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Abstract. Seals used for solid oxide fuel cells should have low gas leak rates at elevated oper-
ati[g tem]eratures  700~900 °C). Fused gYasses or gYass ceramics a]]Yied to stack com]o-
nents such as metal interconnects have been known to provide a good hermetic seal. Metal
interconnects have a specific surface roughness in the nanometer-to-micron scale, depending
on the manufacturing process employed to create the surface. Therefore, the viscosity of a fused
glass at seal operating temperatures is expected to affect seal performance. In this work, the
seal performance of two different glasses was compared by measuring gas leak rates and
glass viscosity at elevated temperatures. It was shown that for sealing a metal with a rough
surface, the working viscosity of the glass seal should be properly chosen to reduce leak rates at
the glass/metal interface.

1. INTRODUCTION

A solid oxide fuel cell (SOFC), which is composed
of a number of basic cells, is an electrochemical
device that converts chemical energy into electric
power or produces fuel gases [1]. In a cell stack,
the cathode, anode, interconnect, electrolyte, and
seal are five essential components. Seals are gener-
ally applied to the cell edges between the ceramic
electrolyte and metal interconnect. The seals used
for SOFCs require low gas leak rates at elevated
o]erati[g tem]eratures  700~900 °C). Fused
glasses or glass ceramics applied to stack compo-
nents such as metal interconnects have been known
to provide a good hermetic seal [2]. The metal inter-
connect has a surface roughness in the nanometer-
to-micron scale, depending on the manufacturing
process employed to create the surface. For glass

seals operating above the glass transition tempera-
ture, viscoelastic deformation occurs in the contact
region at the glass seal/metal substrate interface.
Therefore, the viscosity of a fused glass at seal op-
erating temperatures is expected to affect seal per-
formance. In this work, the seal performance of two
different glasses was compared by measuring gas
leak rates and glass viscosity at elevated tempera-
tures. The objective of this study is to determine
the optimal glass viscosity for sealing metals with a
rough surface.

2. EXPERIMENTAL PROCEDURES

2.1. Materials

A sealing glass, designated as SLSB7-1 (55 SiO2,

10 B2O3, and 35(La2O3-SrO) by mol.%), was pre-
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Fig. 1. Schematic of experimental setup for leak test.

pared by melting reagent grade raw materials in a
100-mY Pt/Rh crucibYe at 1450 °C for 2 h. The ther-
mal properties of the bulk glass, i.e., transition point
(Tg), dilatometric softening point (Ts), and the coef-
ficient of thermal expansion, CTE (a), were mea-
sured using a dilatometer (Netzsch 402) at a heat-
i[g rate of 10°C/mi[ a[d a Yoadi[g force of 15 cN.
The glass transition temperature and CTE of the
synthesized SLSB7-1 glass obtained by dilatom-
etry were 652 °C a[d 11.8 ]]m/K, res]ectiveYy.
Transformation range viscosities (1010 to 1014 dPa·s)
of glass were measured by the beam-bending
method using a homemade beam-bending viscom-
eter [3]. The seals were prepared by passing pow-
dered glass through a 325 mesh screen. In this work,
commercial Pyrex 7740 glass was used for com-
parison because of its distinct temperature-depen-
dent viscosity.

2.2. Preparation and evaluation of the
seals

Disc samples (1.3-mm thickness and 21-mm di-
ameter) were prepared by uniaxial pressing of the
glass powders, SLSB7-1 and Pyrex. All samples
used for seal tests were prepared by sintering the
com]acts at 850 °C for 1 h. As show[ i[ Fig. 1, a
high-temperature leak testing apparatus, similar to
the one reported in literature, was built to evaluate
the sealing performance of the seal samples [4]. To
measure the leak rate in the temperature range of
810~910 °C, a[ as-si[tered seaY was ]Yaced be-
tween an Inconel 600 tube of 17-mm diameter and

Inconel 600 block support. The support was then
raised to force contact between the seal and the
end of the Inconel tube at temperatures above the
softening point of glass. The end of the Inconel tube
used in this work had a rough oxidized surface tex-
ture. The applied compressive stress exerted verti-
cally on the seal sample and the gauge pressure at
which nitrogen gas was fed inside the tube were
about 0.32 MPa and 0.45 kg/cm2, respectively. Leak
rates were calculated from the exponential decay
curves obtained by plotting the pressure of the ni-
trogen gas inside the tube as a function of the
elapsed time [5,6].

3. RESULTS and DISCUSSION

3.1. Viscosity of the sealing glass

Fig. 2 represents the viscosity  of two glasses,
SLSB7-1 and Pyrex, as a function of temperature
T. The viscosity values obtained using the beam-
bending method have been fitted to the VogeY–
FuYcher–Tamma[[ (VFT) equation [3]:

A B T T
0

log / .  (1)

From this fit, the values of the constants in the
viscosity equation (A, B, and To) were obtained. The
continuous line in Fig. 2 was calculated from these
values. The fit of the experimental values to the VFT
equation allows us to estimate the viscosity in the
range log  6 to log  10, within which it is diffi-
cult to experimentally determine the viscosity of the
glasses. As seen in the figure, the viscosity of the
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Fig. 2. Viscosity-temperature curves for SLSB7-1
and Pyrex glass.

Fig. 3. Pressure decay curves for two different glass
seals as a function of elapsed time.

Fig. 4. Leak rates of two different glass seals as a
function of temperature.

SLSB7-1 sealing glass is higher than that of the
Pyrex glass, until the temperature reaches 800 °C.
For T > 800 °C, the SLSB7-1 sealing glass is less
viscous than the Pyrex glass. The viscosity differ-
ence increases with temperature. It can be seen
that at 850 °C, the viscosities of the SLSB7-1 and
the Pyrex gYass are equaY to 1.3 × 106 dPa·s (log
= 6.1) a[d 2.5 × 107 dPa·s (log = 7.4), respec-
tively. It should also be noted that the viscosity of
the Pyrex glass at 900 °C is equaY to 6.3 × 106

dPa·s (log = 6.8), which is still five times higher
than that of the SLSB7-1 glass at 850 °C, i.e., 1.3 ×
106 dPa·s (log = 6.1).

3.2. Leak rate of the seals

In Fig. 3, the gas pressure drop of seal samples
prepared using SLSB7-1 and Pyrex glass are plot-
ted as a function of the logarithm of elapsed time.
The leak rate L was calculated by using the expo-
nential decay law, which describes the characteris-

tics of a gas leak within a closed vessel [5,6]. If the
initial pressure inside the cavity is Pi and the pres-
sure outside is Po, the pressure will obey the follow-
ing exponential equation:

i
P t P P P Lt V

0 0
( ) exp / ,  (2)

where L is the leak rate dependent on the seal com-
position, t is the time, and V is the volume of the
closed vessel. By fitting Eq. (2) with the measured
experimental data of pressure as a function of time,
the leak rate L of the seal sample was calculated.
The calculated leak rate was converted to the stan-
dard leak (L, in standard cubic centimeters per
minute at STP, sccm), which was further normal-
ized with respect to the outer leak length (5.3 cm)
of the Inconel tube. For example, as shown in Fig.
3, the pressure decay curves for a seal prepared
using SLSB7-1 glass showed a leak rate of 0.0038
sccm/cm at 857 °C. The leak rate of the Pyrex glass
seal was 90 sccm/cm at 896 °C, almost 250,000
times higher than that of the SLSB7-1 glass seal.

In Fig. 4, gas leak rates of the two seals are
plotted as a function of sealing temperature. The
gas leak rates of the SLSB7-1 glass seal varied
from 0.001 to 0.006 sccm/cm over the temperature
range 810~860 °C. For the Pyrex glass seal, gas
leak rates varied from 43 to 80 sccm/cm over the
temperature range 860~910 °C. The glass with lower
viscosity employed in this work showed good seal-
ing capability owing to its high spreading capability.
However, it should be pointed out that the sealing
property of a glass should be determined not only
by its viscosity but also by its wetting behavior.

Glasses of different composition have different
wetting properties, as well as viscosity. The con-
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tact angle between fused glasses and a substrate
represents wetting behavior. In most cases, a low
co[tact a[gYe Yess tha[ 90° i[dicates good wetti[g
and is expected to provide better sealing perfor-
mance. However, as a sealing material for SOFCs,
the co[tact a[gYe [eeds to be greater tha[ 90° to
prevent fused glass from spreading to SOFC com-
ponents [7]. The contact angles of the two glasses,
SLSB7-1 and Pyrex, were measured on an Inconel
600 substrate at temperatures of 860 and 900 °C,
respectively. The measurement results showed that
both gYasses had a co[tact a[gYe greater tha[ 90°;
this means that the fused glasses used in this study
do not appear to wet the substrate on a macro-scale.
Therefore, it seems reasonable to conclude that the
leaking properties shown in this work primarily de-
pend on glass viscosity.

3.3. Hypothetical single hole size at
the seal interface

Ideal leak assumes a gas leak through a circular
hole of area A. The standard leak rate L derived
using two well-known laws, the Ideal Gas Law and
the Equipartition of Energy Law, is given by [5,6]:

L A RT m
0.5

/ / 2,  (3)

where R is the gas constant, T is the temperature
and m is the molar mass of the gas. This equation
suggests that the leak rate is proportional to the
square of the radius of a hypothetical single hole at
the seal interface between the Inconel tube end and
the glass seal. If we assume that the leak rate shown
in Fig. 4 is achieved only by a hypothetical single
hole, the estimated size ranges of the hypothetical
single hole are, as shown in Fig. 5, 0.4~0.9 m for

SLSB7-1 glass seals and 80~115 m for Pyrex glass
seals. As mentioned earlier, the viscosity of the
SLSB7-1 glass at 850 °C, i.e., 1.3 × 106 dPa·s (log
= 6.1) is five times lower than that of the Pyrex glass
at 900 °C. This suggests that decreasing the vis-
cosity of the sealing glass may decrease the size
of the pore channels present at the seal interface.
Otherwise, the surface roughness of the metal in-
terconnects should be reduced to decrease gas
leakage at the glass/metal interface.

4. CONCLUSIONS

In this work, the seal performance of two different
glasses was compared by measuring gas leak rates
and glass viscosities at elevated temperatures. The
sealing property of the glass should be determined
not only by its viscosity but also by its wetting be-
havior. Based on the results of contact angle mea-
surements, it was concluded that the leaking prop-
erties shown in this work primarily depend on the
glass viscosity.

For a Pyrex glass seal applied to an Inconel tube
with a rough surface texture, the gas leak rates var-
ied from 43 to 80 sccm/cm over the temperature
range 860~910 °C. A synthesized glass, whose vis-
cosity was five times lower than that of the Pyrex
glass, reduced the gas leak rates to about 10-3

sccm/cm over the temperature range 810~860 °C.
The size of the pore channels present at the seal
interface could be reduced by decreasing the vis-
cosity of the sealing glass. Alternatively, the sur-
face roughness of metal interconnects should be
reduced to decrease gas leakage at the glass seal/
metal interface. Therefore, for sealing a metal with
a rough surface, the working viscosity of the glass
seal must be properly chosen to reduce leak rates
at the glass/metal interface.
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