even cause explosion [8,9].

There are three types of seals: compressive, compliant, and
rigid. Mica and mica-based hybrid materials, metal-brazes, and
glass/glass—ceramic materials are used as compressive, compliant,
and rigid seals, respectively [6,10-12]. At cell operating tempera-
tures, compressive seals require an applied load, which complicates
cell design and increases fabrication cost. Compliant seals do not
bond with the SOFC components well, are prone to oxidation and
‘hydrogen embrittlement’, and are electrically conductive. Rigid
seals have many advantages compared to compressive and com-
pliant seals. Glass and glass—ceramic seals rigidly bond to the
cell components, can prevent leakage and mixing of gasses, and
are electrically insulating. Additionally, glass and glass-ceramic
seals are flexible in design, easy to fabricate, and cost-competitive
[6,10-12]. A wide range of material properties required for seal-
ing can be achieved with a glass or glass-ceramic seal by suitable
compositional design.

Glass and glass—ceramics are the most preferred SOFC seal
materials and the focus of this review paper. No distinc-
tion between glass and glass—ceramic seals will be made for

Fig. 1. Schematic of seal positions in a planar SOFC.
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discussion convenience. The property requirements and compo-
sitional design challenges of seal glasses will be first explained.
Composition-structure-property relations, interaction with inter-
facing components, and impact on SOFC performance and
durability will be analyzed in detail. We have developed a
SrO-La;03-Al,03-SiO, based seal glass which can fulfill all the
sealing requirements. The guiding principles for this glass design
will be provided. Finally, research needs and future directions in
the SOFC sealing area will be discussed.

2. Requirements of seal glass in solid oxide fuel cells

Several physical and chemical properties and thermal stability
should be obtained simultaneously in a seal material for proper
SOFC operation. The most important physical properties include
glass transition temperature (Tg), thermal expansion coefficient
(CTE), and electrical resistivity. Chemical properties include resis-
tance to chemical reaction with vapor gases and the resultant
glass vaporization and degradation at cell operating tempera-
tures (500-1000°C) in oxidizing (cathode side) and wet reducing
(=50vol% H,0, anode side) atmospheres. A seal material should
be compatible with the interfacing components to avoid pores and
cracks and gas leakage paths. Since SOFCs need to operate con-
tinuously for >5000h for mobile applications and >40,000h for
stationary applications, and undergo thousands of thermal cycles
between room temperature and operating temperature [13], a seal
material should be stable and withstand thermal cycling without
substantial property degradation for the entire period. Addition-
ally, a seal glass should withstand thermal and mechanical stresses
arising from material property differences, temperature gradient,
and stack weight/external loads during operation and transporta-
tion. The electrical resistivity of a seal glass must be high enough to
prevent SOFC from electrical shunting. Simultaneous fulfillment of
these requirements is the main challenge in developing a suitable
seal material [6,9-12].

3. Challenges in seal glass design

Seal glasses are multicomponent oxide systems which contain
glass network formers, glass network modifiers, intermediates, and
additives. Glass network formers are oxides of high field strength
(1.0-2.0) and low coordination number (3-4) and provide polyhe-
dral units in a glass network structure. Common network formers
for seal glasses are SiO, and B;03. Network modifiers are oxides
of low field strength (<0.35) and high coordination number (8)
[14,15]. They disrupt glass network structure, occupy random
positions in-between the polyhedra, and maintain local charge neu-
trality [14,16]. Modifier oxides create non-bridging oxygen species
which do not link the polyhedral units [14-16]. Common net-
work modifiers are alkali oxides and alkaline earth oxides. Modifier
oxides take the major role of modifying glass properties. Intermedi-
ate oxides have field strength (0.84-1.04) and coordination number
(4-6) in-between those of the network formers and modifiers [14].
They can be either a glass former or a modifier depending on the
specific glass composition. Al, O3 is the most commonly used inter-
mediate oxide in seal glasses. Rare earth oxides (such as La,03) and
transition metal oxides (such as NiO, TiO,, and ZnO) are often added
into a seal glass to tailor the desired properties. These oxides are
known as additives and can be either a network former or a network
modifier depending on the specific glass composition [17].

Designs of seal glass compositions are mainly based on the
knowledge of the field strength of the constituent cations and the
‘additive rule’. Challenges arise due to three reasons: deviation of
the ‘additive rule’ due to ‘combined ion effect’, ‘boron anomaly’, and
lack of understanding of glass composition-structure-property
relations. According to the ‘additive rule’, seal glass properties

can be modified by varying constituents in a glass composition
[14,16,18]. However, deviation of the ‘additive rule’ is frequently
observed due to short-range interaction between different types
of modifiers [16,18,19]. This phenomenon is known as ‘combined
ion effect’. From a different aspect, B, O3 is a common constituent in
most of seal glass compositions. Modifier cations change glass prop-
erties anomalously by converting planar boroxyl structural groups
to borate structural groups in B,03-containing glasses. This phe-
nomenon is known as ‘boron anomaly’. The properties of a seal
glass depend not only on the cationic field strength but also on
the coordination number of cations, cation-oxygen bond length
and bond angles, local ordering in the network structure, and the
degree of network connectivity. Heterogeneity due to local order-
ing can occur at the atomic level in a multi-component seal glass
[17,20-22].

4. Bulk seal glass properties

4.1. Thermal properties

There are four important thermal properties to consider for a
SOFC seal glass: glass transition temperature (Tg), glass softening
temperature (Ts), CTE, and devitrification resistance.

The glass transition temperature, Tg, is the temperature of the
‘onset of glass transformation region’ of a liquid to a frozen solid
when the liquid is very rapidly cooled (quenched). The average vis-
cosity of a glass at Tg is 10113 Pas. Glass softening temperature,
Ts, is the temperature at which a glass fiber of 24 cm long and
0.7 mm diameter elongates at the rate of 1 mmmin~"! at the heat-
ing rate of 5Kmin~'. This is known as Littenton softening point
and the viscosity of the glass at Ts is 1066 Pas. For sealing glasses,
the glass softening temperature is often determined from dilato-
metric studies and is the temperature at the maximum length of
the glass sample on a length vs. temperature curve during heating.
The viscosity of the glass at Ts is 108-10° Pas [18]. In this context,
T; and T; of a seal glass are important. The Tg value of a seal glass
should be slightly below the cell operating temperature to relieve
thermal stress and self-heal cracks [23,24]. For high temperature,
intermediate temperature, and low temperature SOFC seal glasses,
T should be in the temperature ranges of 750-850°C, 650-750°C,
and 450-650 °C, respectively. Ts value should be higher than the cell
operating temperature to avoid excessive glass flow. For high tem-
perature, intermediate temperature, and low temperature SOFC
seal glasses, Ts should be in the temperature ranges of 900-1000,
700-900, and 500-700°C, respectively.

A seal glass generally contains 40-70 mol% network formers. Tg
in 675-775°C temperature range and Ts in 725-875 °C tempera-
ture range have been obtained for silicate glasses [25-31]. T and
Ts generally increase with SiO, content because of a higher amount
of bridging oxygen, higher network connectivity, and higher Ty and
Ts of vitreous SiO;. Tg in the 500-580 °C temperature range has been
achieved for borate glasses [29-31]. Presence of planar boroxyl
structural groups and low Tg of pure B,03 (~275°C) lead to low
T, for the B,03-containing glasses [14,16]. For borosilicate glasses,
Ty of 480-740°C and Ts of 600-750°C are obtained [28,32-42]. T
and Ts decrease by 50-100°C with the increase of B,03/SiO, ratio
as shown in Fig. 2 for borosilicate glasses [27,28,32,43]. The reasons
are as follows [27,44]. First, both three-coordinated BO3 and four-
coordinated BO4 structural units are present. An increase in the
B, 05 content decreases the probability of silicon coordination with
BO4 units and results in less rigid network structure. Consequently,
Ty and Ts decrease. Second, B,03 addition increases the fraction of
non-bridging oxygen containing borate and silicate structural units.
The higher amount of non-bridging oxygen decreases network con-
nectivity and thus T and Ts.
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Fig. 2. Variation of Ty, T;, and CTE as a function of B,03/SiO, ratio in
BaO-MgO-borosilicate and SrO-La,0s-borosilicate glasses [27,28].

A seal glass generally contains 20-45mol% network mod-
ifiers. A wide range of T; and Ts have been obtained in
alkaline earth oxide-containing seal glasses. T; of 500-675°C
and Ts of 650-750°C are obtained in BaO-containing borosili-
cate glasses [25,28,34,36,38,39,41,43]. Ty of 625-775°C and Ts of
700-825 °Care obtained in SrO-Al,03-La;03-B,03-Si0, seal glass
systems [27,32,33,35,37,42]. Tg of 610-720°C is obtained for CaO-
containing and MgO-containing borosilicate glasses [28,36,45].
Modifier oxides decrease T and Ts in a silicate glass. 5-10 mol%
increase in alkali oxide decreases Tg by 30-270°C and Ts
by 60-300°C for Na20—A1203—5102 and Nazo—cao—A]203—Si02
glasses [46,47]. 5mol% increase of Na,O decreases Tg and Ts by
~270°C (from 786 to 515°C) and ~300°C (from 910 to 607 °C),
respectively, for a silicate glass [46].

Al;03 is the most commonly used intermediate oxide, gen-
erally at 5-10mol% for a seal glass. Al,O3 is a network former
if the coordination number of Al3* is four and a network mod-
ifier if the coordination number of AI3* is five or six [14,26,20].
Ty and Ts increase if Al;O3 is a network former because of the
higher degree of network connectivity and lower fraction of non-
bridging oxygen. Tg and Ts decrease if Al, O3 is a network modifier
because of lower degree of network connectivity and higher frac-
tion of non-bridging oxygen. One study reports that T increases
by 20°C (625-645 °C) when the Al,03 content increases from 9.5
to 17mol% in a SrO-Al;03-La;03-B;03-Si0, glass [37]. Another
study shows that T; decreases by 30°C (from 638 to 608°C) in
a Ca0-MgO-borosilicate glass when the Al,03 content increases
from 6.9 to 17.0 mol% [45].

Several additives such as rare earth metal oxides and transition
metal oxides are used in seal glass compositions to tailor the ther-
mal properties. La; 03, a rare earth metal oxide, is commonly used
in seal glass compositions. Less than 10 mol% La,0j5 is sufficient to
increase Tg by 30-50 °C although more than 20 mol% has been used
in some seal glasses [27,32,42,48]. ZrO,, TiO,, NiO, ZnO, and Y,03
are common transition metal oxides in seal glass compositions. The
effect of transition metal oxides on Ty and Ts depends on the spe-
cificglass composition [17,22]. Ty and Ts increase when these oxides
are network formers and decrease or stay unchanged when these
oxides are network modifiers. For example, 2 mol% ZrO, addition
has no effect on T in MgO-borosilicate glasses [36] but 3 mol% ZrO,
addition increases Tg by 15-20°C in a BaO-borosilicate glass [38]
and T by 50-70°C in an alkali and alkaline earth oxide-containing
silicate glass [31]. Similar anomaly has been observed for TiO,, Ni,
and ZnO when they are added in silicate and borosilicate glasses
[28,31,33,36,38,49-53].

The CTE of a seal glass should not differ by more than
1 x10-6K-! with the interfacing SOFC components in order to
obtain pore- and crack-free interface [54]. CTE mismatch between
the seal glass and the adjoining SOFC components can cause tensile

(CTEcomponent>CTEglass) or compressive (CTEcomponem<CTEglass)
thermal stress at the interface [55]. The CTEs of SOFC com-
ponents are generally 10.5x 106K~ for the electrolyte,
124x 107K~ for the cathode, 10-14.0x 10-6K-! for the
anode, and 11.0-15.0x 10-6K-! for the interconnect [56-58].
Cracks and pores may form at the interface due to tensile stress
and a seal glass may delaminate from the interfacing components
due to compressive [55] or shear stress. In practice, a CTE of
10.0-12.0 x 10~ K1 is required for a seal glass.

Regarding glass network formers, CTEs of 9.0-13.0 x 10-6 K1,
9.5-10.5 x 106 K~1, and 9.0-13.0 x 10~ K~! have been obtained
for silicate, borate, and borosilicate glasses, respectively
[27-32,34,35,37-39,41-43,59-61]. For borosilicate glasses, CTE
increases by 1.0-2.0 x 10~6 K-1 with increase in B,03/SiO, ratio as
shown in Fig. 2 for a SrO-Al,03-La;03-B,03-SiO, seal glass. The
higher CTE of pure B,05 glass (14.4 x 10-6 K1), the asymmetric
structure of borate structural groups, and the decrease in the
network connectivity are the reasons for the CTE increase [14,16].

Regardless of modifier types, desired CTE has been obtained for
seal glasses [27-32,34,35,37-39,41-43,59-61]. CTE increases with
increasing modifier content and decreasing modifier field strength.
For example, CTE increases from 8.5 x 1076 to 12.0 x 106K~ fora
BaO-MgO-silicate glass when BaO/MgO ratio increases from 0.67
to 4.0 because of the lower field strength of BaO [29]. CTE increases
from ~8.0 x 1076 to 11.5 x 10-6K~! for a BaO-borosilicate glass
with BaO content increase from 20 to 40 mol%[43,62]. CTE increases
from 8.08 x 106 to 9.20 x 10-6K-1 for a SrO-borosilicate glass
when the SrO content increases from 35.31 to 41.76 mol% [32].

Intermediate oxides play a dual role in affecting CTE. For
example, CTE decreases when Al,05 is a network former and
increases when it is a network modifier. 1-2 mol% Al,03 addi-
tion decreases CTE by ~1.5 x 10-6 K~ for silicate and borosilicate
seal glasses [49,50]. 0.5-1.5mol% Al,03 addition decreases CTE
by ~0.2 x 10~ K- for a Na,0-Ca0-SiO, glass [63]. However, less
than 0.5 mol% Al, 03 addition increases CTE by ~0.2 x 10-6 K- for
the same Na,0-Ca0-SiO; glass system [63].

The effect of additives on CTE has no consistent trend.
2.0-3.0mol% LayO3 increase in BaO-borosilicate and
SrO-borosilicate seal glasses increases the CTE by ~1.0 x 10-6 K1
due to increased amount of non-bridging oxygen [32,38]. Addition
of transitional metal oxides increases CTE if they are network
modifiers and decreases CTE if they are network formers. 3 mol%
NiO increases CTE by ~1.0 x 10~ K- for a BaO-borosilicate glass
[38]. 2 mol% ZrO, decreases CTE by 0.5-0.7 x 10~6 K~1 for a silicate
glass [31] and a BaO-borosilicate glass [38] but has no impact
for a MgO-borosilicate glass [36]. Similar anomalies have been
observed for NiO addition in borosilicate glasses [36,38,51].

Required Tg, Ts, and CTE have been obtained in a wide
range of silicate, borate, and borosilicate glasses as shown in
Fig. 3 [28-31,35-42,47,49,50,59-61,64,65]. Silicate and borosili-
cate glasses (1-3mol% B,03) can be used as high temperature
SOFC seals. Silicate, borate, and borosilicate glasses (>5 mol% B,03)
can be used as intermediate and low temperature seals. A wide
range of silicate, borate, and borosilicate glasses are suitable as
SOFC seals regardless of operating temperatures from CTE point of
view. Seal glasses for intermediate temperature SOFCs are the most
thoroughly investigated. More research is needed for low temper-
ature seal glasses in consideration of the recent development of
low temperature SOFCs. Borate glasses are the most common low
temperature SOFC seal glasses.

4.2. Devitrification resistance
Devitrification of a seal glass is undesirable because of the

glass property change it incurs. Localized stresses due to the CTE
difference between the devitrified phase(s) and the glass phase
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Fig. 3. Thermal properties of seal glasses as a function of network former contents [28-31,35-42,47,49,50,59-61,64,65]: (a) Ty and T of silicate and borate glasses, (b) T and
Ts of borosilicate glasses, (c) CTE of silicate and borate glasses, and (d) CTE of borosilicate glasses. Desired CTE is marked by dotted lines. HT seal, IT seal, and LT seal indicate
high temperature seal, intermediate temperature seal, and low temperature seal, respectively.

are of most concern. These stresses and the lower flowability of
the devitrified phases can create pores and cracks in the glass
and at the interface. For example, pores and cracks form in a
BaO-CaO-borosilicate glass after thermal treatment at 850°C for
1 h followed by 4 h at 750 °C because of the CTE difference between
the devitrified phases and the glass phase [66]. Unfortunately,
devitrification resistance is not well defined so far. Qualitatively,
higher temperature and longer time required for a glass to devitrify
mean higher devitrification resistance.

The origins of devitrification are the very small nuclei formed
during glass making, heterogeneity in glass network structure,
surface flaws, and residual stress from mechanical polishing
[18,21,27,33,44,67,68]. Devitrification resistance depends on seal
glass composition. Effect of network formers, modifiers, interme-
diates, and additives will be discussed to illustrate the effect of
composition on the devitrification resistance. Thermal treatment
conditions also affect the devitrification resistance. Devitrification
due to nuclei formation during glass making and surface flaws is
beyond the scope of the present discussion.

Glass network formers can degrade the devitrification resis-
tance of a seal glass in two ways. First, the degree of network
connectivity decreases with increased fraction of non-bridging
oxygen-containing structural units. Second, coexistence of sev-
eral different types of structural units induces heterogeneity in
a glass network structure [16,44,69-74]. Silicate glasses have
a higher degree of devitrification resistance than borate and
borosilicate glasses because of their higher glass network con-
nectivity, as demonstrated in Fig. 4 [28,38]. An increase in the
B,03/SiO, ratio also increases the content of BO,4 structural
units, which do not mix homogeneously with silicate structural
units. As a result, glass devitrification resistance decreases. In our
work, the B,03/SiO, ratio effect on the devitrification resistance
of a SrO-Lay;03-Al,03-B,03-SiO, system has been investigated
[33,44]. At 850°C, the devitrified phases appear at <50 h of ther-
mal treatment time when B,03 is present. For a B,03-free glass

composition, there is no devitrification after 200 h at 850 °C. Devit-
rification of a lithium disilicate glass occurs due to the presence of
pyrosilicate (Si;07) and orthosilicate (SiO4) structural units, which
cause glass structure heterogeneity [71,72,73].

Devitrification resistance of a seal glass also depends on glass
modifiers. Fig. 5 shows the devitrification temperature of silicate
and borosilicate glasses when alkaline earth oxides are used as
glass network modifiers [29,36,60,75]. In these glasses, the overall
composition is fixed but the type of modifier is varied. Devitri-
fication temperature decreases in silicate glasses in the order of
BaZ* > Sr2* > Ca%* >Mg?* but increases in a borosilicate glass in the
order of BaZ* <Ca?* <Mg2* (Fig. 5). Generally, heterogeneity in a
glass structure increases with modifier field strength [76].

A small amount (<10 mol%) of intermediates in a seal glass
generally improves devitrification resistance [77]. In a borosili-
cate glass, 3-8 mol% Al,03 improves the devitrification resistance
by decreasing the amount of borate structural units, which are
immiscible with silicate structural units [78,79]. If an excess
amount of intermediate exists, it decreases the devitrification

Fig. 4. Devitrification temperature change with B,053/SiO; ratio in alkaline earth
borosilicate glasses [28,38].
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Fig. 5. Devitrification temperature vs. field strength of modifier cations in silicate
and borosilicate glasses [29,36,75].

resistance. For example, 10mol% Al,03; degrades devitrification
resistance by enhancing phase separation in a MgO-borosilicate
glass [36].

Additives generally degrade devitrification resistance. In
a BaO-borosilicate glass, 5mol% La,0O3; leads to the forma-
tion of BayLagO(SiO4)s at 800°C [38]. In SrO-borosilicate
glasses, La;03 (3-25mol%) causes the formation of LaBOs, Sr-
containing lanthanum borate, and La,Si, 07 phases at 800-1000°C
[27,32,33,37,44,68]. Effect of transition metal oxides on devitrifica-
tion is specific to the glass composition. Devitrification resistance
can be improved if transition metal oxides participate in the
glass network and degraded if otherwise. Initial addition of TiO,
decreases devitrification temperature of a MgO-borosilicate glass
(2mol% TiOy) [36] and a borate glass (5mol% TiO;) [61] as
shown in Fig. 6. Further addition of TiO, increases devitrifi-
cation temperature in these glasses. In contrast, TiO, addition
promotes devitrification in another MgO-containing glass due
to glass composition difference [80]. Similar observations are
made for ZrO, and ZnO additions in seal glasses [26,33,36,38].
ZrO, increases the devitrification resistance of BaO-borosilicate
and MgO-borosilicate glass systems. ZnO, however, decreases the
devitrification resistance of a BaO-MgO-borosilicate glass [28].
Transition metals play a similar role as transition metal oxides since
they are oxidized in a seal glass. One most common example is Ni.
For example, the devitrification temperature increases by 80°Cin a
MgO-borosilicate glass with 2 mol% Ni addition [36]. However, the
devitrifictaion time decreases by ~70 h with 2 mol% Ni addition in
a SrO—La203—A1203—BZO3—Si02 glass [33].

Devitrification resistance of a seal glass also depends on heating
rate, thermal treatment time, particle size, and exposed atmo-
sphere of the glass. Devitrification temperature increases with
heating rate. For example, the devitrification temperature of a
BaO-silicate glass increases from 994 to 1062 °C when the heating

Fig. 6. Devitrification temperature change with TiO; content in borate and borosil-
icate seal glasses [36,61].

rate increases from 2.5 to 40 °C min~! [26]. The extent of devitrifi-
cation increases with thermal treatment time until a stable state is
reached. For example, the devitrification of a BaO-CaO-borosilicate
glass increases from ~50% to ~70% after 120 h of thermal treat-
ment in air at 750°C and stays constant afterwards [41]. Smaller
particle sizes decrease the devitrification temperature. For exam-
ple, the devitrification temperature decreases from 910 to 833°C
when the particle size decreases from 500-850 to <20 wm for a
MgO-BaO-silicate glass [25]. The effect of atmosphere will be dis-
cussed in Section 5.1.

4.3. Electrical resistivity

The electrical resistivity of a seal glass depends on the com-
position and should be >10*Qcm in order to avoid shunting
[81]. The effects of network former and modifier oxides are
known but the effects of intermediates and additives are uncer-
tain because of their different roles in a specific glass composition.
The electrical resistivity of borate glasses is higher than that
of silicate glasses due to ‘boron anomaly’ [14]. The electrical
resistivity of a NayO-silicate glass increases with initial addi-
tion but decreases with further addition of intermediate oxides,
probably due to the ‘combined ion effect’ [18]. Alkaline earth
oxide-containing glasses generally have >10% © cm electrical resis-
tivity, which increases with ionic radius and valence of the
modifier ions [15,18]. For example, the electrical resistivity of a
BaO-ZnO-silicate glass (~1.3 x 10°  cm) is ten times higher than
that of a BaO-MgO-silicate glass (~5.8 x 108 Qcm) due to the
larger ionic radius of Zn2* ions [81].

Devitrification affects electrical resistivity but the exact trend
depends on the composition and morphology of the devitrified
phasesin a glass matrix. For example, Na;O- and B, O3-rich and con-
ductive regions (~50 nm) are isolated in an insulating SiO, matrix
in a Na;0-B,03-Si0; glass. As a result, the electrical resistivity of
the phase-separated Na,0-B,03-Si0, glass s higher (~ 1013 Q cm)
than that of the original seal glass (~106 Q cm) [82]. In contrast,
the electrical resistivity of a BaO-ZnO-SiO, glass decreases from
1.3 x 10° to 1.0 x 106  cm and that of a BaO-Mg0-SiO, glass from
5.8 x 108 to 108 © cm due to devitrification [81].

5. Seal glass interaction in solid oxide fuel cells
5.1. Interaction with different atmospheres

Different types of fuels can be used in SOFCs, such as hydro-
gen, syngas, and hydrocarbons [83]. Seal glasses are simultaneously
exposed to oxidizing and reducing atmospheres at high tempera-
tures during SOFC operation. The reducing atmosphere at the anode
can also contain a high water content. In this context, atmospheres
can adversely affect the properties of a seal glass by vaporizing glass
constituents, changing glass microstructure, and accelerating glass
devitrification. The effect of air on seal glasses is better understood
because many studies are conducted in air atmosphere. In contrast,
the effect of reducing atmospheres on seal glasses has not been well
studied.

Vaporization of glass constituents changes glass composition
and can adversely affect the desired thermal, chemical, and electri-
cal properties. Pure silica glass does not vaporize in dry air due to
its high melting temperature but vaporizes in the form of Si(OH),
species by reacting with H,O and in the form of SiO species by
reacting with Hy, at 1000°C. Also, Si(OH)4 species dominates in
H,0-containing reducing atmosphere at high temperatures [84].
B, 05 has a higher tendency to vaporize at SOFC operating temper-
atures due to its low melting temperature and high vapor pressure.
Vaporization of B,03; from a seal glass is more dominant in the
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presence of water. Boron reacts with water and vaporizes in the
form of HBO, gaseous species in alkali oxide-free glasses and in
the form of RBO, (R=Na, K) and B(OH)3 species in alkali oxide-
containing glasses [85,86]. For an alkaline earth oxide-containing
borosilicate seal glasses thermally treated at 800 °C for 168 h, the
weight loss due to gaseous B3H3Og vaporization increases from
0.16 to 0.98 mgcm~2 when the atmosphere is changed from oxi-
dizing atmosphere to 30% H,O/H, atmosphere. For this glass, the
weightlossincreases from 0.03 to 0.16 mg cm~2 as the B,03 content
increases from 2 to 20 mol% [87]. Alkali oxide-containing borate
glass and borosilicate glass vaporize in the form of gaseous borates
and alkali/alkaline earth metaborates [88]. As a rule of thumb, alkali
oxides and boron oxide should not be used as seal glass constituents
in order to minimize vaporization. Generally, alkaline earth oxide
modifiers and intermediate oxides do not vaporize [14]. For exam-
ple, weight loss is negligible for a SrO-La; 03-Al,03-Si0; seal glass
after thermal treatment in 50% H,O/H, at 800°C for 1000 h [68].

Phase separation in a seal glass leads to undesirable devit-
rification. A glass can phase separate by reacting with water.
BaO- and Na,O-containing silicate glasses tend to interact with
water and form silica-rich secondary phases [89,90]. Al,03 and
transition metal oxides can hinder phase separation [14,91].
SOFC atmospheres also affect phase separation. Devitrification
of a SrO-La,03-Al,03-SiO, seal glass is observed when ther-
mally treated at 800°C for 1000 h in air but not in 50% H,O/H,
atmosphere [68]. Changes of devitrification resistance with atmo-
sphere can be understood from different types of devitrified
phases. Sr,Si0y4, Al,SiOs, and SryAl15,0,5 phases evolve when a
SrO-La;03-Al,03-Si0, seal glass is thermally treated in air but
Sr,Si04, Lag 33Sig056, and Sr13Al14033 phases evolve when the glass
is thermally treated in 50% H,O/H, [68]. The nucleation tempera-
ture of a Li; O-Al,03-SiO, glass decreases from 610 to 570°C when
3.07 at% N is present in the glass [92].

5.2. Interaction with different solid oxide fuel cell components

A seal glass should wet and bond with electrolyte, electrodes,
and metallic interconnects uniformly to form good sealing with-
out any pores or cracks at the interface. The interaction usually
involves inter-diffusion and chemical reaction of the elements of
the seal glass and the interfacing cell components [93,94]. Severe
interaction between the seal glass and the adjacent cell components
increases interfacial layer thickness, which in turn leads to pore
and crack formation at the interface and delamination of the glass
[55,94]. There is no consensus on desired interfacial layer thickness.
A layer less than 10-pm thick may be acceptable.

Interaction of a seal glass with metallic interconnect is more
severe than with other cell components [93]. Subsequently, seal
glass interaction with metallic interconnect has been the focus of
most interfacial studies. Chromia forming ferritic stainless steel is
the most preferred interconnect [5], which contains 17.0-33.0 wt%
Cr with different trade names such as Crofer 22 APU, AISI 446,
AISI 430, and AL29-4C alloys [95]. Seal glass interaction with
interconnect depends on the glass and interconnect composi-
tions, exposed atmospheres, and sealing conditions. For example,
a BaO-CaO-borosilicate glass forms a porous interface with cracks
with the Crofer 22 APU alloy but pore- and crack-free interface with
a slightly different alloy composition [34,96].

B,05 in a seal glass favors bonding with interconnect alloys
because of its good wetting behavior but the extent of diffu-
sion and chemical reaction may be high [28,47,97]. For example,
more than 15mol% B,03 is required for BaO-MgO-silicate and
BaO-ZnO-silicate glasses to bond with the Crofer 22 APU alloy [28].
But the interfacial layer thickness increases from 1-2 to ~20 um
when 10wt% B, 03 is added to a Na,O-CaO-silicate glass to bond
with the AISI 430 alloy [47,97].

Presence of alkali oxide(s) in a seal glass is undesirable. An
alkali silicate glass can react with an interconnect and form
alkali chromates (such as NayCrO4, K;CrO4), which vaporize
and destabilize glass network [98,99]. The bonding of alkaline
earth oxide-containing glasses with interconnect, however, is
dependent on the glass network formers. On the one hand,
SrO-La;03-Al;03-Si0, and BaO-CaO-silicate glasses bond well
with the Crofer 22 APU alloy and form 1-3 wm thick interfaces
that are stable for 500-1000h at 800°C [100-102]. On the other
hand, alkaline earth borosilicate glasses bond with the Crofer 22
APU alloy at 850 °C but form 1-3 pm thick interface with extensive
cracks followed by a 2-3 pm thick porous layer [35,96]. The ori-
gin of the porous layer and cracks at the interface is two-fold. First,
devitrification causes glass volume decrease, poor glass flow at the
interface, and CTE mismatch between the glass phase and the devit-
rified phases. Second, the glasses react with the volatile chromium
species such as CrO3; and CrO,(OH), from the interconnect and
form BaCrO4 and SrCrO4 [35,96]. The CTEs of these chromate
phases (21.0-23.0 x 10-6K~1) are much higher than those of the
seal glasses (10.0-12.0 x 10~ K~1). These interfaces of borosilicate
glasses are also unstable. For example, the interfacial layer thick-
ness of a BaO-CaO-borosilicate glass with the Crofer 22 APU alloy
increases from 10 to 76 wm after 200 h of thermal treatment at
750°C in air due to severe interaction [103].

Effect of additives on the seal glass bonding with metallic inter-
connect is not well understood. A BaO-CaO-borosilicate glass does
not bond with the Crofer 22 APU alloy if minor amounts of La;03
and ZnO are present in the glass [34]. However, other seal glasses
bond with the Crofer 22 APU alloy well even if La;O3 is present
[100,101]. Transition metal oxides such as NiO and ZnO disrupt the
network structure in alkaline earth borosilicate glasses and form
interfaces with pores and cracks [28,51].

Interaction of seal glass with metallic interconnect and the inter-
facial stability are also affected by atmosphere. For example, a
BaO-MgO-silicate glass does not bond with the Crofer 22 APU alloy
in an oxidizing atmosphere but bonds well with the same alloy in a
H,0/H; atmosphere [104]. Chromium from the Crofer 22 APU alloy
diffuses ~10 pwm into a SrO-La;03-Al,03-Si0; glass in air but dif-
fuses ~6 wm in 50% H,O/H, atmosphere. In simultaneous oxidizing
and reducing atmospheres, nodular iron rich oxides form on the air
side and chromia forms on the hydrogen side for an interconnect
material similar to the Crofer 22 APU alloy [105,106]. These oxide
layers are conductive and grow extensively (300-500 pm) at 800 °C
with time (400-500 h) to cause electrical shunting [105,106].

Seal glasses generally wet ZrO, electrolyte well. Interfacial sta-
bility between a seal glass and ZrO, electrolyte is not a problem
regardless of glass composition, sealing condition, and atmosphere
[30,32,34,38,43,104]. There are a few cases that a seal glass inter-
acts with the electrolyte. For example, a BaO-CaO-borosilicate
glass reacts with yttria stabilized zirconia and forms BaZrO; after
1200 h of thermal treatment at 750 °C [39]. 15 vol% NiO-containing
SrO-CaO-borosilicate seal glass shows an accumulation of NiO par-
ticles and reduction of NiO to metallic Ni near the interface in 30%
H,0/H, atmosphere after 24 h of thermal treatment at 800°C [51].
Nonetheless, seal glass/ZrO, electrolyte interfacial stability is not a
major concern.

Interaction between electrodes and seal glass can change the
morphology of the electrodes [107-111]. One study shows that
a silica layer of 0.4-0.6 wm from a Na,O-silicate seal glass segre-
gates at the anode and electrolyte interface and covers the nickel
particles in the anode. Distribution of nickel particles and pores in
the anode may have changed due to the interaction with this seal
glass [107]. Another report shows that a Na,O-borosilicate glass
reacts with the cathode and causes the cathode grains to coarsen
from 0.69 to 1.13 wm [109]. Larger grain size and uneven distribu-
tion of grains and pores in the cathode degrade cell performances
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due to decreased number and length of triple phase boundaries.
An electrically insulating layer can also form at the interface of
electrode-electrolyte when a seal glass reacts with electrodes.
Since the above studies have been conducted for alkali oxide-
containing seal glasses, silica segregation at the anode-electrolyte
interface and the coarsening of the cathode grains may be due to the
interaction between the vaporized species of the seal glasses and
the electrodes. More research should be conducted to understand
this problem.

5.3. Sealing condition

Interfacial stability can be improved by controlling sealing
conditions such as heating rate, sealing temperature and atmo-
sphere, preoxidation of the interconnect, and coating of an oxide
layer on the interconnect. A slow heating rate during seal-
ing is beneficial. For example, porosity and pore size at the
interface decrease when the heating rate decreases from 25 to
5°Cmin~! for a Nay,O-CaO-silicate glass [30]. Increasing seal-
ing temperature (>900°C) improves the interfacial stability for
a SrO-CaO-borosilicate glass by hindering SrCrO4 phase forma-
tion at the interface [51]. Sealing of a SrO-La;03-Al;03-Si0O, glass
with the Crofer 22 APU alloy in argon atmosphere hinders SrCrO4
formation at the interface [100,101]. Preoxidation of intercon-
nect at 800-1000°C introduces an oxide layer and enhances the
bonding with seal glass. The possible reasons are twofold. First,
the oxide layer acts as a transition layer with a CTE between
those of the interconnect and the seal glass. The residual stress
due to CTE mismatch is decreased. For example, a 1-5 pwm thick
chromium-manganese-iron oxide layer on the preoxidized AISI
430 alloy facilitates bonding with a Na,O0-CaO-silicate seal glass
[97]. Second, the oxide layer decreases the contact angle between
the seal glass and the interconnect and leads to better adhesion. For
example, preoxidation of the AISI 430 alloy and the Crofer 22 APU
alloy at 800-1000 °C for 2 h decreases pores and cracks at the inter-
face [112]. However, a thick oxide layer can cause spallation of seal
glass [112]. Coating the interconnect with an oxide layer improves
the interfacial stability by increasing adhesion and eliminating the
direct contact of the interconnect with harsh environments. For
example, NiO, Co30y4, Al,03, and ZrO, coatings on the Crofer 22
APU alloy improve the bonding and interface stability by improv-
ing adhesion and eliminating chromate and iron oxide formation
at the interface [99,113].

5.4. Thermomechanical properties

A seal glass should withstand 14-35kPa pressure due to
gas flow, vibration, and thermal cycling during SOFC operation
[10,103]. It should also withstand more than 100 thermal cycles
for stationary applications and more than 1000 thermal cycles for
mobile applications [13]. Generally, higher strength is obtained in a
glass with higher Tg. Elastic modulus of 30-100 GPa can be obtained
in a seal glass [114]. Devitrification can either decrease or increase
the elastic modulus of a seal glass depending on the specific com-
position. For a BaO-CaO-borosilicate seal glass, elastic modulus
decreases from 78.0 to 60.8 GPa after 1000 h of thermal treatment at
750°Cdue to devitrification [115]. In contrast, the shear strength of
aBa0-CaO-silicate seal glass with the Crofer 22 APU alloy increases
from 0.3 to 4 MPa due to glass devitrification [116,117].

Thermomechanical stress, o, can be defined as

o0=AE-Aa- AT (2)

where AE, Aca, and AT are the difference in elastic modu-
lus, CTE, and temperature, respectively, between the glass and
the interfacing components [94]. Initiation and growth of cracks
at the interface occur if the thermomechanical stress exceeds the

tensile strength of seal glass or the interfacial bonding strength.
Excessive compressive [55] or shear stress delaminates the seal
glass from the interface. Thermal cycling induces thermomechan-
ical stress due to temperature gradient and change in material
properties with temperature. Thermal stress effect is more severe
than mechanical stress effect for crack initiation and growth [118].
Accordingly, thermomechanical properties of the interface should
be discussed from interfacial bonding strength point of view. The
bonding strength depends on glass composition and sealing con-
dition. High interfacial bonding strength is desired in order to
avoid failure at the interface but the desired value is unknown.
Seal glass/interconnect interfacial strength of 2.0-8.5 MPa has been
achieved [112,113,119]. Alkali oxide-containing seal glasses have
lower interfacial strength than alkaline earth oxide-containing seal
glasses [112,116,119]. The interfacial bonding strength of Na,O-
silicate and SrO-CaO-borosilicate glasses with the Crofer 22 APU
interconnect alloy is ~2.0 and 7 MPa, respectively. Higher field
strength and charge of alkaline earth oxides hinder the rotational
movement of glass structural units and result in higher elastic mod-
ulus. As a result, the mismatch in the elastic moduli between the
seal glass and the interconnect deceases and the interfacial strength
increases.

Sealing atmosphere and protective coating on the interconnect
change the interfacial strength by changing the interfacial mor-
phology. For example, thermal aging of a SrO-CaO-borosilicate
glass/Crofer 22 APU alloy couple in air for 500 h at 850 °C decreases
the interfacial strength from 6.9 to 0.5 MPa due to the formation of
SrCrO4 phase. SrCrO4 induces thermal stress and results in pores
and cracks at the interface [112]. An Al, 03 coating of 50-100 wm
thick on the Crofer 22 APU alloy hinders strontium chromate for-
mation and increases the bonding strength from 6.9 to ~8.5 MPa
after aging in air at 850°C for 300 h [113].

Seal glass configuration also affects the interfacial strength
[120]. A smooth and thin seal glass layer can improve the interfacial
strength by reducing the thermomechanical stress. For example, a
seal glass layer thicker than 250 pm almost always leads to sealing
failure according to numerical calculation [120].

Limited literature reports are available for the thermal cycling
resistance of a seal glass/interconnect assembly. A silicate seal glass
sandwiched between the Crofer 22 APU alloy and the zirconia elec-
trolyte has withstood 300 thermal cycles at 3°C min~! heating rate
[24]. A SrO-La;03-Al;03-Si0, glass sandwiched between the AISI
441 alloy and the zirconia electrolyte has withstood 100 thermal
cycles at 20°Cmin~! heating rate. A BaO-CaO-borosilicate seal
glass/Crofer 22 APU sample, however, withstands only 40 thermal
cycles at 75°Cmin~! [102]. Localized stress due to devitrification
of the glass and severe interaction with the Crofer 22 APU alloy
during thermal cycling contribute to poor thermal cycling resis-
tance.

6. Sealing performance

Sealing performance is the ability to prevent mixing and leak-
age of gasses. Gas leakage can be internal or external and should be
less than 1% of the fuels used during the entire cell operation [9].
However, currently there is no agreed procedure for sealing per-
formance evaluation. Four different gas leakage units are reported
in literature: sccm/cm (standard cubic centimeters per minute per
centimeter), PaLs~!,Pam?s~!, and Lmin~! [34,99,121,122]. Seal-
ing performance of different seal glasses is not comparable because
of limited literature reports, non-standardized testing methods,
and widely varied leakage rate expressions. Nonetheless, sealing
performance is most commonly evaluated by a pressure-leakage
test [9]. In this method, a seal glass is sandwiched between two cell
components such as interconnect and electrolyte to form a tri-layer
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Fig. 7. Sealing performance of a SrO-La;03-Al;05-SiO glass.

assembly, which is subjected to a differential pressure of 14-35 kPa
to simulate the gas flow in a typical SOFC [102].

Pores and cracks at the interface and in the seal glass are
gas leakage paths. Localized thermomechanical stress due to the
devitrification of the seal glass and severe interaction with the
interfacing components increase the numbers of pores and cracks
and gas leakage rate. For example, the leakage rate increases
from 1073 to 10~4sccmcem~! to 1-2x10~2sccmem~! for a
SrO-CaO-borosilicate seal glass due to the presence of pores and
cracks [51]. Even though sealing performance has been evalu-
ated with a slow heating and cooling rate of 3-5°Cmin~! for
some studies [24,34,51,99], it should be emphasized that a seal
glass should withstand thermal cycles with quick start-up and
shut-down. Quick start-up is required, for mobile applications in
particular, to reach the operating temperature quickly. Quick shut-
down is required to avoid explosions due to malfunctioning of
SOFC units. For example, the leakage rate of a BaO-borosilicate
glass increases by an order of magnitude during cooling from
700°C (103 sccmcem™!) to 100°C (3 x 10~2sccmcm™!) because
of extensive crack growth [123]. We have evaluated the sealing
performance of the SrO-La;03-Al;03-SiO, glass as a function of
thermal cycles from room temperature to 800°C with a heating
rate of 20°Cmin~!. The sealing performance is shown in Fig. 6
as a function of thermal cycles with 34.5kPa differential pres-
sure. The SrO-La;03-Al,03-Si0O, glass has withstood 100 thermal
cycles before the leakage test was aborted (Fig. 7). The seal glass
might be able to perform for many more thermal cycles if contin-
ued.

7. Impact of seal glass on performance and durability of
solid oxide fuel cells

Seal glass failure degrades the performance and durability of
SOFCs by affecting the microstructure stability of the electrodes.
Deposition of vaporized glass species on electrode grains or at
grain boundaries and changes in overall compositions of electrodes
and seal glass are common issues. 2% performance degradation is
observed in an anode supported cell after 1300 h at 850°C [107].
Insulating Si-containing phases of 10-600nm thickness from a
Na,O-silicate seal glass segregate at the anode-electrolyte inter-
face and around the Ni particles [124]. These insulating phases
increase ohmic and polarization resistances, change the Ni par-
ticle size and distribution, and decrease the electrochemically
active sites. A SiO, insulating layer also decreases the conduc-
tivity of Gd-doped CeO, electrolyte for low temperature SOFCs
[125]. Increased H,0 content in the cell accelerates the degrada-
tion due to the blocking effect of oxygen migration and increase in
area specific resistance [126]. H,O effect on the degradation may
partly be caused by accelerated Si(OH)4 evaporation from the seal
glass [107]. A Na,O-borosilicate glass reacts with the cathode and
increases the area specific resistance by ~0.02 Q cm? after 144h

of thermal treatment at 1000 °C [109]. Alkali oxide-containing seal
glasses enhance the evaporation of chromium from the intercon-
nect and the deposition on the electrochemically active sides of the
cathode.

Degradation of SOFC performance and durability can be accel-
erated if insulating phases at the electrode-electrolyte interfaces
form from the interaction of the seal glass with the electrodes and
electrolyte. A seal glass can alter the compositions of the electrodes
by inter-diffusion [127]. In particular, oxygen diffusion from the
seal glass can oxidize the Ni particles in the anode and diffusion
of manganese and strontium from the cathode to the glass can
degrade the cathode electrical conductivity. LayZr,07 and SrZrOs
insulating phases have been observed at the cathode-electrolyte
interface [127]. Seal glasses generally contain La, 03, BaO, SrO, and
CaO as the constituents. Subsequently, La;Zr,0; and SrZrO; may
form due to the interaction of the seal glass with the anode and the
electrolyte. Alkaline earth borate and borosilicate glasses react with
the electrolyte at 800-900 °C and form BaZrOs3, SrZrO3, CaZrOs3, and
CaZr409 [39,59].

8. Future perspective

Desired thermal properties of SOFC seal glasses have been
achieved in several glass systems but long-term stability
remains a persistent problem. Lack of detailed understanding
of composition-structure-property relations is the main issue
in designing seal glass compositions. Quantitative analysis of
network structure, such as the amounts of different structural
units and non-bridging oxygen, and the coordination number of
constituent cations, should be pursued. More detailed structural
information such as cation-oxygen bond length and bond angles
should be obtained.

The interfacial reactions depend on the seal glass composition
and sealing conditions such as temperature and atmosphere. Inter-
facial reaction kinetics needs to be understood for different glass
systems. Lack of thermodynamic data for different new phases
formed at the interface hinders the understanding of the reaction
kinetics. Detailed analysis of the interfacial compositions combined
with thermodynamic modeling is required in order to address these
issues. High resolution and in situ characterization techniques will
greatly facilitate such studies.

The origins of localized stress have been expressed and mod-
eled in terms of mismatch in CTE and elastic moduli. Morphology
such as pore size and distribution and devitrified phases can poten-
tially affect localized stress but have not been included in modeling.
The thermal conductivity of seal glasses should be considered since
thermal gradient contributes to localized thermal stress.

The performance and durability of SOFCs strongly depend on the
seal glass thermomechanical properties such as interfacial strength.
However, currently there is no standard procedure to measure the
interfacial strength; the parameters and units for sealing perfor-
mance evaluation are not clearly defined. As a result, the sealing
performance of several seal glass systems cannot be compared.
Differential pressure, seal thickness, leakage area, and gas volume
in the tri-layer assembly significantly affect the sealing perfor-
mance. The pressure-leakage test has been demonstrated to be
a quicker method to evaluate sealing performance, generally in
an inert atmosphere. Oxidizing and reducing atmospheres should
be used for sealing performance evaluation because these atmo-
spheres significantly affect the interfacial morphology.

In practice, fine seal glass powders (30-50 pwm) are mixed with
binders to obtain less than 1000 wm thick glass layer. Pores can
form in the seal glass layer due to binder removal during sealing.
Sealing performance can be improved by eliminating pore forma-
tion. Lower devitrification resistance of fine glass powders due to
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high surface areas degrades the thermal and interfacial stability.
Use of bulk glass of suitable dimensions can improve the thermal
and interfacial stability. Raw material and fabrication cost database
is needed from production point of view.

Current research trend is to reduce the operating temperature of
SOFCs to <700°C. Suitable seal glasses for low temperature SOFCs
need to be developed. Borate glasses may be suitable as low tem-
perature seal glasses but extensive research is yet to be done.

Seal glass should be stable for 5000-40,000 h for practical appli-
cations. The evaluation of seal glass stability for such a long period
is not feasible for rapid seal development. A model needs to be
developed to predict the life cycle of a seal glass.

9. Summary

Seal glass requirements and compositional design challenges
are discussed for three types of glasses: silicate, borosilicate, and
borate. Desired thermal properties have been obtained in all three
types but devitrification resistance is better for silicate seal glasses.
Borate and borosilicate glasses are not suitable seal glass in terms of
long term stability. Alkali oxides are not desired in seal glass com-
position because of vaporization, low Tg, and low Ts. Borosilicate,
borate, and alkali oxide-containing seal glasses tend to vaporize
in the cell operating conditions but alkaline earth silicate seal
glasses do not. Electrical resistivity of a bulk seal glass is generally
>10% Q cm and not a major concern. The interfacial stability with
interconnect alloys depends on many factors such as composition
and sealing conditions. Borosilicate glasses may facilitate bonding
with interconnect alloys but degrade interfacial stability. Bond-
ing strength and thermal cycling resistance degrade mainly due to
thermal stress and strongly depend on the thermal properties and
devitrification resistance of seal glass, and interfacial morphology
and stability. Alkaline earth oxide-containing seal glass and sur-
face modification of interconnect alloys improve bonding strength.
Composition dependence on the thermal cycling resistance and
sealing performance is not well understood because of the very
limited studies. A SrO-La;03-Al,03-Si0, system has superior per-
formance than other seal glasses reported in literature in terms of
the desired thermochemical properties, sealing performance, and
thermal cycling resistance.

Understanding the composition-structure-property relations
of seal glass is the key for suitable seal glass compositional design.
Lack of comprehensive compositional and structural studies is the
major barrier. The reaction kinetics of a seal glass with interfacing
components needs to be established since the interfaces play a crit-
ical role in the sealing performance. Mismatches in CTEs and elastic
moduli between the seal glass and the interfacing components are
the origin of thermomechanical stress. However, limited data are
available in this regard.

To compare the performance of different seal glasses, a stan-
dard procedure needs to be established. Suitable seal glass systems
for low temperature solid oxide fuel cells should be extensively
studied.
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