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Abstract: Glasses of the Si0,—Al,0;-BaO—MgO and Si0,—Al,0;—ZrO,—Ca0—Na,0 systems were synthesized in the perspective to
apply them as sealants in SOFC at operating temperatures of 700—900 °C. Thermal properties of the chosen glass compositions and
their compatibility with the SOFC materials (YSZ-electrolyte and alloy-interconnector Crofer22 APU, 15X25T) were investigated by
means of synchronic thermal analysis and high-temperature dilatometry. The elemental analysis was performed by atomic emission
spectroscopy. The average values of the temperature coefficients of the linear extension are 10.0x107°°C™ for glass 45%Si0O,—
15%A1,05-25%Ba0-15%MgO and 9.5x10°°C™" for glass 60%Si0,—10%A1,05—10%Zr0,~5%Ca0-15%Na,0. The gluing
microstructure in YSZ/glass/Crofer22APU was studied by scanning electron microscopy. The crystallization process of silicate
phases was revealed to occur in the SiO,—Al,0;—BaO—MgO glass. The analysis of the crystallization products was performed by
Raman spectroscopy and X-ray diffraction. Glassy ceramics was proved to possess better parameters in comparison with amorphous
glass to be used as a sealant in electrochemical sensors and oxygen sensors. The SiO,—Al,0;—ZrO,—Ca0O—Na,O low-temperature

amorphous glass can be applied in SOFC.
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1 Introduction

A variety of materials used in electrochemical
devices, such as SOFC, electrolyzers, and
electrochemical gas sensors generate a need for a
constant search of novel sealants. At present, high-
temperature silicate glasses are well proved as materials
for sealing cells of electrochemical devices (ECD) [1]. It
is revealed in a series of works that glassy sealants are
very good sealers, which can operate in fuel cells over
1000 h without any significant degradation of their
properties [2—4].

Nowadays, yttrium doped zirconium dioxide is used
as a SOFC electrolyte. It has significant oxygen ion
conductivity at high temperatures of 800—900 °C. The
SOFC anode and cathode are made of nickel—cermet

(Ni—YSZ) and strontium—manganite (LSM), respectively.

Researchers have recently attempted to decrease the
SOFC operation temperature to 700—800 °C, which

would greatly widen the list of possible construction
materials and would increase its working life. There are
some requirements for sealants, such as chemical
stability both in reduction and in oxidation ambient, lack
of interaction with functional materials for ECD, low
conductance, good adhesion and mechanic durability,
close coefficients of thermal expansion with the
functional materials, good viscosity at cell operating
temperatures. The advantage of using glassy-sealants in
electrochemical devices is that it is possible to optimize
the glass chemical composition by varying chemical
composition and an oxide concentration in the
composition. Thus, the mechanical durability, resistance,
and coefficient of thermal expansion (CTE) can be
changed. It stands to mention that it is vital to choose a
sealant composition for each particular construction,
considering chemical compatibility requirements and
CTEs, to glue different parts of the high temperature
electrochemical device whether it is ceramics/ceramics
or ceramics/metal. The CTEs of SOFC components are
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generally 9.5x107°~12x107° K™' for the electrolyte (YSZ,
GDC, LSGM), 12x10°-14x10° K" for the cathode,
10x10°~14x10° K" for the anode, and 11x10°-
15x107° K ! for the interconnect [1,5-7].

The special ceramic glues, which are obtained on
the basis of different oxides, boratic acid, glasses, are
used to obtain a solid high-temperature joint of ceramics.
Thus, in a number of works [8], the compositions of
ceramic glues for gluing and sealing were patented. The
gluing temperature of the suggested compositions
reaches 1400 °C.

There are two basic types of glassy-sealants, which
currently are being studied and used in the SOFC:
amorphous high-temperature glass and glass-ceramics.
The glass sealants perfectly serve as sealant materials at
high temperatures (600—900 °C). They become viscous,
and as a result, it is possible to reduce a tension between
SOFC functional parts, and to vary a cell design and
performance [9—12]. However, during long exploitation
life glass sealants can devitrify, i.e., their crystallization
takes place. Thus, they become less viscous at high
temperatures, while thermocycling can lead to fragility
and decrepitating of the material [13—16]. The glass
sealants also interact with interconnectors made of
heat-resistant alloys, which leads to the iron and
chromium leaching. This involves an additional increase
in rate of devitrification and, consequently, a decrease in
chemical stability of the sealant [17].

The amorphous high-temperature glass is capable of
sustaining an insignificant tension and cracks in SOFC.
At appropriate SOFC operation, while thermocycling,
this type of glass performs not only as gluing material for
functional parts, but also as viscous sealant, serving in
situ. Hence, it allows sealing leakages during long
operation, which, otherwise, can destroy all the flow.
This type of glass cannot crystallize during all term of
the sealant exploitation, otherwise its mechanical and
hermetical properties sharply decay [18,19]. The
amorphous high-temperature glass is heated to the
temperature close to the melting point (which also can
coincide with the SOFC operating temperature). As a
result, small cracks formed during thermocycling can be
healed due to the amorphous nature of the glass. This
glass sealant is good for short-term use [20]; however,
eventually the self-recovering glass has a tendency to
crystallization. It results in a loss of self-recover function
and makes the glass-sealant vulnerable to tensions and
cracking, causing cell leakage [20—22].

The glassy-ceramic sealants are initially crystallized
glasses, which have a very solid physical structure [21].
This glass can be of interest, because it is stronger than
most of the other types of glasses and does not change in
time at constant coefficient of thermal expansion [23].

There are a large number of works dedicated to

studying the glassy sealants based on silicate glasses
[24-32]. For example, BaO—CaO—-Al,0;—B,0;-SiO,
(BCAS) glass-ceramics have been investigated as
sealants for testing the large size planar anode supported
SOFCs [24]. The CTE of the BCAS glass with heat
treatment for different times matched that of YSZ and
Crofer22APU. Needle-like barium silicate, barium
calcium silicate and hexacelsian can be found in the glass
after heat-treatment at 750 °C for 50 h. The open circuit
voltage (OCV) of the cell kept 1.19V at 750 °C. No
cracks or pores were found in the interface between the
glass-ceramics and component.

HEYDARI et al [25] reported the development of
suitable glass-ceramic sealants based on the CaO—BaO—
B,0;—A1,05—Si0; system to be used in anode-supported
SOFC stacks at 700 °C, and their mechanical properties
and sinterability of this system were also studied.
Mechanical properties of this glass were improved with
increasing heat-treatment time because barium silicate,
barium and hexacelsian phases
crystallized.

The effects of zirconium oxide on the crystallization,
densification and dielectric properties of the CaO—MgO—
AL O;—Si0, glass were investigated in Refs. [26,27]. The
glass transition temperature and onset crystallization
temperature increased with rising zirconia content. The
phyllosiloxide and anorthite crystallites were observed in
sequence during sintering at 800-950 °C for pure
Ca0—-MgO—AlL,05—Si0, glass. The phyllosiloxide phase
crystallized mainly via surface nucleation, which
inhibited further viscous flow densification. The
crystallization temperature of phyllosiloxide shifted from
800 to 850 °C after adding ZrO,. For the sample with 8%
(mass fraction) ZrO, sintered at 850 °C, homogeneously
distributed tetragonal zirconia precipitates accompanied
a small amount of acicular phyllosiloxide in the glass
matrix. As well in Ref. [28], it was found that the
addition of zirconia nanoparticles up to 10% (volume
fraction) improved mechanical properties without
causing any negative effect on thermal and electrical
properties.

It was demonstrated [29] that adding and increasing
the amount of BaO in the examined glass-ceramic
materials from the SiO,—Al,0;—Na,0—K,0—CaO system
caused significant changes in the phase composition as
well as an increase in the content of crystalline phases.
The addition of BaO to the SiO,—Al,0;—Na,0—K,O—
MgO samples caused considerable changes with regard
to the phase composition and an increase in the
crystalline phase content [30].

The effect of iron oxide on the sealants properties
was studied in Refs. [31,32]. In Ref. [31] the
crystallization peak temperature decreased, the
crystallization activation energy increased, and the

calcium silicate
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crystal granularity decreased with the addition of Fe,O3
to the CaO—Al,0;—SiO, system. The ESR results
indicate that Fe,O; can adjust the network structure of
the glass-ceramics, allowing Fe’" to assume an
octahedral coordination, which enhances the bending
strength of the glass-ceramics. In Ref. [32] the
endothermic peak temperature of about 760 °C
associated with the transition and the exothermic peak
temperature of about 1000 °C
crystallization were found when the Fe,0O;—CaO—-MgO-
AL O3;—Si0, basic glass was heated. The Fe,O; content
increase results in the glass transition temperature and
crystallization temperature decrease.

In the present study, the systematic investigations
related to amorphous glass and glassy-ceramics in the
Si0,—Al,O;—BaO-MgO and SiO,—Al,03—ZrO,—CaO—
Na,O systems, which are good sealants for the
electrochemical devices, were carried out.

associated with

2 Experimental

2.1 Synthesis and attestation

The sealant materials in two systems of SiO,—
AlLL,O;—BaO-MgO and SiO,—Al,0;—ZrO,—CaO—Na,O
were synthesized. Based on the thermal analysis data,
two optimal compositions:  45%Si0,—15%A1,0;—
25%Ba0—-15%MgO and 60%Si0,—10%A1L,0;—
10%Zr0,—5%Ca0—-15%Na,O were chosen for testing as
sealants in electrochemical devices.

The chemical composition of the SiO,—AlL,O;—
BaO—-MgO high-temperature glass was specified by
mixing talc, barium and aluminum oxide. The talc
composition was Mg;SisO,o(OH), with admixtures of
1.2% ALO;, 0.5% CaO and 1.4% Fe,O; The barium
oxide was taken as BaCOj; (high purity), and Al,O; was
of a reagent grade. The initial components for
low-temperature synthesis of glass with the composition
of Si0,~Al,0;—ZrO,—Ca0—Na,O were SiO, (reagent
grade), ZrO, (high purity), Al,O; (reagent grade), CaCOs;
(high purity), and Na,CO; (high purity).

The batch components mixture in a required mass
ratio was ground with isopropyl alcohol and dried at
120 °C. The preliminarily synthesis was carried out in a
porcelain cup during 3 h at 1100 and 900 °C for high-
and low-temperature glass, respectively. At the next
stage, the annealed batch was separated into pieces and
melted in a crucible made of stabilized zirconium oxide
at 1400 °C. The crucible for glass melting had a special
design: in the lower part of the crucible there was an
opening with a diameter of 4 mm, into which a sleeve
was inserted. While reaching certain temperature the
molten glass dripped through the sleeve into reservoir
with distilled water. This method allowed not to exceed
the necessary temperature, and hence, to avoid

evaporation of volatile components.

The obtained glass was ground into a fine powder in
the porcelain mortar in order to use it for elementary
analysis and to glue ceramic materials and alloy-
interconnectors. The samples for measuring the
coefficient of thermal expansion were pressed and
annealed at 1100 and 850 °C for high- and low-
temperature glass, respectively.

The elemental analysis was performed by atomic
emission spectroscopy with inductively coupled plazma
at the spectrometer Optima 4300 DV (Perkin Elmer,
USA). The summary error of determination did not
exceed 2%—3%.

X-ray powder diffraction was carried out using the
Rigaku conventional diffractometer D/MAX-2200V
(Rigaku, Japan) in radiation Cu K, (4=0.15418 nm) in
the angle interval of 10°<26<90° at the angle scanning
rate of 0.3 (°)/s.

2.2 Thermal properties

The gluing temperature was determined according
to the shape. The gluing temperature was considered as
the temperature, at which a smooth transparent drop of
glass of spherical shape was formed.

The DSC measurements were carried out by the
thermal analysis device STA 449 F1 Jupiter (NETZSCH,
Germany). The glass sample as a powder with a mass of
3 g was placed into a platinum crucible and heated with
the rate of 0.6°C/s in the temperature range of
35-1200 °C. The measuring cell together with the
sample was aerated with the rate of 3.3x107" m’/s. The
dependences at heating and cooling of the measurement
cell were recorded; the heating rate was 10 °C/min.

The thermal extension of glasses and SOFC
functional materials was investigated using the quartz
dilatometer using an automatic installation with digital
measuring set “Tesatronic TT—80” (gage probe TESA
GT 21HP, scale range +200 um, delicacy 0.01 um) on
samples with the length of ~15 mm. The measurements
were performed in air with the heating rate of 0.33 °C/s
in the range of 30—900 °C. A specimen in a shape of ruby
monocrystallic rod was used as the etalon for the
dilatometer. A discrepancy with tabular data for the
coefficient of thermal expansion did not exceed 4%, at
that, the mean-square error for experimental dependence
which characterized a spread of points was
0.01%—0.05%.

2.3 Microstructure

Microstructure characterization and measurement
of the element composition of gluing for the
YSZ/glass/Crofer22 APU were carried out by scanning
electron microscope (SEM) JSM 5900LV  with
microanalyzer INCA Energy 200 (JEOL Oxford, Japan)
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and MIRA 3LMU (TESCAN, Czech Republic). The
YSZ/glass/Crofer22 APU sample used to study the gluing
microstructure has a “sandwich” structure. It is
composed of two 1 cm X 1.5 cm x 0.1 cm plates
(electrolyte and steel), which are connected by a glassy
sealant. To prepare the sample a suspension of a ground
glass in ethyl hydroxide was used. The gluing
temperature corresponds to the temperature of glass
softening 1100 and 900 °C with a 10 min dwelling for
high- and low-temperature glass, respectively. The
samples were pretreated by the epoxy impregnation
technique under vacuum in order to take SEM images
and then cross-sections of the samples were obtained
with the use of diamond suspension at the polishing-
grinding machine Struers Labopol.

The Raman spectroscopy was used to study the
crystalline phase of the high-temperature glass of
Si0,—Al,0;—BaO—MgO composition. Measurements
were conducted by the Raman microscope-spectrometer
U 1000 (Renishaw, England). This spectrometer allowed
recording Raman spectra of samples with a space
resolution up to 1 pum. The cross-section of the
YSZ/glass/Crofer22APU was tested. The tests were
performed in the range from 50 to 1200 cm ', and with
time exposition of 30 s. The operating conditions were as
follows: capacity of the He/Ne laser (633 nm) was 1 mW,
spectral resolution was 2 cm ', accuracy of wave number
was =1 cm ', size of laser spot was I pum at room
temperature in air atmosphere. The Si line (99.9999%)
520 cm™' was used as an etalon.

3 Results and discussion

Tests were carried out with glasses, which exhibited
the best results at gluing the ceramic samples of
zirconium—yttrium electrolyte: 45%Si0,—15%A1,05—
25%Ba0—-15%MgO is the high-temperature glass No. 1,
60%Si10,—10%A1,05-10%Zr0O,—5%Ca0—-15%Na,0 is

the low-temperature glass No.2. The glasses
compositions are listed in Table 1.
Table 1 Chemical composition of investigated glasses
Sample Composition/%
No. Si0, AlLO; BaO CaO MgO ZrO, Na,O
1 447 149 25.1 - 153 - -
2 59.6 11.0 - 3.4 - 106 154

The gluing temperatures for samples No. 1 and
No. 2 compositions were (1240£10) and (950+10) °C,
respectively: At indicated temperatures the smooth
transparent drops of spherical shape, free of impurities
inclusions, were formed from the glass powders.

The thermal analysis data at heating and cooling are

shown in Fig. 1. Two exothermic peaks are observed at
882 and 951 °C on the DSC curve for the high-
temperature glass, that allows assuming the existence of
at least two crystallizing processes proceeding up to the
glass melting temperature. Possibly, the manganese
silicates of different chemical compositions crystallized
out. It is important to note that there are no
crystallization peaks on the cooling curve that can testify
irreversibility of this process when heating.
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Fig. 1 DSC dependences for investigated silicate glasses

samples

The softening temperatures of the glasses under
analysis are hard to detect using the DSC dependences. A
small slope was revealed in the region of 600—700 °C for
a low temperature glass and in the region of 680—745 °C
for a high temperature glass, which denotes a glass
transition temperature.

The temperature dependences of the linear
extension for glasses, YSZ ceramics and Crofer22APU,
15X25T alloy-interconnectors are shown in Fig. 2. On
the extension dependences the smooth sections, close to
the linear function, can be indicated within the
temperature range of 50—600 °C. At further heating there
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Fig. 2 Temperature dependences for linear extension of silicate
glasses and functional materials of SOFC
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is a softening of glasses at 850 and 700 °C for glasses
No. 1 and 2, respectively. The dilatometric curves of both
glasses defined the glass transition temperature (7) and
softening temperature (75). The results are presented in
Table 2. The difference between T and 7, was observed
for high temperature glass, which involves a parallel
process of high temperature glass crystallization.

Table 2 Thermal properties of different specimens

Coefficient of . Softening
Sample . Glass transition
No thermal extension temperature (T,)/°C temperature
: (10°°C™ P s (T)°C
1 10.0 670 890
2 9.5 650 700

The average values of the thermal extension
coefficient, calculated in the range of 50—600 °C, were
10.0x10°°C™" for the high-temperature glass (Sample
No. 1) and 9.5x10°°°C™" for the low-temperature glass
(Sample No. 2).

These values are in acceptable agreement with the
thermal extension coefficient of Crofer22APU alloy
(12.3x10°°C™") and alloy 15X25T (11.8x10°°C™") in
the indicated range. However, it is vital to prevent
thermal and pressure expansions to eliminate cracking
and delamination of the sealant.

The XRD patterns for the investigated glasses are
presented in Fig. 3. The obtained data clearly specify its
amorphous structure with broadened peak at 25°—30°.
XRD patterns of the glasses heat-treated at 800, 900 and
1000 °C at a heating rate of 30 °C/min, which were
soaked at these temperatures for 15 min, are shown in
Fig. 4.

Sample No. 2
! i‘ "M Sample No. |
10 20 30 40 50 60

20(°)

Fig. 3 XRD patterns of investigated silicate glasses

The cross-section SEM images of the YSZ/glass/
Crofer22 APU interface were taken in order to investigate
the microstructure of the silicate glasses. Figure 5 shows
SEM images of gluing in the mode of back-scattering
electrons (BSE), allowing recording the phase contrast
due to the different average atomic number.

1000 °C
900 °C
800 °C 'MMWH i
Sio,
11 i 1 | I |
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Fig. 4 XRD patterns for high-temperature glass sample No. 1 at

various temperatures
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Fig. 5 Cross-section SEM images of YSZ/glass/Crofer22 APU
interface: (a) Sample No. 2; (b) Sample No. 1

According to the SEM image of YSZ/SiO,—Al,03—
Zr0,—Ca0—Na,O/Crofer22 APU illustrated in Fig. 5(a)
the interaction products of glass with steel are not formed.
This fact allows recommending the low-temperature
amorphous glass for usage as a sealant in SOFC.
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It is seen in the SEM images that the investigated
silicate glasses possess a good adhesion to the YSZ
materials and Crofer22APU alloy as well as low
porosity, and lack of significant gluing defects. Hence,
these glasses can be applied as sealants. For the high-
temperature glass No. 1 the phases of crystallization
(dark crystals) can be seen, which are localized close to
the electrolyte interphase; besides, there s
morphologically more light and fine phase along the
glass/Crofer 22APU interface.

The energy-dispersion analysis was carried out with
the purpose of the elementary qualitative and quantitative
analysis of the surface that helps to understand the
chemical composition of formed phases. According to
the analysis (Fig. 6), it was proved that the dark
crystalline phases of glass consist of Mg, Si and O
elements in a ratio of approximately 2:1:3.5. Possibly,
the manganese silicate phases with different chemical
compositions (Mg,SiO4, MgSiO; etc.) are formed, and a
layer at the interface with the Crofer22APU alloy is a
chrome oxide layer. Chrome oxide, apparently, is formed
at gluing functional parts when contacting with air up to
the temperature of glass softening.

The Raman spectra were obtained at different
sectors in order to specify the phase composition of

15kU X1, 0808

2921

formed crystalline phases in high-temperature glass
No. 1 (Fig. 7). It is clear that at different sectors the
specific peaks differ from each other. The authors of
papers [33—36] reported that generally the Raman spectra
can be divided into four areas: below 400, 550—800,
800-1300, and 13001600 cm'. The peaks up to
400 cm™' are related to the deformation vibrations of
Si—O—M; the deformation vibration of Si—O—Si is
within 550—-800 cm '; the vibration mode of the wave
number in the range from 800 to 1300 cm ', according to
works [37,38], is connected with the valent vibrations of
Si—O in tetrahedral [SiO4]. In Refs. [39,40] the specific
lines for manganese silicate are presented. In the spectral
range of 500—700 cm ' the authors pointed out lines
typical for MgSiO; with the perovskite structure, which
correlate with our data in Figs. 7(c) and (b), whereas in
the range from 800 to 1000 cm ™' there are specific lines
for MgSiO; with the ilmenite structure, S-Mg,SiO4 and
7~-Mg,Si04 (Figs. 7(a) and (b)).
The typical Raman

spectra for YSZ and

Crofer22APU alloy are shown in Fig. 8. The Raman
spectra for the alloy (Fig. 8(c)) are essentially featureless,
because metals and alloys have a simple chemical
composition and high symmetry and do not have
characteristic peaks.
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Fig. 6 EDX mapping of YSZ/glass No. 1/Crofer22APU interface
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Fig. 7 Raman spectra for high-temperature glass No. 1 at
different sectors of gluing: (a) b-Mg;SiO4; (b) g-Mg,SiO4+
MgSiO;; (c) MgSiO;
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Fig. 8 Raman spectra for YSZ (a), Cr,O; (b) and Crofer 22APU
alloy (c)

The obtained type of spectra for the YSZ electrolyte
is in a good agreement with the literature data [41]. The
Raman spectrum for the YSZ area (Fig. 8(a)) has one
intensive line at ~609 cm™' and several weak lines. An
appearance of numerous lines for the YSZ phase
indicates that the YSZ surface does not have ideal cubic
structure, and the electrolyte suffers the tetragonal and
monoclinous deformations [42—45].

The Raman spectrum of chromium oxide with
intensive peak at 547 cm ™' and several weak peaks at 305,
344, 605, 42, 679 cm™' are shown in Fig. 8(b). The
obtained data is in a good agreement with the results of
work [46], where for the Cr,0O; oxide the specific peaks
correspond to 554 cm ' and are about 620 cm™ ', and for
the CrO, oxide a wide assymetric line with maximum at
660 cm ' is the typical one.

The glasses studied in this work were tested for
gluing planar and tubular fragments of the YSZ solid

electrolytes while manufacturing the trial samples for
electrochemical devices: solid oxide sensors, oxygen
pumps, and solid oxide fuel cells (Fig. 9). The oxygen
pump manufactured using the composite glass No. 1,
continuously exploits at 800—-900 °C, stands over 200
heat/cooling cycles and, at that, saves full leaktightness
of construction. This was determined by the lack of
gaseous oxygen leakage through the external
construction space into internal one.

Fig. 9 Picture of oxygen pump made with composite glass
No. 1

4 Conclusions

The glasses of 45%Si0,—15%A1,0;—25%Ba0O—
15%MgO (No. 1), 60%SiO,—10%A1,05;—10%ZrO,—
5%Ca0—15%Na,O (No. 2) compositions, perspective as
sealants for YSZ and alloys-interconnectors, were
obtained.

It was demonstrated that the average values of
temperature coefficients of the linear extension,
calculated in the range of 50-600 °C, are 10.0x10 ¢ °C™"
for glass No. 1 and 9.5x107°°C™" for glass No. 2. They
are in a good agreement with the coefficient of thermal
expansion of solid YSZ electrolyte and a little lower than
that of the alloys-interconnectors.

Two exothermic peaks at 882 and 951 °C are
observed at the DSC curve, which allows assuming that
two crystallization processes occur up to the glass
melting temperature.

The energy-dispersed analysis specified that the
glass crystalline phases consist of Mg, Si, and O
elements, and likely, the manganese silicate phases are
formed. The layer at the interphase with Crofer22 APU
alloy is the chrome oxide film. The obtained Raman
spectra proved our suggestions concerning the phase
composition of formed crystalline phases in high-
temperature glass No. 1.

The glass with the SiO,—Al,0;—BaO—MgO
composition containing crystalline phases, revealed to be
the most perspective for usage as sealants in high-
temperature  electrochemical  devices, such as
electrochemical sensors and oxygen sensors.

The SiO,—Al,0;—Zr0,—~Ca0—Na,O low-temperature
amorphous glass can be applied in SOFC, because this
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composition is stable against Cr-containing steels.
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