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Abstract

The glass structure, wetting behavior and crystallization of BaO-Al,03;-B,03;-SiO, system glass containing 2-10 mol% Al,O; were
investigated. The introduction of Al,O5; caused the conversion of [BO;] units and [BO,4] units to each other and it played as glass network
former when the content was up to 10 mol%, accompanied by [BO4] — [BOs;]. The stability of the glass improved first and then decreased as Al,O5
increased from 2 to 10 mol%, the glass with 5 mol% Al,O; being the most stable one. The wetting behavior of the glasses indicates that excess
Al,05 leads to high sealing temperature. The glass containing 5 mol% Al,O; characterized by a lower sealing temperature is suitable for SOFC
sealing. Al,O3 improves the crystallization temperature of the glass. The crystal phases in the reheated glasses are mainly composed of Ba,;Si30sg,
BaSiO;, BaB,0, and BaAl,Si,0g. Al,O3 helps the crystallization of BaSiO; and BaAl,Si,Os.
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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion
devices which produce electricity by the electrochemical
reaction between fuel and an oxidant [1]. A key problem in
the fabrication of planar SOFCs is the sealing of the
electrolyte or the ceramic anode with the metallic inter-
connect in order to achieve a hermetic and stable cell [2]. The
sealants must be stable in a wide range of oxygen partial
pressure (air and fuel) and be chemically compatible with
other fuel cell components [3-5]. The sealing material must
provide tightness to avoid the leakage of reactant gases and
meet a series of thermal, mechanical and chemical require-
ments. By carefully choosing the glass composition, glass—
ceramics is considered as an ideal sealant since it can meet
most of the requirements [6—10]. One of the major advantages
of glass—ceramic sealants is that the chemical compositions of
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the glass can be tailored so as to control some important
physical properties such as the coefficient of thermal
expansion (CTE), viscosity, etc.

The BaO-Al,05-B,05-SiO, glass system is one of the
potential systems for sealing SOFC with ZrO, electrolyte
because of its suitable thermomechanical properties. In this
system, Al,Oj3 is an important component of the glass system
for SOFC sealants. In tetrahedral coordination it replaces
silicon in the glass network, but at larger concentrations acts as
a network modifier [11]. For this dual role, Al,O3 may inhibit
[4] or enhance crystallization [12]. Al,O; has also been
reported to inhibit cristobalite formation [13], which can cause
cracking. Meinhardt et al. synthesized a barium aluminosilicate
glass—ceramic sealant containing 2.5-5 mol% Al,Os, in which
Al,0O; was used to adjust viscosity by controlling the rate of
crystallization [14].

The influence of glass components on the sealing behavior
of SOFCs has been the object of a number of investigations
[15-17]. However the role of Al,O5 in the glass sealants has
been poorly uninvestigated. In the present work, a series of
glasses were prepared by the melting—quenching method, and
the effects of Al,O5 on the glass structure, wetting behavior and
crystallization were discussed.
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Table 1

Glass compositions in present work.

Glass ID Chemical composition (mol%)
BaO B203 SIOZ A1203
A0 40 20 40 0
Al 40 19.3 38.7 2
A2 40 18.3 36.7 5
A3 40 16.7 333 10

2. Experimental procedure
2.1. Glass preparation

Chemical compositions of the glasses are listed in Table 1. The
composition 40Ba0-20B,0;-40Si0, (mol%) was used as basic
glass, and different amounts of Al,O; (2-10 mol%) were
introduced to replace SiO, and B,05 in the basic glass according
to the same Si0,/B,0j3 ratio. Reagent-grade BaCO3, H3;BOs;,
Si0,, and Al,0O3, >99 wt% purity were chosen as the starting
materials. After uniform mixing, the batches were melted at
1400-1500 °C for 1 h. The clarified molten glass was quenched in
a graphite mould, then transferred to a furnace for annealing at
550 °Cfor 1 hbefore cooling down toroom temperature. The bulk
glasses were machined into bar specimen (5 mm X 5 mm X
25 mm) for CTE measurement, and the others were milled into
powders (38—45 pwm) for the IR, DSC, XRD and wetting tests.

2.2. Testing and characterization

The infrared spectra of the glasses were recorded at room
temperature using the KBr disc technique. A Rayleigh WQF-410
FTIR spectrometer was used to obtain the spectra in the wave
number range between 400 and 2000 cm ™" with a resolution of
2 cm ™. Characteristic temperatures (glass transition tempera-
ture T, onset and maximum crystallization temperature 7, and
T,, melting temperature Ty,) were determined by differential
scanning calorimetry (DSC) using a NETZSCH STA 449PC
calorimeter at a heating rate of 10 °C min~'. The CTE of the
glasses was measured using a NETZSCH DIL 402PC
dilatometer with a heating rate of 5 °C min~'. Crystal phases
of reheated samples were analyzed by X-ray diffraction (XRD)
using CuKa radiation with a Rigaku D/Max 2200PC equipment.

Wetting experiments were conducted in a furnace with a
visualization window, in which the heated specimen could be
observed. A camera was used to record the melting and wetting
behavior of the glass (in pellet form with size of &
8 mm x 10 mm) on an YSZ substrate. The YSZ plate was
prepared using an 8§ mol% Y,03-ZrO, powder compact
sintered at 1500 °C, then polished with diamond paste to
obtain a smooth surface.

3. Results and discussion
3.1. Glass structure

Fig. 1 shows the infrared absorption spectra of the BaO-
Al,03-B,05-Si0, glasses. The IR spectra of the Al,O3 free
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Fig. 1. Infrared absorbance spectra of glass samples.

glass A0 showed six main bands. The band at about 471 cm ™ is
due to Si—-O-Si asymmetric bending vibration and the small
shoulder located at 724 cm ™" is attributed to bending vibration
of B-O-B in [BOs] triangles [18-21]. The main intense band
located at 850—1100 cm ™' represents a superposition of two
bands situated close to each other at about 925 and 1012 cm™*,
the absorption peak near 925 cm ™" is assigned to the stretching
vibration of [BO,] tetrahedral and the band near 1012 cm s
due to the combined stretching vibrations of Si—-O-Si and B-O-
B network of tetrahedral structural units [20-24]. The shoulder
at 1220 cm™ ' is due to the stretching vibration of the boroxol
ring and the band centered at 1402 cm ™" is attributed to the B—
O stretching vibration of [BOs] triangles (characteristic for the
[BOs] group) [21,22,25].
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Fig. 2. DSC curves of glass samples.
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Table 2
Thermal properties and CTE of glass samples.

Glass no. T, (°C) T, (°C) Ty (°O)* Ty (°C)* T, (°C) AT (°C) Ky CTE (x107%°C™h
A0 622.0 740.9 762.7 906.9 991.0 118.9 0.48 10.83
Al 617.5 741.7 765.4 896.1 965.2 120.3 0.53 10.57
A2 601.8 802.4 830.0 - 953.7 200.6 133 10.67
A3 605.8 795.0 838.2 - 1058.3 189.2 0.72 10.34

a

The introduction of Al,O3 caused a little change to the glass
structure (Fig. 1). The bands centered at 992—-1012 cm ™! are
the main intense band inselective of the Al,O3; amount. At
AlL,O3; is <5mol%, the intensity of the band located at
724 cm™! decreased, while it strengthened when Al,O;
increased to 10 mol%. The absorption band of [AlO4] is
located in the same position as the borate groups [20,22], so it
is difficult to identify the band at 724 cm ™' belonging to [BOs]
group or the combination of [BO3] and [AlO4] group. The
conversion between [BOs] units and [BO4] units can be
confirmed by the change of the band at 925 cm ™' (character-
istic for the [BO4] group) and the band at 1402 cm !
(characteristic for the [BO3] group). The equilibrium between
[BOs] and [BOy4] groups is mainly depending on the Al,O3
content [24,26]. The increase of [BO5] and decrease of [BO4]
groups in A3 glass indicate the content of Al,O; to be
sufficient to satisfy the formation of maximum amount of
[BO,4] groups. This clearly suggests that Al,O5 is acting as
network former in A3 glass. The vibration band of boroxol ring
located at 1220 cm ™! turned clearer with the increase of Al,O5
which indicates that Al,O; is helpful to the formation of
boroxol ring.

3.2. Glass thermal stability

A parameter usually employed to estimate the glass stability
is the thermal stability, which is defined by AT =T, — T, [27].
Another parameter introduced by Hruby [28,29] is the glass
forming ability (Kg) which is defined by the relation:

T, — T,

Kg =
¢ Ynn - ]Nx

(D

Both an increasing AT =Ty — T, or a decreasing tempera-
ture interval T,,, — T indicate an increasing glass stability and a
lower tendency toward crystallization.

Fig. 2 shows the DSC curves of glass samples. Glasses AO
and A1 show two exothermic peaks, but only one in the other
two glasses, the exothermic peak of both being very weak.
The characteristic temperatures and glass stability parameters
are listed in Table 2 whereas the composition dependence of
T, Ty and T, is shown in Fig. 3. The curves of Ky and AT vs.
Al,O3 content are shown in Figs. 4 and 5, respectively. It can
be seen that an increase of Al,O; (<5 mol%) leads to a
decrease of T, and an increase of AT and K. This means the
introduction of Al,O3 to the glass system helps to improve
glass stability and to decrease the trend to crystallization.

p1 1s the first crystallization exothermic peak temperature and 7, is the second one.

When the content of Al,Oj; increased to 10 mol%, T,
increased and AT and K, decreased indicating that a further
increase of Al,O3 caused a decrease of the thermal stability of
the glass.

The CTE values of glasses are also listed in Table 2 and the
CTE vs. Al,O5 content is shown in Fig. 6. All the CTE of the
glasses are in the range (9—12 x 107%) °C~" which can match
with other components of SOFC [30]. With the Al,Oj3 increase,
CTE increased first and then decreased.
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Fig. 5. K, vs. AL,O3 content.

3.3. Bonding characteristics and wetting behavior to YSZ

The bonding characteristics and wetting behavior of the
glass to YSZ were investigated by observing the shape change
of the glass pellet on the YSZ plate with increasing temperature.
Fig. 7 depicts the deformation of A2 glass pellet on YSZ plate
with increasing temperature. The glass A2 shows well wetting
behavior at about 940 °C with a contact angle near 45°. The
variation of the contact angle of glasses with the temperature is
shown in Fig. 8. All glasses can bond and wet YSZ if the
temperature is high enough. Glass A0 (Al,Os free) has a sealing
temperature (the temperature where the contact angle near 45°
has a suitable viscosity to seal) higher than 1000 °C. This
reduces to 940 °C when the content of Al,O3 increased to
5 mol%, just in the range of 900-950 °C (temperature suitable
for SOFC sealing) [15]. At increased Al,O; content, the sealing
temperature improved sharp to about 1040 °C.
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Fig. 6. CTE vs. Al,O3 content.

3.4. Crystallization behavior

Fig. 9 shows the XRD patterns of the glasses heat-treated
at 800 °C for 10 h. Barium borate silicate (BazBSi,01¢) is
the primary phase along with a small amount of Barium
silicate (Ba,Si30g) in glass AO (Al,O; free). But in the glass
Al containing 2 mol% Al,O3;, Ba,SizOg coexisting with
Barium borate (BaB,0O,) is the main crystal phase after the
long time heat treatment, and at weak peaks hexacelsian
(BaAl,Si,0g) also appeared. Increased the Al,O5 content to
5 mol%, no new phase was detected in the reheated glass A2
except that peaks of BaB,O, and BaAl,Si,Og strengthened.
The XRD pattern of the glass A3 with 10 mol% Al,O;
revealed that no Ba,Si;Og but BaSiO; was detected, and
BaSiO; is the predominant phase. Compared with glass A2,
the BaAl,Si,Og phase in glass A3 increased a lot, while the
BaB,0, phase decreased.

983 °C

Fig. 7. Shape change of A2 glass pellet on 8YSZ substrate as a function of temperature (heating rate of 10 °C min™").
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Fig. 8. Contact angle of the glass pellets on 8YSZ substrate as a function of the
heating temperature (heating rate of 10 °C min ™).
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Fig. 9. XRD patterns of glasses heat-treated at 800 °C for 10 h. (a) A0, (b) A1,
(c) A2, and (d) A3.

4. Conclusion

A glass was prepared from the BaO-Al,03;-B,05-Si0, by
the melting—quenching method. The effects of Al,O3 on the
glass structure, wetting behavior and crystallization were
investigated. The introduction of Al,O5 caused the conversion
of [BOgs] units and [BOy4] units to each other. Al,O5 started
behaving as glass network former when the addition of Al,03
was up to 10 mol%. The stability of the glass increased first
and then decreased as Al,O5 increased from 2 to 10 mol%, the
5Smol% Al,O5; glass being the most stable. The wetting
behavior of the glasses indicates that excess Al,O3 leads to
high sealing temperature. The 5 mol% Al,O5 glass shows a
lower sealing temperature suitable for SOFC sealing. The

introduction of Al,O; increases the crystallization tempera-
ture of the glass. The crystal phases in the reheated glasses
mainly include Ba,;Si;Og, BaSiO3, BaB,O4 and BaAl,Si,0s.
Al,O; addition helps the crystallization of BaSiO; and
BaAlzsizog.
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