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Abstract: The effect of partial SiO; substitution with Al;O3 and B,O3 on the thermal properties and
crystallization of glass sealants in the (50 — x)SiO,-30BaO-20MgO-xAl,O3(B,03) (wt %) system is
studied. It is established that the coefficient of thermal expansion of all obtained glasses lies within
a range of 8.2-9.9 x 107% K~!. Alumina-doped glasses crystallize after quenching, while samples
containing boron oxide are completely amorphous. Magnesium silicates are formed in all glasses
after exposure at 1000 °C for 125 h. After 500 h of exposure, a noticeable diffusion of zirconium ions
is observed from the YSZ electrolyte to the glass sealant volume, resulting in the formation of the
BaZrSi3;O9 compound. The crystallization and products of interaction between YSZ ceramics and
boron-containing sealants have no significant effects on the adhesion and properties of glass sealants,
which makes them promising for applications in electrochemical devices.

Keywords: glass; glass—ceramic; sealant; yttria-stabilized zirconia; microstructure; crystallization;
SOFC

1. Introduction

Yttria-stabilized zirconia (YSZ) is widely used for various high-temperature devices,
including gas sensors [1,2], fuel cells [3], and electrolyzers [4]. YSZ-based gas sensors are
applied in various fields from medicine to the control of vehicle exhaust emissions [5]
due to the high sensitivity to such gases as NOx, CO, H;, and hydrocarbons [6]. High-
temperature annealing is frequently used to combine the sensor’s parts [7] and create
tight contact. Another approach to sensor assembling implies the application of inorganic
binders, mainly a mixture of liquid glass and alumina powder [5,8]. Despite the fact
that glass sealants are the least spread for electrochemical sensors, there are some studies
indicating the perspective of such an approach [9]. In addition, glass sealants are the most
suitable for sensors operating at high (above 1000 °C) temperatures, which is confirmed
by the latest developments of the company Schott (Germany) (one of the largest sealant
manufacturers on the international market), who presented a high-temperature sensor
for monitoring the composition of car exhaust gases, assembled using a glass—ceramic
sealant (data on the glass—ceramic high-temperature sealant HEATEN produced by Schott
(Germany) can be found at https:/ /www.schott.com/en-gb/products/heatan-p1000279
/technical-details?tab= €5001c8e5b8b497997de6e65e33174£5, accessed on 21 June 2023).

As mentioned above, YSZ is widely used for a number of high-temperature devices,
including oxygen pumps [10,11]. Oxygen pumps require tight sealing that can be reached
by glass application [12-14]. In addition, high-temperature glass and glass—ceramic sealants
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are required to seal laboratory cells when conducting different experiments [15,16]. In
addition to oxygen pumps, solid oxide fuel cells (SOFCs) are one of the common high-
temperature devices widely using glasses and glass—ceramics as sealing materials [3].

Barium silicate glasses are the most widespread glass and glass—ceramic sealants due to
their good stability at high temperatures, high mechanical strength, appropriate coefficient
of thermal expansion, and low electrical conductivity [17-19]. The properties of glass
sealants can be controlled by changing the glass composition [20-22] and the introduction of
filles into the glass matrix to obtain composites [19,23,24]. Several scientific groups studying
barium-containing and barium-free glass sealants and led by the following scientists can
be mentioned: K. Singh and G. Kaur [20,25,26], F. Smeacetto and A.G. Sabato [27-29], X.
Wang and Y. Dong [19,30,31], and A. Kuzmin and N. Saetova [32-35]. However, the sealant
compositions presented in the cited studies are complex and contain more than four oxides.
In this study, we aimed to develop glass sealants of less complex compositions containing
three main oxides (5iO;, BaO, and MgO) and small amounts of additives (to 4 wt %). In
addition, the developed glass sealants are expected to be used not only for SOFC joints, but
for sealing oxygen pumps, which can be sealed at higher temperatures than SOFCs.

The choice of glass components is conditioned by their role in the glass network and
their effect on glass properties. Thus, SiO, is a glass former [22,36], and BaO and MgO
are modifiers increasing glass transition and softening temperatures, which is vital for
high-temperature applications and CTE value [22,36]. B,Os3 (a glass-forming oxide) was
added to improve wettability and suppress crystallization [20,36]. Al,O3, which can act as
both a glass former and modifier depending on the concentration, was also introduced to
suppress crystallization [20,36] and increase the long-term stability of the sealant [22,36].
The introduction of small amounts of additives is believed not to affect the glass properties
dramatically (for instance, CTE and sealing temperature), but to impact the crystallization
behavior of glasses and their stability under high temperatures. It should also be men-
tioned that, unlike other studies [37-40], the sealants under investigation contain both BaO
and MgO.

This work is devoted to the investigation of the effect of the partial substitution of
silica in the (50 — x)Si0,-30BaO-20MgO-xAl,O3(B,O3) (wt %) with Al,O3 and B,O3 on
the thermal properties and crystallization of glass—ceramic sealants for high-temperature
applications. The choice of glass composition is based on previous studies that utilized the
45510,-15A1,03-25BaO-15MgO (wt %) glass for oxygen pump sealing [41].

2. Materials and Methods

(50 — x)Si0,-30Ba0O-20MgO-xAl,O3/B,O3 (wt %) glasses were obtained by melting
the stoichiometric mixtures of SiO;, BaCO3, MgCO3, Al,O3, and B,O3 (99.99% purity)
in alundum crucibles at a temperature of 1500 °C, followed by pouring the melt into a
glassy- carbon mold. Annealing was performed at a temperature of T;—50 °C for 1 h,
and then the glass was cooled naturally in a furnace to room temperature. The chemical
composition of the obtained glasses was determined by atomic emission spectroscopy
(AES) using an Optima 4300 DV (Perkin Elmer, Waltham, MA, USA) spectrometer with an
accuracy of 2-3%. The phase composition of the glasses and glass—ceramics was studied by
X-ray diffraction (XRD) using an XRD-7000 (Shimadzu, Kyoto, Japan) and a D/MAX-2200
(Rigaku, Tokyo, Japan) diffractometer with Cu-K (A= 1.5418 A) radiation. XRD patterns
were collected at room temperature in a 26 range from 10 to 80° with a scanning step of
2 °/min.

To study the thermal expansion of the obtained materials, samples were cut out of as-
cast glasses and glass—ceramic samples were prepared by the compaction of glass powders
followed by sintering at 1050 °C. The measurements were conducted in temperature ranges
of 50-800 °C (cut samples) and 50-720 °C (compacted samples) using a quartz dilatometer
with a TT-80 (Tesatronic, Renens, Switzerland) meter with an accuracy of 0.01 pm; the
heating rate was 2 °/min.
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Hot-stage microscopy (HSM) was applied to study the sealant behavior under heating
by means of an ODP 868 (TA Instruments, New Castle, DE, USA) optical dilatometry
platform; the measurements were conducted in a heating microscope mode with a rate of
2 °/min. Samples were obtained by the compaction of glass powders; YSZ ceramic was
used as a substrate. The glass transition and crystallization temperatures were determined
by differential scanning calorimetry (DSC) using a 449 F1 Jupiter (Netzsch, Selb, Germany)
simultaneous thermal analysis device. The following measurement conditions were set:
platinum crucibles, a temperature range of 35-1100 °C, air atmosphere, and a heating rate
of 10 °/min.

The glass powder mixed with ethyl alcohol was applied onto the YSZ surface to study
the behavior of the sealant in contact with joined materials. Then, the samples were heat
treated by the sealing mode (temperature of 1240 °C, 10 min, heating rate of 2 °/min) in
an oxidizing atmosphere and cooled to room temperature in a furnace. The morphology
of YSZ-sealant—YSZ sealed samples was studied by scanning electron microscopy (SEM)
and energy dispersive spectroscopy (EDS) using a JSM-6510 LV (JEOL, Tokyo, Japan)
microscope equipped with an Inca Energy 350 (Oxford Instruments, Abingdon, UK) energy
dispersive spectroscopy system with an X-max 80 detector. Cross sections of samples
were obtained by epoxy impregnation, followed by grinding and polishing using a P12Sb
(Polilab, Moscow, Russia). SEM images were obtained in backscattered electron (BSE) mode
to provide a contrast between the glass matrix and crystallized phases.

3. Results and Discussion

Table 1 presents the nominal glass compositions and those determined by AES. In
general, the real compositions of the glasses are close to the nominal ones and the differences
are within the method error. However, there is an interaction between alundum crucibles
and glass melts, which is seen in the Al,O3 content.

Table 1. Nominal and real (AES) compositions of glasses in the (50 — x)SiO,-30BaO-20MgO-
xAl,O3(By03) system (wt %).

Sample SiO, MgO BaO Al,O3 B,O3
3B 47.0 20.0 30.0 - 3.0
3B AES 46.3 17.9 314 1.8 2.6
3A 47.0 20.0 30.0 3.0 -
3A AES 43.9 20.2 32.1 3.8 -
4B 46.0 20.0 30.0 - 4.0
4B AES 45.7 21.7 27.4 1.6 3.6
4A 46.0 20.0 30.0 4.0 -
4A AES 44.9 18.4 31.8 49 -

The XRD patterns given in Figure 1 demonstrate a broad halo typical of glasses. The
appearance of a less pronounced halo near 40° in addition to the main halo observed in an
angle range of ~20-30° could be connected with a phase separation [42].

After quenching, the samples doped with alumina demonstrated visible separation
in the transparent (lower part) and opaque (upper part) layers, which is schematically
demonstrated in Figure 1. To determine the phase composition of each part, the obtained
glasses were cut, the separated parts were powdered, and XRD patterns were then collected
(these patterns are given in Figure 1). According to the XRD patterns collected from the
transparent and opaque regions of 4A glass (Figure 1), some XRD peaks indicating the
presence of crystalline phases are seen in the opaque glass, while its transparent part is
amorphous. The crystalline phase can be identified as magnesium silicate Mg,5iO4 (PDF
card no. #078-1369). Glasses doped with boron oxide were homogeneous and transparent
and demonstrated no visible phase separation or crystallization.
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Figure 1. XRD patterns of as-cast 46510,-30BaO-20MgO-4Al,0; glass taken in different glass areas.

To obtain detailed information regarding phase separation in the 4A sample, its cross-
section was studied by means of SEM and EDX. Figure 2a,b present SEM images with
clearly pronounced areas in the glass volume consisting of needle-like crystals and broad
light and dark bands. Since the images were obtained in the backscattered electron (BSE)
mode, it can be assumed that the chemical composition of the mentioned regions differs,
which is confirmed by the EDX mapping data. Since this method is insensitive to boron,
some inaccuracies might appear during the EDX study. However, considering that the
maximum boron content in the studied glasses is 4 wt % and EDX is the only method
that can be used to characterize the phase composition of sealed glasses near the sealant-
material interface, it was assumed that, in this case, boron could be excluded from further

consideration without any significant loss in accuracy.

Figure 2. SEM images and element distribution maps for 4A as-cast glass: a — scale 500 pm, b — scale
100 um, ¢ — SEM images and element distribution maps. The scale of all maps is the same.
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As seen in the element distribution maps given in Figure 2¢, needle-like crystals can
be attributed to manganese compounds, which correlated with XRD data (Figure 1), darker
areas are enriched with silicon, and lighter areas possess an increased barium content.
Thus, it is obvious that phase separation and crystallization occur during melt cooling after
quenching. The boron-containing glasses do not show phase separation and crystallization
after melt cooling.

When glasses are used as sealing materials, the thermal properties of the materials
being joined and the operation temperatures must be considered. In this study, the sealants
have been developed to join construction elements made of YSZ ceramics for which the
value of the coefficient of thermal expansion (CTE) is ~9-10 x 10~ K~! [32]; this ceramic
is used for oxygen pumps and sensors operating at rather high temperatures up to 1100 °C.
The thermal characteristics of the glasses determined by DSC, dilatometry, and hot-stage
microscopy are given in Table 2. It should be mentioned that the softening temperature (Ts)
determined by HSM is surprisingly high and its value is far beyond the range between T,
and T, which is typical of glasses [43]. This might be explained by the crystallization of
the studied samples during slow heating (2 °/min), leading to shifting all characteristic
temperatures towards high temperatures.

Table 2. Thermal properties of (50 — x)SiO,-30BaO-20MgO-xAl,O3(B,03) (wt %) glasses.

HSM, °C (£10 °C) DSC, °C (£2°0) CTE x 10-% K-1 (+0.1)
Sample
Ts Ty T, Bulk Pressed
3A 1170 740 915 8.4 9.4
4A 1130 740 930 8.7 8.2
3B 1150 725 910 8.3 9.5
4B 1200 720 925 9.5 9.9

Ts—softening temperature.

As seen in the DSC data, the glass transition temperatures (Ty) of the boron-containing
glasses are lower than those of the glasses doped with alumina. An increase in the con-
tent of both boron and aluminum oxides results in a slight growth of the crystallization
temperature (T¢). It should be mentioned that in all cases, the crystallization tempera-
tures are significantly lower than presumable operating temperatures; therefore, intense
crystallization might be expected during sealing and running.

Figure 3 presents the temperature dependences of the linear expansion of YSZ ceramics,
as-cast glasses, and glass—ceramic samples obtained by pressing glass powders followed
by sintering at 1050 °C. Typical dilatometric curves of as-cast glasses are shown in the
example of 4A and 4B samples. Given that glasses usually soften at lower temperatures
than glass—ceramics, the measurements of the glass samples were carried out in a narrower
temperature range. In general, all studied glass sealants have good compatibility with
YSZ ceramics in terms of thermal expansion. It should be mentioned that in the studied
temperature range, a dome typical for the dilatometric curves of glasses is seen only for
the 4B glass, which might be connected with the insufficient maximum temperature of the
experiment or with the partial crystallization of the glasses during heating, which affects
the curve shape. The values of CTE given in Table 2 were calculated in a temperature
range of 50-500 °C. The CTE values of the glass—ceramic samples are slightly higher than
those of glasses in most cases, except for the 4A composition. A greater CTE value of glass
(8.7 x 1070 K1) compared with glass—ceramics (8.2 x 1070 K1) might be connected
with the appearance of crystalline phases with a low CTE value during the glass—ceramics
sample preparation.
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Figure 3. Curves of relative elongation of as-cast glasses, glass—ceramics, and YSZ ceramics.

According to XRD patterns collected after the sintering of pressed samples at
1050 °C (Figure 4), the 3B sample demonstrates the lowest tendency to crystallization:
its crystallization degree was 15.1%, while that value was 79.2, 62.3, and 69.7 for samples
3A, 4A, and 4B, respectively. The percentage of crystalline phases was roughly estimated
using the method described by Pardo [44] with an accuracy of £2.5%. According to
the phase identification, BaMg,SiO7 (CTE~10 x 10~ K~1) [45], MgSiO3, and Mg,SiO,

were found.
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Figure 4. XRD patterns of (50 — x)SiO,-30BaO-20MgO-xAl,O3(B,03) glasses sintered at 1050 °C for
10 min. BaMg,Si,O; (PDF#10-0044), MgSiO5 (PDF#018-0778), Mg,SiO, (PDF#078-1369).

The behavior of the glasses under heating was studied using hot-stage microscopy,
allowing the tracking of sintering, softening, sphere formation, and melting [46]. However,
only the sintering temperature can be clearly determined for the studied samples, while
further shape change is less pronounced. As seen in the HSM images given in Figure 5,
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the formation of a sphere typical of glasses [43,47,48] was not observed for some samples,
and a shape change corresponding to melting appears after softening. This might be
connected with the fact that the softening temperature (1140-1200 °C) is higher than the
crystallization temperature (Table 2) and glass—ceramic samples with a high crystallinity
degree are formed, which affects the sample behavior under heating.
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Figure 5. Hot-stage microscopy images for 4B and 4A samples.

As a rule, the sealing temperature is chosen based on the hot-stage microscopy data
(when this method is used), and two approaches to its choice can be considered. If the
sphere formation temperature is chosen as the sealing temperature, the sealing time is
increased; if the half-sphere formation temperature is chosen as the sealing one, the sealing
time is reduced [49]. However, this is impossible for the glasses under investigation due
to intense crystallization causing the unusual behavior described above. Therefore, a
temperature of 1240 °C was chosen empirically (based on the results of the experiment
consisting of the measurement of wettability angles using cross-sections of YSZ-sealant
samples [50]); the same sealing temperature was used for all glasses to reliably compare
their crystallization during heat treatment.

Figure 6 presents the typical XRD patterns of YSZ-sealant on the examples of sam-
ples containing 3 wt % Al,O3 and B;O3. The samples were treated by the sealing mode:
heating to 1240 °C with a rate of 2 °/min, exposing for 10 min, and natural cooling to
room temperature. Then, the samples were put in a furnace, heated to 1000 °C, and
kept for 125, 500, and 1000 h. As is seen, the main crystallization occurred during
125 h of exposure, which is typical for glasses [28,51,52], and further exposure did not lead
to noticeable changes in the XRD patterns. The XRD peaks were attributed to enstatite
(MgSiO3), forsterite (Mg,SiOy), and YSZ substrate (30, 50, and 60°). It is worth noting that
the BaMg;5i,O; compound found after sample sintering for CTE measurements (Figure 4)
was not observed, which might be connected with its instability under sealing conditions.
It should be noted that barium silicate glasses tend to the formation of numerous phases
during crystallization, which could undergo phase transitions [51,53,54]. Therefore, the
phase identification in such glasses using only XRD analysis is complicated.
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Figure 6. XRD patterns of YSZ-sealant samples of 3A (a) and 3B (b) glasses after heat treatment
by the sealing mode and exposure for 125, 500, and 1000 h at 1000 °C in air atmosphere. MgSiO3
(PDF#018-0778), Mg,SiO4 (PDF#078-1369).

To study the chemical interaction and crystallization processes, cross-sections of YSZ—
sealant samples were prepared. The microstructure was studied by scanning electron
microscopy in BSE mode because it is sensitive to the atomic weight of elements, and the
crystalline phases of different compositions can be distinguished by contrast.

Figure 7 shows the SEM images and element distribution maps of YSZ—4A and YSZ-
4B samples exposed at 1000 °C for 125 h. The observed inhomogeneity of the element
distribution is caused by the crystallization and phase separation typical for barium-
containing glasses [55] and demonstrated above for alumina-doped samples (Figure 2). In
the presented SEM images, phase separation in glasses is seen from a slight difference in
gray shadows: darker irregular areas can be distinguished in the light-gray glass (examples
of such areas are highlighted in Figure 7). Thus, the darker area near point 1 (Figure 7a)
is enriched with alumina (Table S1) while, the lighter area near point 3 is enriched with
barium. It was also found that in boron-containing samples 3B and 4B, MgSiOs is formed
(Figure 7a, point 2), while both Mg,5i04 and MgSiO;3 appear in alumina-containing glasses
(Figure 7a, spectrum 2 (Table S1) and Figure 8, spectra 6 and 7, Table S1).
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Figure 7. SEM images and element distribution maps of YSZ-3A (a) and YSZ-4B (b) joints after
exposure at 1000 °C for 125 h in air atmosphere. Points 1-3 indicate areas of EDX study (chemical
compositions are given in Table S1). Yellow circles indicate areas with increased alumina content.
The scale of all element distribution maps is similar.

Figure 8. SEM images and element distribution maps of YSZ—-4A joint after exposure at 1000 °C for
125 h in air atmosphere. Points 4-7 indicate areas of EDX study (chemical compositions are given in
Table S1). Yellow square indicates the area of the upper SEM image given in higher magnification.
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After exposure of the YSZ—4A sample for 125 h (Figure 8), areas with different chemical
compositions are observed in BSE SEM images. For this composition, uneven phase
distribution is typical: the composition of lighter areas (Figure 8, spectrum 1) is close to
the BaSi;Os compound (which can be both amorphous [56] and crystalline) and these
areas are located near the sealant surface. The composition of the dark crystals of similar
shape (spectra 6 and 7, Table S1) is close to the MgSiO3 phase. It should be noted that no
alumina-containing phases were found, which might indicate that it does not contribute to
the phase formation. However, it should be mentioned that since the alumina content in the
studied glass is low (4 wt %), aluminum-containing crystalline phases could be distributed
unevenly and its presence might be missed due to the SEM limitations connected with the
visible area. A thin uniform layer and needle-like crystals are observed near the sealant-YSZ
interface, but their composition cannot be determined by EDX due to the small size.

Figure 9 shows SEM images of YSZ-sealant cross-sections after 500 h exposure at
1000 °C. Triangle-shaped light inclusions are observed in 3B and 4B sealants (Figure 9a,
point 1) in addition to magnesium silicate crystals observed after 125 h exposure. Using
EDX data, it was established that the chemical composition in point 1 (Figure 9) is close to
the BaZrSi3Og9 compound (experimental and theoretical compositions are given in Table 3).
In addition, some amounts of yttria and zirconia were found in the glass volume (point 2).
Obviously, both elements were transferred into the glass matrix due to ion diffusion from
the YSZ ceramics during heat treatment. Although zirconium and yttrium diffusion was
also observed in the case of the 3A and 4A sealants (Figure 9d, points 6 and 7), the formation
of BaZrSi3Og9 was not established. Some changes in magnesium silicate formation can be
mentioned: while MgSiO3 was formed in the 3B and 4B sealants boron-containing glasses
after 125 h exposure, it was not found in the 3B sealant after 500 h exposure. Dark crystals
seen in sealants 3A, 4A, and 3B (Figure 9, points 3 and 4) correspond to the Mg,5iO4 phase,
while Mg;SiOj3 is found in the 4B sample. According to the EDX analysis of residual glass
(points 2, 5, 6, and 7), the glass matrix is depleted with magnesium and silicon, which is
apparently caused by the intense crystallization of manganese silicates.

Figure 9. SEM images of sealant—YSZ interface after 500 h of exposure at 1000 °C in air atmosphere.
Points correspond to the areas of EDX study: a — 3B sealant, b — 4B sealant, ¢ — 3A sealant, and d — 4A
sealant. Points 1-7 indicate areas of EDX study (chemical compositions are given in Table 3).
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Table 3. Chemical composition determined by EDX in points depicted in Figure 9 (wt %) *.

Element (wt %) Ba Mg Si (0] Al Zr Y
1 34.4 0.3 227 422 0.3 20.4 0.4
2 32.2 3.1 24.6 37.2 1.1 1.3 3.5
3 0.1 32.6 19.2 48.1 - - -
4 0.8 33.8 20.7 44.7 - - -
5 38.2 3.1 19.9 33.5 5.4 - -
6 37.5 3.1 241 34.2 1.2 41 3.2
7 41.6 2.6 22.0 329 0.9 8.2 2.3
Mg;SiO4 ** - 34.6 20.0 45.5 - - -
BaZrSizOg ** 30.1 - 18.4 315 - 20.0 -

*—excluding boron; **—theoretical values.

The further study of yttrium and zirconium diffusion to the glass volume was carried
out using YSZ-sealant-YSZ joints kept at 1000 °C for 1000 h in an air atmosphere (Figure 10).
According to the collected data, no new compounds were formed and the main crystalline
phases are Mg,SiO, and BaZrSizOg (Table S2). It is clearly seen that despite the similar
phase composition, the distribution of the formed crystal over the glass volume differs
for compositions substituted with boron and aluminum oxides. Thus, the magnesium
silicate crystals formed in boron-containing glasses (Figure 10b) are larger compared
with those in aluminum-containing glasses (Figure 10d), and are more evenly distributed
over the glass volume. It should be noted that no MgSiOj3 crystals were observed after
1000 h exposure, which might be connected with the fact that, in terms of thermodynamics,
Mg,5i0y4 formation is preferable to MgSiO3 formation [57-59]. As for the BaZrSizOg phase,
it was only found in boron-containing glasses (Figure 10a,b). Although the size of the
needle-like crystals located near alumina-doped sealant-YSZ interface increased, it is still
insufficient to determine their chemical compositions using EDX.

KL PR

Figure 10. SEM images of YSZ-glass—YSZ joints after 1000 h exposure at 1000 °C in an air atmosphere:
a - 3B sealant, b — 4B sealant, ¢ — 3A sealant, and d — 4A sealant. Points correspond to the areas of
EDX study; corresponding chemical compositions are given in Table S2.

To study the Zr?* and Y** diffusion into the sealant volume, element distribution
profiles were collected on the YSZ-3B (Figure 11a,c,d) samples after 125, 500, and 1000 h
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exposure at 1000 °C and the YSZ-3A (Figure 11b) sample after 1000 h exposure at 1000 °C in
an air atmosphere. As is seen, despite the diffusion, zirconium is unevenly distributed over
the glass volume, which can be explained by its binding into silicates during its interaction
with the glass network. Obviously, the formation of the Zr-containing phase becomes
more pronounced with an increase in the exposure time and the appearance of Zr-enriched
regions is most clearly observed after 1000 h exposure. Nevertheless, some amount of
yttrium and zirconium can be found in uncrystallized vitreous regions (Figure 10, Table S2)
even in boron-free glasses, which allows one to expect Zr-containing phase formation with
an increase in the exposure time.
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Figure 11. Element distribution over the YSZ-3B samples exposed for 125 (a), 500 (c), and 1000 h (d)
at 1000 °C and YSZ-3A sample exposed for 1000 h (b).

Although Zr** and Y3* diffusion into the sealant volume is well known for glasses
containing barium and boron oxides [25,26,42,60], its mechanism has not been unambigu-
ously explained yet. Moreover, less complex reaction products such as barium zirconate
(BaZrO3) [61] are typically formed. According to the BaO-ZrO,-SiO, phase diagram [62],
the BaZrSi3;Oy compound can be obtained by the co-sintering of corresponding oxides at
1300 °C for 30 h, and it melts congruently at 1450 °C with the formation of BaSi;Os
and ZrSiO4. However, there is some evidence that the BaZrSizOg phase can crystal-
lize in glasses at temperatures below 1300 °C and much lower exposure times [63,64].
Preparing glass—ceramics using the unconventional solid-state method, Bo Li and co-
authors suggest the following equation to describe the barium zirconium silicate formation:
BaO + ZrO, + 35i0, = BaZrSj309 [63,64], which is close to the one proposed by V. G.
Chukhlantsev and Y. M. Galkin [62]. However, even though this equation appears to be
suitable for ceramics and glass—ceramics obtained by sintering, it seems that it cannot be
applied to describe the phase formation during glass crystallization due to the existence of
an extended glass network.

In glasses similar to the ones studied in this work, BaO and SiO; can act as glass
formers, MgO is a network modifier [65], and zirconium can be considered either as a
glass former [66] or a modifier [67]. Therefore, it might be assumed that Zr** ions can
embed into the Si-enriched part of the glass network forming ZrS5iO4 and then react with
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the Ba-enriched part of the glass network, which could lead to the BaZrS;309 formation.
V. G. Chukhlantsev and Y. M. Galkin [62] proved the possibility of BaZrSi3Og formation
through the sintering of BaSi,Os + ZrO, and BaSi;Os + ZrS5iO4 mixtures at 1250 °C for 80 h.
Since the sintering of the BaSi;O5 + ZrO, mixture results in the formation of BayZr;SizO1»
composition, which was not observed in the studied glass, it could be assumed that
the barium zirconium silicate formation in the glass network might be described by the
BaSiyO5 + ZrSiO4 = BaZrSizOg equation.

Zr** and Y** diffusion did not worsen the integrity of YSZ-sealant joints and it did
not affect the adhesion to ceramics, which allows the sealants to be applied for the sealing
of zirconia-based ceramics. However, yttrium diffusion from YSZ to glass could cause
cubic — monoclinic transition in ZrO, [68] and the degradation of its surface, which might
lead to joint failure.

All glass sealants passed the long exposure tests and showed good results in adhesion
and thermal compatibility with the electrolyte. The most suitable option for further ap-
plication is aluminum-containing glass because only a slight Zr** diffusion was observed
and they can be expected to provide good sealing at a longer operating time. It should be
mentioned that the behavior of the studied glasses differs from some glasses studied before.
For example, the formation of BaMg,5i;O7 in the phase observed in this work is hardly
discussed in the literature because the formation of Ba;Si;Og, BaSi,Os, and BaAl,Si;Og
phases is more typical for barium-containing glasses [42,43,53].

4. Conclusions

Glasses with different Al,O3 and B,O3 content were obtained in the (50 — x)SiO,-
30BaO-20MgO-xAl,O3/B,O3 (wt.%) system. An increase in B,O3 content results in a
decrease in the glass transition temperature, while the introduction of Al,O3 has the
opposite effect. The CTE values of the samples do not depend on the composition, which
may be due to crystallization upon heating. This ensures the long-term stability of the
sealant-YSZ joints.

The crystallization processes in the studied glasses strongly depend on the heat
treatment temperature. Heat treatment at 1050 °C results in the formation of BaMgSi, Oy,
MgS5iO3, and Mg,SiO4 phases in all of the studied glass sealants. Al;O3-containing glasses
show a higher tendency to crystallize.

According to SEM and EDX studies of the behavior of the glass sealant in contact with
YSZ ceramics, a higher tendency of Zr** to diffuse from the ceramic into the glass volume
is observed for B,Os-containing glasses after exposure at 1000 °C. This diffusion results in
the formation of the BaZrSizOg phase throughout the sealant. The Zr** diffusion depth in
AlyO3-containing glasses is much smaller.

It can be concluded that the 4A composition is the most suitable for application in
high-temperature devices based on YSZ ceramics, including solid oxide fuel cells, elec-
trolyzers, and gas sensors. Despite a greater crystallization tendency, the presence of Al,O3
significantly inhibits the diffusion of Zr**, ensuring the stability of the sealant-YSZ joints.
This sealant composition was successfully used to create an oxygen pump with a sensor
that operates for a long time at temperatures of 850-1100 °C (Figure S1).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ceramics6030081/s1: Table S1. EDX results for spectra provided
in Figures 7 and 8. Table S2. EDX results for spectra provided in Figure 11. Figure S1. Oxygen pump
with sensor glued with glass sealant
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