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A glass based on Y,03-Ba0-Si0,-B,03-Al,03 (named YBA) has been investigated as sealant for planar
solid oxide fuel cells (SOFCs). The YBA glass has been systematically characterized by differential ther-
mal analysis, dilatometer, scanning electron microscopy, impedance analysis, and open circuit voltage
to examine their suitability as sealant. The coefficient of thermal expansion of YBA is 11.64 x 106 K-!
between 323 and 873 K. The resistivity is 9.1 x 10*  cm at 800°C. The glass sealant is found to be well
adhered with other cell components, such as electrolytes and stainless steels, at an optimum sealing
temperature of 800 °C. All measured results showed that the YBA glass appears to be a promising sealant

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid oxide fuel cells (SOFCs) convert chemical energy direct
into electric energy with high-energy conversion efficiency and
low emissions. Generally, there are two basic designs for the SOFC
stacks: tubular and planar. Planar SOFCs have become increas-
ingly attractive, since planar SOFCs can potentially offer lower cost
and higher power density per unit volume compared with tubu-
lar designs [1-3]. However, it is necessary to develop a suitable
sealant for planar SOFCs, which can prevent the fuel gas and air
from mixing during fuel cell operation, and insulate the stack to
the atmosphere [4,5]. Thus, to develop such gas-tight and durable
sealant is one of the major technological challenges for the planar
SOFC stack developers.

The sealants for planar SOFCs must meet the following require-
ments: (a) matching coefficient of thermal expansion (CTE) with
other SOFC components; (b) good bonding property to the fuel cell
components; (c) high electrical resistivity to avoid short-circuiting
between different layers of the stack (>2 k2 cm); (d) good ther-
mochemical compatibility with relevant SOFC components (that
is, no harmful reaction with joining components); and high chemi-
cal stability and low vapor pressure in both reducing and oxidizing
atmospheres; (e) nonspreading to the adjoining fuel cell compo-
nents at the operating temperature; (f) deformability but must
be able to withstand a slight overpressure. Also the mechanical
strength of the stack has to be guaranteed.
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In general, glass or glass-ceramic sealants can meet almost
all the above-mentioned requirements. The remarkable advan-
tage of these sealants is the chemical compositions of the glass
that can be tailored to optimize some important physical prop-
erties such as matching CTE, appropriate viscosity. So far, most
SOFC sealant development has focused on glass or glass—ceramic
sealants, although other approaches, such as cement sealants, mica
glass—ceramics, brazes and compressive seals, have been proposed
[6-14].

To develop a suitable glass sealant for planar SOFCs, many stud-
ies have been carried out with the purpose of the applications
of the glass or glass-ceramic-based materials like alkali silicate,
alkaline-earth silicate, alkali borosilicate such as Pyrex,n alumino-
phosphate [15-27]. However, each material has a few drawbacks
known as high thermal mismatch, and poor long-term stability due
to the active interface reaction with other SOFC components.

The present study aimed at developing suitable glass sealants
of Y,03-Ba0-Si0,-B,03-Al,03 for planar SOFCs at relatively
lower sealing temperature (~800 °C), especially suitable for anode-
supported planar SOFCs operating between 750°C and 800°C. To
estimate the applicability of these glasses as sealants, their thermal
properties, viscosity, microstructure, conductivity, and the overall
bonding characteristics were examined.

2. Experimental

The YBA glass was made from reagent-grade BaCOs, Al 03, Y203, B,03 and SiO5.
The detailed chemical composition of the YBA glass is given in Table 1. The thor-
oughly mixed batch was melted in an electric furnace at 1200°C for 4h using a
Pt-Rd 10% crucible, and poured into a steel mold to produce bulk glasses that were
subsequently annealed at a temperature around 550 °C. Then, the bulk glasses were
cut into bar-typed specimen (20 mm in length) for CTE measurements, or milled
into fine powders (30-40 pm) for fabricating pressed bar-typed specimen or glass
pellets.
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Table 1
Component ration of the YBA glass (wt.%) in this work.

Table 2
The typical viscosity values of the YBA glass at the corresponding temperatures.

Y203 BaO A1203 SiOZ B203
10 60 7.21 3.53 19.26

T (K) 898 948 1247
n (Pas) 10124 108 10°

Tg

DTA (uv)

-204

0 200 400 600 800
Temperature (°C)

Fig. 1. DTA plot of the YBA glass.

Detailed DTA studies were carried out using a thermal analyzer (Netzsch STA
429). The glass transition temperature obtained from DTA was compared with the
softening temperature resulting from a thermomechanical analyzer (Netzsch DIL
402C). The CTE values were obtained using a dilatometer (Netzsch DIL 402C) per-
formed in air with a heating rate of 5 K/min.

The microstructures between the glass and the SOFC components were analyzed
by a scanning electron microscopy (SEM, Hitachi 650).The conductivity of the YBA
glass at different temperatures were detected using an electrochemical impedance
spectroscopy (CHENHUA, CHI 604A).

The sealing test of the YBA glass was carried out by measuring the open cir-
cuit voltage of a cell at 750°C. The cell was fabricated using an yttrium-stabilized
zirconium (8 mol%,YSZ,) pellet (¢15 mm, sintering at 1400°C for 4h), and printed
with silver paste on both sides. The pure hydrogen and air were used as the fuel and
oxidant gas, respectively.

3. Results and discussion

Fig. 1 shows the DTA plot of the YBA glass. The endothermic
peak between the temperature range 893 and 903K is due to the
glass transition. The transition temperature, Tg of the YBA glass lies
within the temperature range 893-903 K, which is below the SOFC
operating temperature. No phase transformation occurs at lower
or higher temperatures.

In order to enable thermal cycling of the stacks, the CTE mis-
match of the different materials has to be as small as possible. Fig. 2
shows the linear thermal expansion curve of the YBA glass. The
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Fig. 2. CTE plot of the YBA glass.

sealant expands linearly in the temperature range 323-873 K, and
the CTE is found to be 11.64 x 10~ K~1, which is close to those of
other SOFC components, for example, CTE of YSZ or SDC (samaria-
doped cerium)is about 10.2-12.8 x 10~6 K~1. The slope of the curve
between Ty and T; (soft temperature) shows a dramatic increase in
expansion just before the viscous flow makes the glass to deform.
However, the curve inflects upward over 898 K and drops down at
948 K. This phenomenon is related to the transformation of glass
and the following calculations are based on the analysis of this
curve. The sealant becomes soft and flexible over 898 K, thus it is
easy to match with other adjacent components. It should be noted
that the difference in CTE between the glass and other components
is less than 10%. The stress arising from the CTE mismatch can be
tolerated by the sealant at the cell operating temperature where
the stress is being released by viscous flow.

The T obtained from the thermal expansion curve, was found
to be 948 K as the CTE reaches a maximum value. By fitting the two
linear parts of the thermal expansion curve, the Tg can be obtained,
and the value is 898 K. The sealant for SOFCs has to be stronger and
stiffer in order to achieve mechanically stable stacks that can be
handled and withstand pressure differences during operation. On
the other hand, the sealant must be soft enough to reduce mechan-
ical stresses occurring during production and in operation.

From Figs. 1 and 2, the Ty and Ts were deduced as 898K and
948 K. According to the simple liquid theory (Mott and Gurney) and
Beaman results, there is a relationship between the melting point
(Tm) and Tg [28]:

T 2
Tw 3 m
So, Ty can be calculated as Ty, =1247 K.

The sealant viscosity decides the sealing (joining) and operating
temperatures. The glass viscosities at different temperatures can be
calculated by the Vogel-Fulcher-Tammann (VFT) equation [29]:

A+B
log n T—Ty) (2)
where A, B and Ty are constants.

The typical viscosity values of the YBA glass at the corresponding
temperatures are given in Table 2. Thus, the relationship of viscosity
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Fig. 3. Viscosity-temperature curve of the YBA glass.
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Fig. 4. SEM images of the interfaces between the YBA glass and (a) YSZ, (b) SDC, and (c) stainless steel.

and temperature can be written as:

log 1 = 4.1+375.2 3)

(T —853.1)

The viscosity-temperature curve of the YBA glass has been
shown in Fig. 3. The viscosity value as determined at the seal-
ing temperature (800°C) is ~105.81 Pas, which is very desirable
for sealing applications that required a viscosity value typically of
105-108 Pas.

Fig. 4 shows the microstructures of the YBA glass/YSZ (SDC,
stainless steel) interfaces after being bonded at 800 °C for 30 min.
One can see that the glass adhered on YSZ (SDC, stainless steel)
very well. It is apparent not only the glass is completely bonded
with them without cracks, but also that no reaction product layer
is formed. Although a relatively dense glass was achieved, there are
still existing some closed pores in the glass region. It needs higher
sealing temperature or longer sealing time to remove those pores.

Details about this feature as well as the interface reaction and dif-
fusion of elements between glass and other cell components await
further investigation.

Fig. 5 shows the Arrhenius plot of the electrical conductivity of
the YBA glass. One can see the resistivity decreases with increas-
ing temperature like most other glasses. The decrease in resistivity
values with increasing temperature might be due to ionic conduc-
tivity associated with the migration of Ba ions. The resistivity of the
YBA glass at 800°C is 9.1 x 10%  cm. The resistivity is high enough
in the temperature range from 700 to 800 °C for the application of
SOFCs.

Alinear plot of Ln(oT) versus 1/T confirms the Arrhenius behav-
ior which is governed by the following well known equation:

oT = Aexp <_,£.a) (4)
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Fig. 5. The electrical conductivity as a function of temperature for the YBA glass.
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Fig. 6. Changes of the open circuit voltages for the YBA glass after thermal cycles.

where A is a preexponential factor, k is the Boltzmann constant,
T is the absolute temperature and E; is the activation energy for
conduction. By fitting the slope of the plot, the activation energy is
calculated to be 209 kJ/mol.

The glass sealant is responsible for the gas-tight separation
of the air and the fuel gas chambers, air-manifold from the fuel
electrode, and H,-manifold from the air-electrode porosities. The
sealing test unit was arranged as an oxygen concentration cell, and
the open circuit voltage (OCV, E) is given by the Nernst equation
(5):

RT P 02(air)

= 2FM 50

E 5
POyhy) ®

where R is the gas constant, F is the Faraday constant, and P is the
partial pressure of oxygen at the electrodes. Fig. 6 shows the change

of OCV of YSZ electrolyte with thermal cycles. The heating and cool-
ing rates of the cycles are 5°C/min and 3 °C/min, respectively. The
OCV values are very close to the theoretical value. The voltage at
750 °C nearly kept stable after 15 cycles, indicating the sealing was
effective even after 15 thermal cycles.

4. Conclusions

The YBA glass has been studied as potential SOFC sealant. The
resistivity of the YBA glass below 800°C is over 9.1 x 10 Qcm
which can fulfill the requirement of SOFCs. The YBA glass has a CTE
0f11.64 x 10~6 K- near other SOFC components below 873 Kand it
becomes flexible over that temperature. It was proved that the YBA
glass adheres well to YSZ and other SOFC components according to
the SEM investigations. Preliminary results demonstrated that the
YBA glass appears to be a most promising sealant for planar SOFCs.
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