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Abstract In the present study, glasses from the three differ-
ent compositional triangles in the BaO–B2O3–SiO2 system
with fixed B2O3/SiO2 ratio and different BaO/SiO2 molar
ratios (designated as Ba32, Ba37, and Ba42) were prepared,
and suitability of them as sealant in solid oxide fuel cells
were investigated. Structure of the glasses was characterized
with Raman spectroscopy. According to the results, the
structure of the glass with 32 % molar BaO (Ba32) predom-
inantly consisted of Q2 structural species. In glasses with 37
and 42 % molar BaO (Ba37 and Ba42), with the substitution
of SiO2 by BaO, distribution of Qn units widened, silicate
glass network depolymerized, and concentration of Q1 struc-
tural units increased at the expense of Q2 units. X-ray dif-
fraction analyses revealed that in samples Ba32 and Ba37,
initially, Ba3Si5O13 and Ba5Si8O21 phases were crystallized,
respectively, and it seemed they acted as the sites for the
subsequent growth of BaSi2O5 phase. In contrast, the dom-
inant phase in sample Ba42 was Ba2Si3O8. Sintering, wet-
ting, and crystallization behavior of the glasses were studied
using hot-stage microscopy and differential thermal analysis,
respectively. Delay in the crystallization accompanied by

depolymerization of the structure led into deformation at
lower temperatures and greater wettability on the steel for
Ba37 glass. All the glasses wetted AISI430 alloy at temper-
atures higher than 1,000 °C.
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Introduction

Today, solid oxide fuel cells (SOFCs) are the most efficient
devices for conversion of chemical fuels into electrical power
for the various species of fuels due to their high-operating
temperature in the range between 800–1,000 °C [1, 2]. Cur-
rently, there are two configuration designs for SOFC, namely,
planar and tubular cells. Planar designs have simple
manufacturing processes, operate at a wide range of temper-
atures, and are the most energy-efficient designs, but still
comprise several challenges for commercial uses. One of these
challenges is the sealant, which is needed to prevent direct gas
exchange between the anode side (fuel gas) and the cathode
side (air) of the cells. Generally, the sealants for SOFCs have
to bond effectively to the materials of interest very well; be
stable in the operating environment chemically, thermally, and
mechanically; have a thermal expansion reasonably close to
that of the other materials involved; and have the proper
softness, to allow for some mismatches between the compo-
nents to be joined [3]. For high-temperature purposes, seals
based on glass or glass–ceramics are the most promising
materials since their properties can be easily tailored by mod-
ifying glass compositions. Glass–ceramics can be prepared by
controlled sintering and crystallization of glasses and have the
superior mechanical properties and higher viscosity at the

L. Rezazadeh (*)
Department of Materials Science and Engineering, Science and
Research Branch, Islamic Azad University, Tehran, Iran
e-mail: l.rezazadeh@srbiau.ac.ir

S. Baghshahi
Department of Materials Science and Engineering,
Imam Khomeini International University, Qazvin, Iran
e-mail: baghshahi@ikiu.ac.ir

A. N. Golikand
Materials Research School, Tehran, Iran

Z. Hamnabard
Laser and Optic Research School, Tehran, Iran
e-mail: zohrehhamnabard@yahoo.com

Ionics
DOI 10.1007/s11581-013-0934-x



SOFC-operating temperature than glasses. Furthermore, they
can have thermal expansion coefficients different from parent
glasses because of the different crystalline phases that form
and their relative proportions [4]. To date, the best results have
been obtained using compositions based on different silicate
systems with various modifiers added to increase the thermal
expansion coefficient (TEC), modify softening behavior, and
improve adhesion and joint strength [5]. Several boro- and
alumino-silicate glasses and glass–ceramics modified by alkaline
earth oxides have been studied. Almost, majority of the BaO and
SrO boro-aluminosilicate glasses form Ba(Sr)Al2Si2O8 during
heat treatment at 750–800 °C. These phases have three poly-
morphs: monoclinic, orthorhombic, and hexagonal celsian with
different TECs. With increasing heat-treatment time, the amount
of low-TEC celsian phase increases and leads to declining in the
TEC of the resultant glass–ceramics [3]. Owing to this problem,
which has been observed in barium aluminosilicate sealants, in
the present research, compositions from the SiO2–B2O3–BaO
glass system without Al2O3 were investigated. Silicate glass
mixed with boron oxide is one of the choices for SOFC sealing.
Despite the great influence of boron oxide in decreasing viscosity
and improvement in the wetting ability, several reports have
inferred that boron oxide forms volatile compounds with water
vapor at elevated temperatures, resulting in seal degradation [6].
Therefore, the amount must be limited to a specific range. The
primary compositional goal of this work was eliminating alumi-
num oxide and reducing the boron content of glasses while
preserving TEC matching with the fuel cell components and
flowing characteristics so practical seals can be manufactured.
Besides, investigation about the structure of silicate melts is
fundamental for understanding the physical properties of glasses.
To our knowledge, there is a lack of detailed information about
crystallization steps of barium silicate phases such as BaSi2O5

and Ba3Si2O8 in BaO–SiO2–B2O3 ternary system [7–9] and
structure of bariumborosilicate glasseswith highBaO/SiO2 ratio.
Therefore, the aim of the present work is to investigate the effect
of systematically increasing BaO/SiO2 ratio on the phase forma-
tion, thermophysical, structural, and wetting properties on the
surface of AISI430 alloy along with the sintering behavior of
barium borosilicate-based glasses and glass–ceramics. Other crit-
ical properties, including leakage behavior, aging at SOFCwork-
ing temperature under air, and interaction of sealant with alloy
will be presented in another paper.

Experimental

Glass preparation

The chosen compositions in the ternary BaO–B2O3–SiO2

system (%wt) are shown in Fig. 1. The compositions were
selected from three different compositional triangles that
seemed to have potential to crystallization of barium silicate

phases such as BaSiO3, BaSi2O5, and Ba2Si3O8 with high-
thermal expansion coefficients (about 10−14×10−6 °C−1) [5].
For systematic investigation, the molar ratio of B2O3/SiO2 was
kept constant and the BaO/SiO2 molar ratio was changed with
same intervals. The compositions were abbreviated as Mi,
where M represents the oxide of the cation (BaO in this paper)
and i indicate the ∼%mole of the cation (Table 1). Powders of
technical grade SiO2 (>99.5 %) and of reagent grade of BaCO3

(Merck 1714) and H3BO3 (Merck 100162) were used for prepa-
ration of the glasses. The homogeneous mixtures of batches
(∼125 g) were melted in platinum crucibles at 1,430 °C for 2 h
under ambient atmosphere inside an electric furnace. Glass frits
were obtained by quenching the glass melts in cold water. The
frits were dried and then milled in a fast mill resulting in fine
glass powders with mean particle size of approximately
3.5 μm. The particle sizes of the glass powders were deter-
mined by a laser particle size analyzer (Fritsch Analysis 22).

Raman spectroscopy

For network structure analysis, Raman spectra of the pow-
dered samples were collected in 500–1,600 cm−1 wave num-
ber ranges using a Raman spectrometer (Almega Thermo
Nicolet Dispersive) at room temperature. The light source
was a 532 nm Nd:YLF laser at 30 mW power and 180-s
exposure time. The spectra were later corrected for back-
ground noise and temperature effect.

Thermal characterization

Thermal properties of the glass powders were determined by
Thermo balance LINSEIS L81 differential thermal analyses
(DTA) with a heating rate of 10 °C.min−1 using Al2O3

powder as the reference material in air atmosphere. Dilatom-
etry was performed using Misura 3.32 optical flex dilatom-
eter with a heating rate of 10 °C.min−1 to determine the TEC
of glass–ceramics, sintered YSZ, and AISI430 alloy.
Sintering and wetting behavior of the glass powders were
studied using a hot-stage microscope (Netzsch HSM). The
measurements were conducted in air with a heating rate of
10 °C min−1 The cylindrical shaped samples with height and
diameter of 3 and 2 mm, respectively, were prepared by cold
pressing the glass powders, and placed on an AISI430 alloy
support. The temperatures corresponding to the characteris-
tic viscosity points were obtained from the photographs
taken during hot-stage microscopy experiments using an
automated high-temperature optical microscope.

Crystalline phase analysis of glass–ceramics

The amorphous nature of the as-prepared glass frits and crys-
tallinity of the heat-treated samples were characterized by x-ray
diffractometer (Philips PW 1800, Philips Co., Netherlands)
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using CuKα radiation. For phase analyses, XPert high score
software, PANalytical model of Philips was used.

Microstructural observations and elemental analyses

Microstructural observations of polished and cleaned in an
ultrasonic bath of ethanol solution of chemically etched
glass–ceramic samples were conducted by a scanning elec-
tron microscopy (VEGA/TScan SEM).

Results and discussion

Raman spectroscopy

To investigate the network structural units and bonding struc-
ture, room temperature Raman spectroscopy spectra of the
glasses are shown in Fig. 2. In analyzing the data, three regions
can be distinguished. The first region, from 500 to 850 cm−1,
includes peaks due to the delocalized vibration of Si–O–Si
bonding from mixed stretching and bending modes [10] and
breathing vibrations of oxygen atoms in four and three member
rings of BO3 and BO4 borate structural units [11, 12]. The

second region, from 850 to 1,200 cm−1, includes peaks from
silicon Qn vibrational modes, where Q denotes the tetrahedral
symmetry of the SiO4 unit and n is the number of bridging
oxygen (BO) per Q unit to neighbor silicate tetrahedral [13].
The third region, between 1,200 and 1,600 cm−1 is associated
with stretching of B–O− bonds (O−=NBO) attached to large
borate groups (chain- and ring-type metaborates) [14, 15].

In the 500 to 850 cm−1 range, the most significant feature is
the appearance of two bands at ∼780 cm−1 and ∼816 to
820 cm−1. These bands have been attributed to vibrations of
six-membered borate rings with one or two BO4 units and
symmetric vibration of the boroxyl rings, respectively [11]. The
most pronounced effect observed in the spectra upon addition of
the BaO oxide is a decrease in the intensity of the band at
816 cm−1 in Ba37 glass and its complete disappearance at BaO
contents of 42 %mol. In contrast, there is a new band with a
maximum at ∼780 cm−1 in the glasses with a high BaO content.

Since silicates are the main structural units and are mostly
located in the 850 to 1,250 cm−1 region, these bands are
studied more. The bands in the mentioned region correspond
to symmetric silicon–oxygen stretching vibrations of silicate
tetrahedral units with four, three, two, one, and zero non-
bridging oxygen atoms that are usually termed as the Q0

(structural species form isolated SiO4
4− monomer), Q1 (struc-

tural units form Si2O7
6− dimmer), Q2 (chains of SiO3

2− struc-
tural units), Q3 (structural species form Si2O5

2− sheets), and
Q4 (fully polymerized units of SiO2), respectively [16–18].

The spectrum of Ba32 glass shows the two most intense
bands with approximately similar relative intensities at ∼943
and ∼1,006 cm−1. Based on the previous studies on silicate,
borate, and borosilicate glasses [11, 16, 19], these bands are

Fig. 1 Ternary compositional
phase diagram of BaO–SiO2–
B2O3 system and the indicated
point of glasses

Table 1 Compositions of the investigated glasses in molar percent

Compositions SiO2 B2O3 BaO BaO/SiO2

Ba32 52.19 14.91 32.88 0.63

Ba37 48.3 13.8 37.88 0.78

Ba42 44.96 12.84 42.19 0.93
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assigned to Si–O− symmetric stretching vibrations in Q2

silicate structural units. Other bands that have appeared as
a shoulder at ∼1,058 and 880 cm−1 are characteristics of Q3

and Q1 units, respectively. With increasing BaO/SiO2 ratio to
0.784, predominant band shifts to the ∼896 cm−l that is
ascribed to non-bridging Si–O− stretching vibrations of Q1

species. Furthermore, the characteristic band of Q3 units
shifts by a small number into the lower wave number and
increases in intensity. Also, another band, that is a character-
istic of Q0 structural units, appears at ∼860 cm−1. Silicate
species can be related to one another considering equilibrium
constants describing reactions [19, 20] such as:

Fig. 2 Room temperature
Raman spectra of the
investigated glasses

Table 2 Thermal parameters of the glass samples obtained from DTA
and HSM at β=10 °C/min

Compositions TFS±2 (°C) TMS±2 (°C) TO (°C) TP1 (°C) TP2 (°C) SC (°C)

Ba32 730 832 792 820 845 −40

Ba37 696 822 830 876 – 8

Ba42 725 822 787 817 945 −35

Sc (Sinterability parameter) = TO − TMS

TFS first shrinkage temperature, TMS maximum shrinkage temperature,
TO onset of crystallization, TP1 first peak of crystallization temperature,
TP2 second peak of crystallization temperature
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Si2O5
2−↔SiO2 þ SiO3

2− ð1Þ

4SiO3
2−↔Si2O5

2− þ Si2O7
6− ð2Þ

Thus, according to Eq. 2, it can be proposed that part of Q2

units transform to Q3 and Q1 structural units for glass Ba37.
For Ba42 glass, the dominant band of Q1 silicate structural
units appears at lower Raman wave number (at ∼877 cm−1).
Bands of Q2 (at ∼934 and ∼1,000 cm−1), Q3 (at ∼1,040 cm−1),
and Q0 (at ∼843 cm−1) shifts into the lower frequencies, too.
This trend indicates decreased network polymerization after
formation of BO4 units due to the increment of BaO content
instead of SiO2. The concentration of Q4 units in glasses is
very low since bands around 1,180–1,230 cm−1 that are char-
acteristic of stretching vibrations of Q4 units, appear to have
very weak intensity.

The analyses show that the investigated glasses consist of
variousmain constructional units. Predominant species of Ba32
glass are Q2 units of silicon. The Ba37 glass, with higher
BaO/SiO2 ratios, contains the significant amount of Q1, Q2,
and Q3 species, and finally, main constituents of the Ba42 glass
structure are the Q1 and Q2 units. So, it appears that by increas-
ing the BaO/SiO2 ratio, silicate glass network becomes more
depolymerized and concentration of the Q1 structural units
increases at the expense of Q2 and Q3 species. Also, it seems
that on the increasing of BaO content, the boroxyl groups are
gradually converted into groups including BO4 units.

Deferential thermal analysis, phase formation,
and crystallization behavior

DTA-derived thermal parameters of investigated glasses have
been presented in Table 2. Ba32 glass shows two approximately
overlapped exothermic peaks at 820 and 846 °C. Ba37 glass
exhibits a peak at 876 °C. Ba42 glass has two exothermic peaks

of different height: (1) a shallow one at 945 °C and (2) onemore
intense and sharp at about 817 °C. The x-ray diffraction (XRD)
results showed that these exothermic peaks correspond to bar-
ium silicate phases with different O/Si ratio. Evolution of
various structural units identified by Raman spectroscopy and

Fig. 3 Final sealing cycle heat-treatment schedule of Ba37 glass (for
example)

Fig. 4 XRD patterns of Ba32 glasses heat treated at different temperatures
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existence of different crystalline phase suggest that the devit-
rification process is accompanied with the complex interaction
between different glass structural units and glass modifier. It
seems that to have a long-time stability and greater wettability
and adhesion for the sealing glasses to SOFCs with working
temperature of 800 °C, temperatures between 800 °C and
sealing temperature (950 °C in this research) is the suitable
crystallization region. As seen from DTA results, it appears
that Ba32 and Ba37 glasses are better from this point of view.

To monitor the growth of the crystalline phases from the
base-sealing glass as a function of temperature, XRD spectra of
heat-treated glasses in the temperature ranges between exother-
mic peaks of DTA data and sealing temperature (950 °C in this
research) for 30 min, along with the chosen sealing cycle heat
treatment (Fig. 3) are presented in Figs. 4, 5 and 6. The final

sealing cycle heat treatment was based on the following se-
quences as schematized on Fig. 3:

Fig. 5 XRD patterns of Ba37 glass heat treated at different temperatures

Fig. 6 XRD patterns of Ba42 glass heat treated at different temperatures
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Step (a): T=450 °C (with rate=10 °C/min); t=2 h, for
removing organic binder used for pressing of glass blocks.
Step (b): T=950 °C (corresponding to the highest tolerable

temperature of alloy against oxidation) (with rate=10 °C/min);
t=2 h, that is essential to softening and bonding of the glass–
ceramic seal to the must-be-joined materials. Step (c): Cooling
to T = crystallization temperature that is derived from exo-
thermic peaks in DTA data with rate=3 °C/min; t=3 h, for the
complete crystallization of the glass. Step (d): cooling to room
temperature with rate=3 °C/min.

The broad peak appearing in all x-ray diffraction patterns
reveals the amorphous nature of the glass phase. Depending
on the BaO/SiO2 ratio of the compositions, different crystal-
line phases crystallize in the samples during the final sealing
cycle heat treatment. The first phase formation in Ba32
sample after heat treatment occurs at 820 °C (Fig. 4). The
weak peaks are attributed to Ba3Si5O13 (JCPDS No. 12–
0547). Raising the temperature to 845 °C leads to the forma-
tion of Ba2Si4O10 (B2S4) (JCPDS No. 83–1446) solid solu-
tion. It seems that structural rearrangements take place up to
950 °C, so as B2S4 progressively transforms to the more
stable monoclinic modification of BaSi2O5 (BS2) (JCPDS

Fig. 7 Comparison of DTA and HSM curves on the same temperature scale for compositions a Ba32, b Ba37, and c Ba42

Sintering Softening Sphere Half Sphere Wetting

Ba32

764°C
984°C

82 º
1020°C

90.6º
1028°C

87.5º
1054°C

42º

Ba37

754°C
928°C

= 95°
974°C

= 122°
1010°C

= 90 °
1064°C

= 51 °

Ba42

762°C
1024°C
= 103.6 °

1048°C
= 95.7 °

1052°C
= 82°

1082°C
= 45°

Fig. 8 HSM images of investigated glasses on AISI430 alloy at
sintering, softening, sphere, and half-sphere points
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No. 11–0170) and the predominant phase at 910 °C is BS2,
which is stable until final cycle heat treatment. These results
were also reported by Takashi et al., who suggested that
nucleation initially occur in atomically/molecularly denser
regions of barium in the stoichiometric barium silicate glass
(1BaO-2SiO2). Accordingly, barium-rich phases such as
Ba3Si5O13 and Ba5Si8O21 that have considerable structural
analogy with BaSi2O5, sheet-like structure, can act as nuclei
for the crystallization of BaSi2O5 [9]. Comparing the spectra
of the samples treated at 950 °C and final heat treatment

indicates evolution of small amounts of an unknown phase
that seems to have been formed in sealing cycle interval.

Similar to Ba32, spectrum of Ba37 glass (Fig. 5) at 870 °C
reveals that Ba-richer phase of Ba5Si8O21 (JCPDS No. 83–
1443) (B5S8) crystallizes before the formation of the BS2
phase. XRD pattern of the heated glass at 950 °C without
soaking time shows that B5S8 is stable until 950 °C. The last
one indicates that as the heat-treatment time at the final cycle
increases, along with unknown phase crystallization, the dom-
inant phase exchanges from B5S8 to the more stable phase
barium silicate, BS2. For Ba32 and Ba37 compositions, the
final phases are the same. However, it seems that for Ba37
glass, intensity of peaks corresponding to BS2 phase in-
creased, which suggest the increasing of crystallinity.

As further BaO is incorporated into the system, Ba2Si3O8

(JCPDS No. 12–0694) (corresponding to the exothermic
peak at approximately 817 °C in DTA profile) nucleates in
the Ba42 glass (Fig. 6). As the heat-treatment temperature
increases, the peak intensity corresponding to B2S3 in-
creases. Annealing at 950 °C without soaking time shows
that the main crystalline phase remains unchanged during
heating, but throughout the exposure at final cycle (corre-
sponding to exothermic peak at approximately 945 °C in
DTA profile), the presence of BS2 and the unknown phases
can be confirmed along with B2S3 phase in the treated
sample.

Sintering and crystallization behavior

Sealing usually involves applying the glass powder layer on
the surfaces (ceramic or metallic) to be sealed. In GC sealant,
the sintering of glass powder is followed by crystallization at
the higher temperature. Crystallization is needed to increase
the seal viscosity and TEC and improve the chemical and
mechanical durability of the sealant. However, if crystalliza-
tion occurs before completion of sintering, porosity can be
resulted. Hence, to achieve a gas-tight glass–ceramic seal,
the sintering stage should precede crystallization. To find a
proper composition regarding to sintering and devitrification
behavior, a comparison between DTA and hot-stage micros-
copy (HSM) thermographs obtained under the same heating
conditions can be useful. Figure 7a to c present the variation
in the relative height of cylindrical shape and heat flow of the
three investigated glasses with respect to temperature using
HSM accompanied with DTA thermographs, respectively.

Fig. 9 Typical HSM images of investigated glasses on AISI430 alloy
with relation to temperature

Fig. 10 Percent of linear change versus temperature for glass-ceramics,
YSZ and AISI430 alloy

Table 3 Thermal expansion co-
efficient (RT −800 °C) values of
glass–ceramics

Compositions TEC×10−6(1/°C)

(RT −800 °C)

Ba32 10.451

Ba37 12.62

Ba42 12.58

Ionics



Table 2 lists the characteristic temperatures for glasses as
obtained by HSM (TFS and TMS) and DTA (T0 and Tp)
accompanied with the values of sinterability parameter (Sc),
where Sc = To (onset of crystallization temperature) − TMS

(temperature of maximum shrinkage) [21]. Glasses show a
similar sintering behavior with a total shrinkage of approxi-
mately 20 % of the initial height. Sintering started (TFS) at
∼700–730 °C in the compositions. For Ba32 and Ba42
glasses, the onset of crystallization was located within the
range of sintering temperature, thus Sc is negative. Sc param-
eter is the measure of ability of sintering in contrast to crys-
tallization. The greater this parameter, the more independent
the kinetics of these processes are. So, negative Sc means that
crystallization may hinder the completion of sintering by
increasing the viscosity of the material. Glass sintering pre-
cedes crystallization in Ba37 composition and Sc is positive.
Thus, it seems that well-sintered but crystallized glass powder
compacts can be obtained from Ba37 composition.

Wetting behavior

To investigate deformation and flow behavior of glasses
and wetting ability of sealants by temperature increas-
ing, HSM tests were performed. It should be considered that
in application, the sealants tolerate a compressive load which
is absent in the HSM experiment. Figure 8 shows images,
temperatures, and contact angles including sintering (95 % of
original height), softening, sphere, half-sphere formation (90 °
contact angle) and wetting points [22]. Furthermore, a few
typical photomicrographs of the changes in the shape of
samples with relation to temperature on AISI430 alloy are
shown in Fig. 9. Owing to the complex interplay of densifi-
cation, crystallization, and wetting, comparing and interpreta-
tion of glasses behavior during heating is difficult. However, it
is obvious that Ba32 and Ba42 compositions deform at higher
temperatures and under short temperature ranges, 1,010–
1,040 and 1,040–1,060 °C, respectively. In other words, they
have sharp-flow behaviors. Combinations of more polymer-
ized structure of Ba32 glass and crystallization at low temper-
ature can lead to an increase in viscosity and delay in flow
behavior. Ba42 glass crystallizes at lower temperature and
crystallization prolongates to sealing temperature. So, in spite

of depolymerized structure, its behavior is accompanied by
effect of high-crystalline phase content in increasing glass
viscosity, which incidentally plays an important role in glass-
surface tension and its flowing behavior. Opposite to two other
glasses, Ba37 glass flows slowly from 950 to 1,040 °C. Delay
in the crystallization accompanied by depolymerization of the
structure lead into deformation at lower temperatures and great-
er wettability on the steel for that. Contact angle measurement
confirms that all glasses wet AISI430 alloy at temperatures
higher than 1,000 °C. A lower surface tension and/or contact
angle means a higher interfacial area of sealant/SOFC ingredi-
ents and therefore a better joining.

Linear expansion behavior

Typical linear expansion curves for the glass–ceramics after final
heat treatment together synthesized 8YSZ and AISI430 alloy are
shown in Fig. 10. The calculated values of TEC (Table 3)
between room temperature (RT) and 800 °C (SOFC-operating
temperature) for glass–ceramics vary from 10.45 to
12.62×10−6 °C−1 and are in good agreement with other cell
components, YSZ electrolyte (10.88×10−6 °C−1), and AISI 430
(12.6×10−6 °C−1), especially for Ba37 and Ba42 glass–
ceramics.

Fig. 11 SEM micrographs of
bulk etched final glass–ceramics
a Ba32 and b Ba42

Fig. 12 SEM micrograph of over etched Ba32 glass–ceramic
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Microstructural evaluation

Figure 11(a) and (b) show the typical microstructures of
the final glass–ceramics. All the crystallized glasses contain
approximately 1–2-μm rod-like crystals dispersed into an
amorphous matrix. Micrograph of over etched specimen
(Fig. 12) shows that these rods are hollow. This microphoto-
graph will be notable for researchers that probably did not
realize over etching of their specimens [23]. High-crystalline
fraction and interlocking crystals indicate that these micro-
structures are appropriate for sealing applications.

Conclusions

Phase formation, thermophysical, structural properties, and
wetting along with sintering behavior of barium borosilicate
base glasses were investigated with systematically substitu-
tion of SiO2 for BaO to design proper glass–ceramic sealants
for SOFCs. Results showed that the main network constitutes
of the glass with 32 % molar BaO (Ba32 glass) were Q2 units
and B2O3 formed the triangular units (BO3). Addition of BaO
up to 37 % molar produced significant modifications in the
distribution of Q species, namely, the increase of the Q1 and Q3

species at the expense of part ofQ2 species. The rearrangement in
the distribution of Q species in the main glass structure can be
explained by the equilibrium 4Q2↔Q1 + Q3, which might take
place. Also, part of BO3 goes into the tetragonal (BO4) structural
units. Further incorporation of BaO in glass provided more
NBOs and consequently depolymerized the three-dimensional
network more. In Ba42 glass boroxyl groups (BO3) completely
converted into groups including BO4 units.

It was also found that initial precipitated phases in the
precursive stage of BaSi2O5 crystallization were Ba3Si5O13

and Ba5Si8O21 in Ba32 and Ba37 glasses, respectively. The-
se metastable phases act as the nucleation sites for BaSi2O5

phase. Only in Ba37 glass, sintering preceded crystallization
and delay in the crystallization accompanied by depolymeri-
zation of the structure led to deformation at lower tempera-
tures and greater wettability on the steel. Contrary to expec-
tations, wettability of glass failed to improve by increasing of
the BaO/SiO2 ratio to 0.98. This was associated with (a) the
crystallization of glass in the sealing temperature and (b) the
increment in the crystalline phase content and possibility in
the increasing of the system viscosity. Thus, it appears that
Ba37 glass has a desired potential to be used as sealant for
SOFC and practical features of triple layer of electrolyte/seal
glass/AISI430 alloy must be investigated more.
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