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Glasses in the system Ca(0-Ti0,-8i0,-ALQ,-Zr0,-B,0, were investigated to find the glass seal compositions suit-
able for use in the planar solid oxide [uel cell (SOFC). Glass-ceramics prepared from the glasses by one-stage
heat treatment at 1,000°C showed various thermal expansion coefficients (1e., 8.6x107C™ to 42,7x107°°C™" in the
range 25-1,000°C} due to the viscoelastic response of glass phase. The average values of contacl angles between
the zrconia substrate and the glass particles heated at 1,000-1,200°C were in the range of 131°¢4°~137°+9", indj-
cating that the glass-ceramic was in partial non-wetting condition with the zircoma subsirate With increasing
heat treatment time of glass samples from 0.5 {0 24 h at 1,100°C, the DC electrical conductivity of the resultant
glass-ceramies decreased from 14x107° @fem™ 10 4.0x107 Q'em™* at 800°C. Isothermal hold of the glass sample
at 1100°C for 48h resulted in diffusion of Ca. Si, and Al 1ons from glass phase inte the zirconia substrate
through the glass/zirconia bonding interface. Glass phase and diffusion of the moving ion such as Ca™ in glass

phase is respansible [or the electrical conduction in the glass-ceramics.
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I. Introduction

olid oxide fuel cells (SOFC’s) convert the chemical
S energy of a fuel such as hydrogen into electricily by elec-
trochemical oxidation of the [uel at 800~1,000°CY, Fuel celis
congist of three electrochemically active ceramics: A porous
cathode, a dense yltria-stabilized zirconia (YSZ) electrolyte
and a porous anade. In building SOFC’s, cells are stacked
basically in series and separated from one another by fuel
and oxidant [lows and bipolar plates such as lanthanum
chromite. In planar BOFC’s, gas-tight seals operative at the
cell operating temperature are required along the edges of
each cell and between the fuel cell stack and the gas mani-
folds.

Glass and glass-ceramic materials have been developed
for sealing planar SOFC’s, Many of them are based on
borogilicates®™*, Their softening temperatures are usually
lower than the operating temperatures of the SOFC, 1e.,
800-1,000°C. Their role to achieve a gas-tight seal among
SOFC composites is reported to be satisfactory except that
the glass phase reacts with yttria-stabilized zirconial(YSZ)
and lanthanum chronute bipolar plate during operation®.
Therefors, more rigid glass ceramics in Ca(0-Al1,0,-5i0, sys-
tem have been propesed to avoid a possible reaction of the
glass phase in the glass ceramics with YSZ electrolyte®. It
was claimed that due to the bulk crystallization behavior of
the glass-ceramic powder solid state sealing could be
expected to depress the reaction bhetween the sealant and
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the SOFC componenis. However, the reactivity of the glass-
ceramics with the Y57% electrolyte was not reported.

(Glasses in the CaQ-Ti0,-5i0, system alse have been stud-
ied to use them as solder glass in fuel cells”. It was claimed
that the incorporation of TiO, into the glass network
enhanced microhardness and toughness, and improved
chemical durability as the percentage of Ti0, increased.
Glass with TiO, content of 10~30 mol% had high transfor-
mation temperatures ranging from 745 to 769°C and soften-
ing temperatures ranging from 764 to 801°C.

The present work deals with the preparation and charac-
terization of glasses and glass-ceramics in the CaO-TiO,-
5i0, systems with the additives of B,O,, ZrO, and Al,0, to
obtain glass-ceramic sealant of high electrical resistance
and thermal expansion coefficieni close to that of zirconia
electrolyte., The wetling characieristics of glasses play an
important role in a variety of sealing processes. However, in
the literature, particularly regarding glass sealant for
SOFC’s, it is not common to describe the wetting properties
af sealing glasses. In this work, we have attempled to mea-
sure cantact angles between the fused glass sealant and the
zirconia electrolyte substrate, Contact angle larger than 20
degree may be desirable for sealing glass hecause it may
help to prevent the spreading of glass melts inlo the stack
camponents. While the effects of glass compositions and
heat-treatment conditions on the various properties of glass
ceramics have been studied extensively, little work has been
done 1o find the effects of such parameters an the high tem-
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Table 1. Glass compositions (wt%)

Glasses  Cal TiO, Si0,  ALO, ZrO;, B0,

Gl 277 19.8 29.7 46 B3 12.7
G2 27.3 19.5 29.2 9.1 5.5 9.4
G3 27.0 19.3 29.0 45 109 8.3
G 30.3 21.7 32.5 3.1 3.8 5.6

perature electrical conductivity. In this paper, we report the
high temperature DC electrical conductivity of glass ceram-
ies produced with different heat-treatment periods.

II. Experimental Procedure

2.1. Preparation and characterization of glasses

(Glass samples of the compositions shown in Table 1 were
prepared using reagent grade powders. The raw materials
ground with alumina mortar and pestle were melted in a
platinum-rhodium crucibles at 1,450°C for two hours. The
glass melt was quenched on a stainless steel plate and the
glass obtained was melied again to prepare homogeneous
glasses. Differential thermal analysis of the glass powders(—
63+45 um} were carried out at a heating rate of 10°C/min up
to 1,000°C (DTA 2000, MAC Science), Glass bars for ther-
mal expansion measurements were obtained by quenching
glass melts and annealed at 700°C. Thermal expansion
measurements of glass samples(4 mmx5 mmx10 mm) were
made under a load of 30cN at a heating rate of 10°C/min up
to 740°C (Netzsch, DIL 402C).

2.2. Preparation and characterization of glass-
ceramics

Glass-ceramics for thermal expansion measurements
were prepared by a single heat treatment of the glass bars
al 1,000°C for 24 h. Crystalline phases of the glass- ceramics
obtained by heating the glasses at 1,000 and 1,100°C for 2,
12 and 24 h were identified by powder X-ray diffraction
usging CuKog radiation (Shimadzu, XD-D1).

Contact angles of molten glasses on TZ8Y zirconia sub-
sirate were measured at room temperature using an optical
microscope. Four pieces of glasses of about Imm in size were
placed on a strip of TZ8Y zirconia substrate. They were
heated to a predelermined temperature, ie., 1,000, 1,100
and 1,200°C at a rate of 5°C/min, maintained at the temper-
alure for 2 h and cooled down to ambient temperature
ingide the furnace. The zirconia strip wetted by molten
glasses was mounted in resin and polished for observation
of the contact angles. Interaction of molten glass and zirco-
nia substrate was investigated with an electron probe micro
analyzer (Jeol, JXA 8600).

™ (lass-ceramics for high temperature DC electrical con-
ductivity measurements were prepared by a single heat
treatment of the glass bars at 1,000°C for 0.5, 2, 12 and 24
h. Rectangular shaped sample (6 mmx6 mmx2 mm) was cut
from the glass-ceramics. The faces of the samples were pol-
ished and gold electrodes were coated on opposite faces.
Two-point DG conductivity measurements were carried out
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Fig. 1. DTA thermograms of glasses.

Table 2. DTA analysis of glasses

Glass Endothermic Crystallization
Glasses Transition Peak Temperature ("C)
Tg £*C) ¢ Tx, Tx,
G1 660 700 855 905
G2 670 705 805 865
G3 G680 715 8156 800
G4 630 716 8756 -

using a digital multimeter (HP 34401A) for the samples
maintained at 600, 700 and 800°C, respectively.

I11. Results and Discussion

The DTA results for the glasses in Table 1 are given in
Fig. 1 and Table 2. The glass transition temperatures esti-
mated by DTA of glasses are in the range of 560~680°C.,
Boric oxide has a relatively low melting point of 460°C and
itself is a network forming ion to form a plass. Since nel-
work forming lons increase the electrical conductivity of
glass much less than do the network modifying ions, such as
alkali and alkali earth element, B,O, in this study have
been used to lower melting point of glass without increasing
the electrical conduetivity. Zirconium dioxide effective as a
nucleating agent is the most refractory material among the
glass compositions shown in Table 1. Glass G3 which con-
tains relatively higher amount of ZrQ, shows the highest
glass transition temperature of 715°C. Glass G1 which can-
tains relatively higher amomnt of B,O, shows the lowest
glass transition temperature of 660°C. For glasses G1, G2
and (3, twa exathermic peaks are observed at 805~905°C.
On the other hand, glasses G4 exhibits only one exothermic
peak at 875°C. These peaks are attributed to the crystalliza-
tion of m-ZrQ, at 755~805°C and ZrO, derivaiives af
895~955°C7.

Thermal expansion behavior and thermal expansion coef-
ficients of glasses are shown in Fig. 2 and Table 3, respec-
tively. The glase transition temperatures (Tg's) estimated
by dilatometer are in the range of 870~630°C, which is
10~20°C higher than those by DTA. Glasses m the CaQ
(26~42 wt%), TiO, {13~37 wt%), 510, (28~62 wi%) ternary



338 The Korea Journal of Ceramics - Jun Sulk Lee et al. Vol. 5, No.4
1.0F Table 4. Thermal Expansion Ceeflicients o (x107*C™), of the
05 :_’_/’—/\ Gl Heat-treated Glasses at 1,000°C for 24 h
.E 1. OZ " . : Heat-treated glasses (xcﬁ‘iﬁfg?l) ClE0-Ti0C (1as0-990C
@ // G2
£ 0.5E G1 86 427 9.6
% 1o , . . G2 8.4 33.6 9.4
> TE as G3 8.7 34.6 12.9
S 05 :_///_”/—‘
g - : Gd 55 — 4.3
E 1.0 - . . .
05 /’,/\ G4 -
0 E . . . ] 3
400 500 500 700 800 0.8 1000°C
Temperature (T) = 0.6
Fig. 2. Thermal expansion curves of giasses. § 8 g: ‘ J
= m'o I BY/S LMJ—M‘»JLJM\LW\J
Table 3. Thermal Expansion Coefficlents (o, 400-800°C). E ’ o
Glass Transition Temperatures (Tg) and Softenmng Tem- & 0.81 1100C I
peratures (Ts} of Glasses = 0.64
Cl100-B00°C o S 0.4+ i
Glasses (x10-°C 1) Tg °C) Ts C) 0.2 L‘ | J .
(831 9.6 G670 710 0.0 'f-ry-JLn'— *L\J:MJ'& MI'A'_MJU{LJJRM_
G2 9.7 680 724 160 20 30 40 50 60 70 &0
G3 9.8 690 725 o8
G4 10.0 685 725 Fig. 4. XRD powder patterns of the heat-treated glass 31 at

gystem are known to have Tg estimated by dilatometer in
the range 745~-759°C", which is 70°C higher than glasses
prepared in this study. As expected, addition of B,0,, AL,O,
and Zr0, lowers the Tg of the ternary glass. In the range of
400~800°C, thermal expansion coefficients vary from 9.6x1
07 to 10.0x107" °C™". Although the glass transition tempera-
tures estimated by dilatometer are in the vange of 670~
690°C, the softening temperatures of the sample glasses
except the glass G1 are the same, i.e., 725°C.

Fig. 3 shows a plot of thermal expansion versus tempera-
ture for the heat-treated glasses at 1.000°C for 24 h. Heat-
treated glass samples G1 and G2 show thermal expansion
coefficients range from 8.4x107° ta 9.6x107PC™" which is
comparable to that of zirconia electreolyte, i.e., 10.0~10.6x1
07°°CL Ag can be seen from Fig. 3, the measured data can
be divided into three regions. In the first region correspond-
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Fig. 3. Thermal expansion curves of the heat-treated glasses

at 1,000°C for 24 h,

(a) 1,000°C and (b) 1,100°C for 2 h.

ing to temperatures below ahout 6850°C, so called the “glassy
state” shows an elastic thermo-mechanical response. The
second region corresponds to the higher temperature range,
i.e, 680~770°C, where the structure of the glass phase in
the glass-ceramics becomes so called the “viscous liguid
state”, the thermal expansion coefficients vary from 33.6x1
07" to 42.7:x107%C™"  which is four or five times those mea-
gured from the expansion curves below 850°C as shown in
Table 4. It is well known that thermal expansion coefficient
of glass increases three to five times when the glass trans-
forms from an elastic state to a viscoelastic state®. How-
ever, at temperature above 800°C, which corresponds to the
third region, measured data for linear expansion of the
heat-treated glasses show a large decrease in the thermal
expansion coefficent. This thermal expansion behavior is
attributed to the stress relaxatiom of glass phase in the lig-
uid state and to the elastic response of erystalline phase in
the heated-ireated glass at high temperature.

In Fig. 4, XRD powder patterns of the heat-treated glass
GI at 1,000 and 1,100°C for 24h show major peaks al
26=27.5" 20.7°, 34.2°, 43.7° and 53.6°. The peak intensity
slightly increases with the heat-treatment temperature of
glass. The crysialline phase has been identified as sphene,
CaOTi0,810, Crystalline phases such as CaAl,Si,0,,
ZrTi0 and CaTiOQ, formed by reaction of Ti0, and ZrQ, or
Ca0 and TiQ, have not been detected”. Micrographs of the
heat-treated glasses (G3 at 1,050 and 1,100°C are shawn in
Tig. 5. Morphology ol crystalline phase of the heat-treated
glass 33 at 1,050°C shows fibrous crystallites 20 to 835 m in
length and 2 to 4 pum in thickness, The thickness of the
crystalline phase apparently increases with the heat-treat-
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Fig. 6. An optical photograph showing contact angle of 140°
for a fused glass-ceramic on zirconia substrate.

ment temperature However, the volume fraction of the
crystalline phase does not appear to change noticeably.

Fig. 6 shows an example of the cross-section optical micro-
graph used for the measurement of contact angle between
glass-ceramic particle and zirconia substrate. The wetting
response indicates the degree to which the liquid spreads or
infiltraies the solid. The averaged value of measured con-
tact angles of the glass Gl heated at 1.000, 1,100 and
1,200°C are 131°424°, 183°+10° and 137°+9°, respectively.
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glas G1 and TZ8Y zireoma substrate heated at 1.100°C for {(a)
24 h and th) 48 h.

Therefore, we can say that the glass-ceramic particle is in
partial non-wetting condition with zirconia substrate. It is
generally recognized that a good wetting response implies
that an adherent bond 1s feasible, whereas non-wetting
rarely corresponds to an adequate bond, However, the glass
phase in the glass-ceramics may allow microscopic wetting
and adherence to zirconia substrate Dependence on glass
composition and sealing lemperature could not be clarified
and the reasons for this require further investigation.

Fig. 7 shows the EPMA elemental line scan profiles for
selected elements in the interfacial region of glass G1/TZ8Y
zircenia substrate heated at 1,100°C for 24 and 48 h, respec-
tively. In a crystalline phase of the glass-ceramic sample,
concentration of Ti and Ca elements is relatively high, while
glass phase shows higher concentration of Al and Si. The
crystalline phase is identified as CaTiQ, previously men-
tioned. As the heat-treatment time inereased from 24 to 48
h, elemental line profiles indicate the diffusion of Si, Ca and
Al elements into the grain boundary of zirconia substrate
has taken place as shown by an arrow in Fig. 7(l). Unlike
these observed for the CaQ-TiO,-5i0,-ALO,-Zr0,-B,0,
glass-ceramic, it had been claimed that the conslituents of
glass-ceramics in the Zn(-Ba0-8i0,-A1,0, systern as seal-
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Fig. B. High temperature DC electrical conductivity of heat-
treated glass G1 at 1,100°C as a functien of (a) heat-treat-
ment fime and (b) measurement temperature.

ing materials, i.e., Zn, Ba, Si and AL did not diffuse through
TZAY zirconia substrate after reaction ai 1,000°C for 100
k', In the present work, it is assumed that the diffusion of
the migrating elements probably cccurs through the glass
phase rather than the erystalline phase in the glass-
ceramic. Reducing the diffusion of the glass forming and
the glass modifying ions inte the zirconia substrate at high
temperature, we need to develop glass compositions as well
as heat-treatment schedules to produce glass-esramics with
a less proportion of residual glass.

In Fig. 8, the variation in DC electrical conductivity, o, for
the glass (31 is shown as a function of measurement temper-
ature and heat-treatment time of the samples at 1.100°C.
The g for the glass sample decreases with increasing heat-
treatment time. For example, the o of the heat-treated glass
sample measured at 800°C decreases from 1.4x107 to 4.0x
107 (Qemy™! as the heat-treatment time increases from 0.5
to 24 h. This is attributed to the reduction of glass phase in
the heat-treated glass with increasing heat-treatment time,
which resulted in the reduction of migrating ions as well as
diffusion passage, i.e., glass phase, as mentioned previously.
The o dependence on heat-treatment time is more pro-
nounced with increasing measurement temperature as
shown in Fig. 8(b). The similar trend can be found for differ-
ent heat-treatment temperature of the ¢ as a function of
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heat-treatment time.

IV. Conclusions

(Glass-ceramics prepared from glasses in the system CaO-
Ti0,-8i0, with the addilives of Al,Qy, ZrO, and B0, show
viscoelastic thermo-mechanical response al 600~1,000°C
due to the glass phase. The average values of contact angles
between the =zireonia substrate and the glass particles
heated at 1,000-1,200°C are in the range of 131°+4°~137"%
9°, indicating that the glass-ceramic is in partial non-wet-
ting condition with the zirconia substrate. With increasing
heat treatment time of glass samples from 0.5 to 24 h at
1,100°C, the DC electrical conductivity of the resultant
glass-ceramics decreases from 1.4x107* (Qem)™ to 4.0x10°°
{Qem)? at 800°C. Glass phase in the glass-ceramics is
respensible for the diffusion of Si, Ca and Al elements into
the zirconia substrate and for the increase of high tempera-
{ure DC electrical conductivity.
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