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This study investigates the crystallization behavior of 0.17Ba0-0.17Ca0-0.05Al503-(0-0.09)B,03-(0.61-0.52)
SiO, glass sealants for solid oxide fuel cell systems, a critical factor influencing long-term performance.
Isothermal heat treatments (850-950 °C) revealed that higher boron oxide (B20O3) content inhibits bulk crys-

SOFC tallization. Walstromite (CayBaSi3zOg) was the primary crystalline phase in most compositions, with minor
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hexacelsian (BaAl»Si2Og). Notably, the 0.06 BoO3 composition exhibited significant pseudowollastonite (CaSiO3)
crystallization. Simulated sealing and operating conditions induced markedly different crystallization, particu-
larly in high-boron compositions, with itsiite ((BagCa(BSi2O7)2) emerging as the dominant phase after 100 h. In-

situ Raman spectroscopy showed limited sensitivity to ongoing crystallization at operating temperatures, sug-
gesting slower surface crystallization compared to bulk crystallization.

1. Introduction

Fuel cells are electrochemical devices that directly convert the
chemical energy of a fuel into electrical energy and heat through the
electrochemical combination with an oxidant [1-3]. This direct con-
version, bypassing combustion, yields superior energy efficiency
compared to traditional power generation devices [4-6]. Solid oxide
fuel cells (SOFCs), employing oxygen-conducting ceramic membranes,
are promising for stationary, large-scale electricity generation and
combined cooling, heat, and power (CCHP) applications [7]. Unlike
low-temperature proton exchange membrane fuel cells, SOFCs can
operate on carbon monoxide and hydrocarbon fuels, as well as pure
hydrogen. This fuel flexibility stems from their high operating temper-
atures, enabling internal fuel reforming [8-11]. Furthermore, SOFCs
exhibit high tolerance to fuel impurities, such as sulfur [12].

The high operating temperatures of SOFCs impose design limitations,
particularly on material selection. Matching the coefficients of thermal
expansion (CTE) among the electrolyte, electrode, and interconnect
components is crucial [4,13,14]. SOFC materials must also maintain
stable key properties, chemical stability, and phase composition during
long-term exposure to oxidizing and reducing environments, typically
exceeding 600 °C [15-17]. High operating temperatures also complicate
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sealing, a critical aspect for ensuring the efficiency, stability, and
long-term performance of SOFCs. These elevated temperatures,
exceeding 600 °C even in intermediate-temperature SOFCs (IT-SOFCs),
preclude the use of organic-based seals, limiting the viable options pri-
marily to glasses and glass ceramics, although metal- and mica-based
compliant seals are sometimes employed [18,19].

Current SOFC sealant research focuses primarily on silicate, alumi-
nosilicate, and, especially for intermediate-temperature SOFCs (IT-
SOFCs), borosilicate glass systems [18,20-22]. The performance char-
acteristics of sealants based on these systems can be finely tuned through
strategic selection of chemical composition and precisely controlled
processing parameters.

Barium aluminosilicate glasses are widely investigated and used as
SOFC sealants. These systems typically include a fluxing agent to
improve glass flow and lower the softening point [23,24], alongside
modifier and intermediate oxides to tailor crystallization and the CTE
[25-29]. Calcium oxide and barium oxide are commonly employed as
network modifiers due to the potential formation of crystalline phases
with desirable CTE values upon crystallization, such as hexacelsian
BaAlySixOg (9-13 x 1078 K1), BaSiOs (9-13 x 107% K1), and wal-
stromite CapBaSi3Og [25]. Careful adjustment of the BaO/CaO ratio and
optimized thermal treatment allow control over the resulting
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glass-ceramic sealant’s CTE. Barium-calcium aluminosilicate (BCAS)
glasses and glass-ceramic sealants are considered promising for SOFC
sealing [30].

Developing suitable glasses and glass-ceramics for SOFC seals is a
challenging task, necessitating careful consideration of several critical
properties. These essential properties include, but are not limited to:
thermomechanical compatibility with other SOFC components; pre-
dictable crystallization behavior; suitable high-temperature rheological
properties; strong adhesion to both interconnect and electrolyte mate-
rials; and sustained stability of composition and properties over
extended operating periods.

Crystallization behavior is paramount for seal performance. Crys-
tallization in SOFC seals is virtually unavoidable due to prolonged
exposure to operating temperatures, which are significantly above the
glass transition temperature. A low crystallization rate during sealing
and operation is generally preferred, as it preserves a ductile amorphous
phase at operating temperatures, thereby mitigating potential thermo-
mechanical stresses and ensuring air-tight interface with other compo-
nents of the SOFC. However, with some degree of crystallization is
unavoidable, whether the resulting crystalline phases are ultimately
beneficial or detrimental depends on both the initial glass composition
and the specific thermal treatment conditions employed.

Excessive crystallization at the operating temperature can compro-
mise seal performance by transforming the entire seal into a rigid, fully
crystalline material. Even partial crystallization can be detrimental if it
leads to the formation of phases with coefficients of thermal expansion
(CTEs) that deviate significantly from the desired CTE range (9-13 x
1079 K~ 1). Specific examples of commonly observed phases that nega-
tively impact the thermomechanical behavior and long-term stability of
BCAS seals include monocelsian BaAl,SisOg (2-3 x 107® K1) and
wollastonite CaSiO3 (4-9 x 107 K‘l) [25].

Crystallization can enhance seal performance if it includes formation
of phases with suitable CTEs, such as hexacelsian BaAl,SioOg or wal-
stromite CayBaSi3Og [25]. Even if the CTE of the crystallizing phase falls
slightly outside the ideal range, it can still be beneficial if it shifts the
overall CTE of the resulting glass-ceramic composite closer to the target
CTE range.

The significance of crystallization behavior in SOFC seals is well-
documented in the literature, with numerous studies focusing on crys-
tallization in BaO-SiO3-Al;03-B503 and CaO-SiO5-Al;03-B503 sys-
tems [24,25,31-35]. BCAS glasses, containing both BaO and CaO, are
recognized as promising sealants for SOFC applications [30]. However,
comprehensive crystallization data for the BCAS system remains limited,
partly due to the extensive range of viable compositions. Notable among
the publications on BCAS sealants is [25], which provides a detailed
analysis of crystallization in a BCAS seal, although this analysis is
limited to a single composition, restricting the generalizability of its
findings.

This study aims to address, in part, the existing knowledge gap by
investigating the crystallization behavior of BCAS glass sealants with
varying boron oxide content. While silica forms the main network in
these sealants, boron oxide is used as a partial substitute to tailor key
properties. Replacing silica with boron oxide typically lowers the glass-
transition temperature, softening, and melting points. Boron oxide also
improves BCAS glass flux and wetting, but can reduce chemical stability,
particularly in humid environments, and may promote the formation of
low-CTE borate phases.

Specifically,  the  0.17Ba0-0.17Ca0-0.05A1,03-(0-0.09)B,03-
(0.61-52)Si05 compositional range is examined in the study. The
compositional range was selected based on preliminary experiments
indicating that the chosen modifier/intermediate oxide ratio promoted
the formation of desirable crystalline phases. Furthermore, the network
former/modifier oxide ratio provided a suitable balance between crys-
tallization rate and melt viscosity for convenient processing. The upper
limit for boron concentration was determined by the potential for
forming undesirable borate crystalline phases.
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Previous research [36] has demonstrated that the high-temperature
sealant behavior within this range can be controlled through adjust-
ments to the silica and boron oxide concentrations. However, the crys-
tallization data presented in that study was limited in scope. The present
investigation provides a more detailed and comprehensive analysis of
crystallization behavior across this compositional range. It encompasses
data on the extent of crystallization and the fractions of crystalline
phases following isothermal heat treatments and simulated sealing and
operating conditions, including long-term exposure to operating tem-
peratures. Diffraction data is complemented by electron microscopy
images, calorimetric measurements, and in-situ Raman spectroscopy.

2. Materials and methods

This study investigated BaO-CaO-Al;03-SiO2-B,03 glass sealants
for solid oxide fuel cells, systematically varying SiO5 and B2O3 content
while maintaining constant molar fractions of BaO, CaO, and Al;03. A
series of glass formulations (Table 1) were prepared with SiO; ranging
from 52 to 61 mol% in 3 mol% increments, and B;03 adjusted from 0 to
9 mol%. The molar proportions of BaO, CaO, and Al;0O3 were based on
the authors’ preliminary research optimizing these components for
SOFC sealing.

Glass sealants were prepared from barium carbonate (BaCOs), cal-
cium carbonate (CaCO3), alumina (Al,03), silica (SiO5), and boron oxide
(B203) powders. All powders, supplied by Chemcraft (Russia) with
>99.9 wt% purity, were stoichiometrically weighed and thoroughly
mixed before loading into a platinum crucible. Platinum was chosen to
minimize melt-crucible interactions, particularly with high-boron com-
positions. The mixture was melted in an LHT 02/17 LB furnace
(Nabertherm, Germany) at 1500 °C, using a 300 °C/h heating rate and a
1 h dwell at peak temperature. The melt was quenched in room-
temperature distilled water. The resulting glass frit was milled to
~5-10 pm median particle size using a Pulverisette 2 zirconia mortar
grinder (Fritsch, Germany). Particle size distribution was confirmed
with a Fritsch Analysette 22 NeXT laser diffraction analyzer to eliminate
confounding effects on high-temperature behavior.

A Misura 3 HSML hot stage microscope (ESS, Italy) was used to assess
high-temperature sealant behavior. Ground sealant powder was com-
pacted into ~3 mm x 3 mm rectangular samples. Consistent powder
mass ensured minimal thickness influence on measurements. Samples
were heated from room temperature to 1100 °C at 2 °C/min and cooled.
Images were acquired during heating and analyzed with the in-
strument’s software to determine sintering, softening, sphere, half-
sphere, and flow temperatures.

Sealants were thermally treated for 1.5 h at 750-950 °C (50 °C in-
crements) on inert zirconia substrates to prevent reactions. A separate
experiment assessed crystallization during prolonged exposure. Sealants
were heat-treated for 1.5 h at HSM-determined sealing temperatures,
cooled by 100 °C to simulate operating temperatures, and held for 1 h
and 100 h.

The phase composition and crystallinity of the sealants were char-
acterized by X-ray diffraction (XRD) after casting and thermal treatment
designed to simulate sealing and operating conditions. XRD patterns
were acquired using a Smartlab SE diffractometer (Rigaku, Japan) with
a copper X-ray tube in Bragg-Brentano geometry. Phase identification
was performed by matching observed reflections to the Powder

Table 1
Nominal compositions of the studied sealants.

Composition Nominal molar fraction, %

BaO Ca0 Al,03 SiO, B2O3
Si52B09 17 17 5 52 9
Si55B06 17 17 5 55 6
Si58B03 17 17 5 58 3
Si61B00 17 17 5 61 0
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Diffraction File (PDF) database using Match! software. Crystalline phase
quantification and assessment of crystallinity were achieved through
Rietveld refinement.

The crystallization behavior of the sealants following 100 h of
exposure to simulated operating temperatures was further investigated
using scanning electron microscopy (SEM). A Supra 50 VP microscope
(Carl Zeiss, Germany) was used to acquire images of polished sample
surfaces without chemical etching. The deliberate omission of chemical
etching ensured that the elemental composition of localized crystalline
structures remained unaltered for subsequent analysis using energy-
dispersive X-ray spectroscopy (EDS) with an INCA system (Oxford In-
struments, UK).

The evolution of the sealants’ phase composition during prolonged
exposure to simulated operating temperatures was also investigated
using in-situ high-temperature Raman spectroscopy. Raman spectra were
collected using a home-made apparatus described in our previous works
[37,38]. This setup uses a semiconductor laser with a wavelength of 532
nm as excitation source, an optical system and liquid nitrogen-cooled
CCD detector (Princeton Instruments, USA) give opportunity to collect
the scattered radiation, and a high-temperature furnace where the
samples were held controls working temperature. Spectra were collected
from pressed sealant powders at room temperature, at elevated tem-
perature prior to simulated sealing, immediately after simulated sealing,
and during isothermal holds at the operating temperature after various
exposure durations. In order to correct the results on thermal radiation
emitted by the heated sample, background spectra were collected with
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the laser source blocked by aperture shutter and subsequently sub-
tracted from the experimental data (typical time periods for spectra
collection with open and closed laser were 1 s each as higher time pe-
riods lead to dramatic temperature changes, thermal radiation spectra
are strongly influenced by temperature). Additionally, spectral in-
tensities were normalized in order to account for the
temperature-dependent Bose-Einstein phonon occupation numbers.

Differential scanning calorimetry (DSC) was employed to determine
the glass transition temperature (Tg) and crystallization temperatures
(Tp) of the sealants. Measurements were performed using a STA 449 F1
Jupiter thermal analysis system (NETZSCH, Germany). Samples were
analyzed in platinum crucibles under an argon atmosphere with a gas
flow rate of 30 mL/min. The temperature program consisted of heating
from 30 °C to 950 °C at a rate of 20 °C/min.

3. Results
3.1. X-ray diffraction (isothermal aging)

Fig. 1 shows XRD patterns for as-cast and heat-treated sealants. To
minimize geometric effects, all samples were ground after casting or
heat treatment. As-cast sealants exhibited broad, diffuse halos at similar
20 values, indicating amorphous character. The absence of distinct
crystalline peaks suggests complete melting and rapid quenching,
effectively preventing crystallization.

The sealants remained amorphous after heat treatment at 750 °C.

J N Si55B06

950 °C
He e

Intensity
*

Intensity

Diffraction angle, °20
[00-073-1907]
[00-088-1048]
[00-089-6463]

Fig. 1. X-ray diffraction patterns of the cast and heat-treated sealants.
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However, minor crystallization began to emerge at 800 °C, with early
signs of crystallinity particularly evident in the XRD patterns of Si55B06
and Si58B03. Upon heating to 850 °C and holding for 1.5 h, significant
crystallization occurred in the Si52B09-Si58B03 sealants, as shown in
Fig. 1. Further increases in heat-treatment temperature also induced
partial crystallization in the Si61B00 sealant. The primary crystalline
phases identified in the studied sealants include CayBaSi3Og (walstro-
mite structure; ICDD 00-073-1907), BaAl»SioOg (hexacelsian structure;
ICDD 00-088-1048), and CaSiOs (pseudowollastonite structure; ICDD
00-089-6463). Fig. 2 presents the fraction of retained amorphous phase
and the percentage of crystalline phases after heat treatment in
850-950 °C range, as determined by Rietveld refinement. Third-order
polynomial was used for background fitting to ensure accurate calcu-
lation of amorphous phase content.

In order to conveniently present fractions of crystalline phases in
samples with high content of amorphous phase, the following procedure
for graphical presentation is used. Black bars show fractions of amor-
phous phase in the entire sample. The colored bars show percentage of
the specific crystalline phases in the crystalline part of the sample. That
is fraction, of crystalline phases is normalized over total crystallinity of
the sample.

Fig. 2 shows that the amorphous phase fraction remains above 50 vol
% across the studied temperature range after heat treatment. XRD
analysis identified walstromite (CapBaSizOg) as the dominant crystalline
phase in all samples and at all treatment temperatures, typically
exceeding 90 vol %. An exception was the Si55B06 composition, in
which a significant quantity of pseudowollastonite (CaSiO3) crystal-
lized. Notably, major quantity of CaSiOs was only observed in the
Si55B06 composition; no XRD reflections corresponding to this phase
were detected in Si58B03 and Si61B00, and only minor quantity was
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observed in Si52B09. Hexacelsian BaAl,Si;Og was consistently present
as a minor phase in all studied compositions and at all temperatures.

3.2. Hot stage microscopy

For SOFC sealing sealants typically undergo a brief (up to a few
hours) high-temperature treatment, followed by prolonged exposure to
the operating temperature, which is approximately 100 °C lower. Data
from constant-temperature heat treatments may not accurately predict
the extent of crystallization and the dominant crystalline phases under
sealing and operating conditions. Therefore, we used hot-stage micro-
scopy to estimate the sealing and operating temperatures of the studied
sealants, enabling subsequent heat treatments that simulated their use in
SOFCs.

Table 2 summarizes our findings on the effect of SiO, and B2O3
content on high-temperature behavior of the studied sealants. The key
temperatures of the sealants increased significantly and monotonically
with increasing SiO, content. For example, the ball formation point

Table 2
Sintering, softening, ball, half-ball and flow temperatures of the studied sealants
determined by means of hot-stage microscopy.

Temperature, °C Composition
Si52B09 Si55B06 Si58B03 Si61B00
Sintering 755+ 3 770 £ 3 796 + 3 825+ 3
Softening 844 +3 869 + 3 905 + 3 945 + 3
Ball 865 + 3 910 + 3 943 + 3 975+ 3
Half-ball 944 + 3 1014 £ 3 1088 + 3 >1100
Flow 971 +£ 3 1047 + 3 1098 + 3 >1100
100 o5 L0 (b)
88
85
80 77
X
—g 60 - (o] =
= 52
4
=
3
2 40 37
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<
~
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100
97
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Fig. 2. Fraction of amorphous phase and content of crystalline phases in the sealants after heat treatment at: (a) 850 °C, (b) 900 °C, (c) 950 °C.
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increased by 110 °C when 9 mol% of B,O3 were replaced with SiO,.
Other key temperatures were less sensitive to the sealant composition.
The half-ball and melting temperatures for the Si61B00 composition
were above the tested temperature range. For determining suitable
sealing and operating temperatures, the ball formation temperature
provides a reasonable approximation of the sealing temperature. The
operating temperature is typically about 100 °C below the sealing
temperature. For optimal seal quality and lifetime, the operating tem-
perature should be above the glass transition temperature but below the
softening temperature. The latter condition minimizes the risk of the
seal being displaced by gas pressure.

3.3. Differential scanning calorimetry

Differential scanning calorimetry was employed to characterize the
thermal behavior of the sealants, specifically to determine their glass
transition and crystallization temperatures. Representative DSC curves
for each sealant are shown in Fig. 3. All samples exhibited a well-defined
glass transition, with the T, increasing with increasing SiO content. The
observed T, values were 695 °C, 710 °C, 730 °C, and 765 °C for the
Si52B09, Si55B06, Si58B03, and Si61B00 compositions, respectively.
These T, values were significantly lower than the estimated operating
temperatures.

The crystallization (devitrification) signals in the high-temperature
region of the DSC curves were of low intensity, making them difficult
to identify and accurately determine their positions. Weak crystalliza-
tion peaks were observed at 900-920 °C in the DSC curves for the
Si52B09, Si58B03, and Si61B00 samples. A poorly defined peak was also
detected at approximately 820 °C in the Si52B09 curve. These low-
intensity crystallization peaks observed in the DSC data appear to be
inconsistent with the XRD data (Figs. 1 and 2). This apparent discrep-
ancy can be attributed to a low crystallization rate, which limits the
formation of the crystalline phase during the relatively short DSC
measurement.

3.4. X-ray diffraction (sealing and operating)

Fig. 4 shows XRD patterns of the sealants following a 1.5-h sealing
process at their respective ball formation temperatures and subsequent
holding at the expected operating temperature (100 °C lower) for 1 h
and 100 h. The specific sealing and operating temperatures for each
sealant are indicated in the figure subplots. As expected, all sealants
exhibited some degree of crystallization after prolonged exposure to the
operating temperature. Notably, the most extensive crystallization
occurred in the Si52B09 and Si55B06 compositions, which had the
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——Si58B03
Si55B06
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Fig. 3. DSC curves of the sealant powders.
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lowest initial degree of crystallization and were held at the lowest
operating temperatures. Indeed, the presence of any remaining amor-
phous phase in Si52B09 and Si55B06 is difficult to ascertain from the
XRD patterns without detailed Rietveld refinement. In contrast, the
sealants with higher silica content displayed a greater initial degree of
crystallization but significantly less pronounced continued crystalliza-
tion upon exposure to the operating temperatures.

The obtained XRD patterns are complex, particularly for the Si52B09
and Si55B06 compositions, which contain numerous crystalline phases.
Identified phases include walstromite (CayBaSi3Og), hexacelsian
(BaAl,SizOg), and pseudowollastonite (CaSiOs), consistent with phases
detected in earlier isothermal hold tests (Figs. 1 and 2). Furthermore,
high-intensity peaks corresponding to Itsiite (BapCa(BSi2O7)2) were
identified in Si52B09 and Si55B06. Rietveld refinement was used to
quantify the content of the remaining amorphous phase and the frac-
tions of each crystalline phase. The results of this analysis are presented
in Fig. 5. For graphical presentation we used the same normalization
procedure as the one used for Fig. 2.

After the 100-h exposure, the Si52B09 sealant contained a minor
amount of amorphous phase, approximately 18 %, a significant decrease
from its nearly fully amorphous structure after the 1-h exposure. The
dominant crystalline phase in this sample was itsiite (BagCa(BSi207)2),
with a volumetric fraction of about 70 %.

The Si55B06 sample exhibited less pronounced crystallization upon
prolonged exposure. Here, the amorphous phase content decreased from
67 % to 25 %. A notable change was observed in the crystalline phase
composition of the Si55B06 sealant during the 100-h exposure. After the
1-h exposure, walstromite and pseudowollastonite were the major
phases, while Itsiite and hexacelsian were present in amounts less than
10 %. However, after the 100-h exposure, the phase composition shifted
significantly due to further crystallization and, potentially, recrystalli-
zation. Itsiite became the dominant crystalline phase, with the wal-
stromite and pseudowollastonite content dropping to approximately 10
%.

The Si58B03 and Si61B00 compositions displayed a much simpler
crystallization behavior. In both compositions, walstromite was the
major phase. Si58B03 also contained a minor amount of hexacelsian.
These sealants showed very slight crystallization during the 100-h
exposure, with the majority of crystallization occurring during the
sealing stage.

3.5. Scanning electron microscopy

The evolution of the crystalline structure is further illustrated by the
SEM images in Fig. 6.

The most pronounced changes in microstructure upon prolonged
exposure to the operating temperature were observed in the Si52B09
and Si55B06 samples. The microstructure of Si52B09 after 1 h showed
only a few crystallites, up to 20-30 pm in size. After the 100-h exposure,
a complex crystalline structure developed in Si52B09, exhibiting at least
three distinct regions with varying contrast in the SEM image.

In agreement with the XRD data, Si55B06 showed a greater degree of
visible crystallization after 1 h. Large, needle-shaped crystals, likely
corresponding to pseudowollastonite (CaSiO3), were observed in the
microstructure after 1 h. These crystals were not detected in the other
compositions. After 100 h, numerous elongated crystals formed in
Si55B06. Furthermore, the “background” gray structure was not uni-
form; at least two regions differing in SEM contrast were observed.

The SEM images of the Si58B03 and Si61B00 sealants showed much
less pronounced visible structural changes. These compositions, after
both the 1-h and 100-h exposures, appeared as a rather homogeneous
gray phase in SEM contrast, with some needle-shaped dark crystals
interspersed throughout the volume. The fraction of these crystals did
not change significantly with increased exposure time. Again, these
observations qualitatively agree with the XRD data.

EDS was employed to determine the chemical composition of the
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Fig. 4. XRD patterns of the sealants after 1-h and 100-h exposure to operating temperature following a simulated sealing process.

crystalline phases identified in the SEM images. Fig. 7 highlights the
microstructural features analyzed, including regions with distinct SEM
contrast variations and crystalline formations of differing morphologies.
Spectra were collected from homogeneous areas where possible to
ensure representative compositional data.

Table 3 summarizes the EDS results, showing the atomic percentages
of Ba, Ca, Si, and Al. Oxygen content is omitted for simplicity, while
boron is undetectable by EDS. It is important to note that the reported
values may slightly deviate from the true composition of the analyzed
microstructural features. This uncertainty arises because the spectra
were acquired from a finite area rather than a single point, meaning the
signal could include contributions from the surrounding material.

The most striking trend in Table 3 is the distinct compositional
contrast between the dark and light crystalline phases. The dark for-
mations exhibit low barium and aluminum content but are enriched in
calcium, while maintaining near-constant silicon levels. This suggests
they consist primarily of calcium silicate or a low-barium mixed silicate
such as walstromite (CagBaSi3Oo). In contrast, the lighter regions likely
contain hexacelsian (BaAl,SioOg) or itsiite (BayCa(BSioO7)o, consistent
with their higher Ba and Al signals.

3.6. Raman spectroscopy

Fig. 8 presents the results of in-situ Raman spectroscopy performed
on the sealants following the sealing process and during exposure to the
operating temperature for 100 h. Spectra were collected at fixed in-
tervals of 20 h. The spectra for Si52B09 exhibit a broad spectral line in

the approximate range of 850-1100 cm ™. This region is characteristic
of vibrations associated with silicate tetrahedra having varying numbers
of bridging oxygen (BO) atoms. Higher Raman shifts are generally
correlated with a greater number of BOs. The following peak positions
are commonly reported: 4 BOs — 1200 cm ™!, 3 BOs - 1050-1100 cm ™%, 2
BOs - 950-1000 cm ™, 1 BOs - 900 cm ™}, and 0 BOs — 850 cm ™! [39,40].
The absence of a peak at 1200 cm ™! in the Si52B09 spectra indicates that
silicate tetrahedra with 4 BOs are not present, consistent with the seal-
ant’s chemical composition. The broad spectral line observed between
850 and 1100 cm™! is analyzed in further detail in Fig. 9. The lower
Raman shift range (100-600 cm’l) provides limited information on the
Si52B09 sealant because of the lack of identifiable spectral lines.
Notably, the Si52B09 spectra exhibit no significant changes during the
100-h exposure to the operating temperature.

The Raman spectra of Si55B06 sealant differ significantly from those
of Si52B09. An intense peak emerges at approximately 980 cm™! and
becomes more pronounced with increasing exposure time. The lower
Raman shift region (200-650 cm™ 1) also exhibits several peaks, the most
intense of which are located at 642, 570, and 500 cm ™. Increased
exposure time leads to changes in the relative intensities of the peaks
within this lower Raman shift region. Specifically, the peak at 642 cm ™
shift becomes more prominent, while the peak at 600-610 cm™! nearly
disappears.

Consistent with the XRD data, which indicated similar degrees of
crystallization and BaCaySi3Og as the dominant crystalline phase in both
compositions, the Raman spectra for Si58B03 and Si61B00 are similar to
each other. The peak at approximately 980 cm™! shift is more intense
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Fig. 5. Fraction of amorphous phase and content of crystalline phases in the sealants after sealing and exposure to predicted operating temperatures for 1-h and 100-

h periods.

than that observed in the Si55B06 spectra. The lower shift region also
exhibits more pronounced peaks, showing minimal change with
increased exposure time. A detailed description of the peak positions is
provided in Fig. 9.

The lower part of Fig. 9 illustrates the decomposition of the broad
line observed in the Si52B09 spectra, spanning the range of 850-1100
cm L. This signal was decomposed into two Gaussian components, with
maxima located at 930 cm ™! and 1030 cm ™! respectively. These values
approximate the Si-O vibrational modes in silicate tetrahedra possessing
two and three BOs, respectively [39,40]. However, the observed maxima
are shifted towards lower Raman shifts compared to the reported values.
The relative areas of these decomposed peaks are in the ratio of 0.3:1,
which is in qualitative agreement with the chemical composition of
Si52B09. These peaks are also observed in the Raman spectra of the
other sealants (indicated by vertical lines).

The Raman spectra of the Si55B06-Si61B00 sealants exhibit clearly
defined peaks, although these peaks are least pronounced in the Si55B06
spectrum, particularly in the lower Raman shift region. The observed
peaks can be reliably attributed to the crystalline phases identified
previously using XRD, based on literature data: CaSiO3 and CayBaSizOg
[41], hexacelsian BaAl,Si»Og [42], BayCa(BSioO7) (RRUFF database,
[43]). The most intense peaks often corresponded to multiple phases due
to the presence of similar structural elements in different crystalline
phases.

4. Discussion

X-ray diffraction analysis indicates that the degree and extent of
crystallization resulting from isothermal aging do not accurately reflect

the crystallization behavior under simulated operating conditions.
These conditions are characterized by a complex thermal profile,
including a short, high-temperature exposure during sealing (typically
100 °C above the operating temperature) followed by extended aging at
the operating temperature. The contrast is evident upon comparing
Figs. 1 and 2 (isothermal aging) with Figs. 3 and 4 (simulated operating
conditions).

Following isothermal aging, XRD patterns predominantly reveal the
presence of walstromite (CayBaSi3Og) as the dominant phase, along with
some hexacelsian (BaAlySioOg) and pseudowollastonite (CaSiOs).
Pseudowollastonite was only detected in significant quantity in the
Si55B06 composition; although minor amount of pseudowollastonite
was also observed in Si52B09. In contrast to previous reports on barium
aluminosilicate sealants [23,28,32,44], we detected no monoclinic
BaAl,SipOg phase, which is typically formed via transformation of
metastable hexacelsian at elevated temperatures [29]. Furthermore, no
boron-containing crystalline phases were observed. This suggests that
boron oxide remained within the glassy phase.

A notable result of the isothermal aging experiment is the unique
appearance of large quantites of pseudowollastonite (CaSiO3) phase in
the Si55B06 composition. While pseudowollastonite formation is typi-
cally reported in calcium aluminosilicate systems, [45], our research
observed it in a barium-calcium aluminosilicate system. To ensure that
the presence of this phase did not arise from sample contamination,
incomplete batch melting, or insufficient quenching, multiple prepara-
tions of the Si55B06 sealant were performed. The CaSiO3 phase was
consistently confirmed across all attempts. However, the underlying
reasons for its formation in this specific composition remain unclear
within the scope of the present research.
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Fig. 6. SEM images of the studied sealants after sealing and aging for 1 h and 100 h.

In contrast to the results obtained after isothermal aging, XRD
analysis of the sealants following heat treatment under simulated
operating conditions revealed a different crystallization pattern. These
simulated operating conditions were defined based on ball formation
temperatures determined by HSM and glass-transition temperatures
obtained from DSC. The primary distinction was the crystallization of a
phase unobserved after isothermal aging: BapsCa(BSizO7) (itsiite) [43].
The appearance of itsiite phase was exclusive to Si52B09 and Si55B06,
potentially due to two contributing factors. Firstly, these compositions
possess a higher boron content. Secondly, their operating temperatures
(765 °C and 810 °C, respectively) are relatively low, below the tem-
peratures at which significant crystallization occurred during isothermal
aging. However, the higher boron content is unlikely to be the sole
determinant, as itsiite was absent during isothermal aging of these same
compositions. This suggests that itsiite crystallization is favored within
temperature range of approximately 750-800 °C. Unfortunately, this
hypothesis is difficult to validate using DSC data, as the crystallization
peaks were weak across all samples.

The Si52B09 and Si55B06 sealants crystallized more readily at their
operating temperatures than Si58B03 and Si61B00. This is evidenced by

the significant reduction in amorphous phase content, dropping from 97
% to 17 % in Si52B09 and from 67 % to 25 % in Si55B06. The high
crystallization rate observed in these B203-rich compositions is unusual,
given that boron oxide is generally understood to act as a crystallization
inhibitor in silicate glasses [46]. Considering that itsiite is the dominant
crystalline phase in these compositions, the high crystallization rate
observed in Si52B09 and Si55B06 sealants is likely driven primarily by
its rapid crystallization. The lower overall crystallization in Si55B06 is
probably due to its reduced boron content, which limits the potential for
itsiite formation. It can be inferred that prolonged exposure of Si58B03
to temperatures within the 750-800 °C range would likely result in
significant itsiite crystallization.

Following sealing and a 1-h exposure to the operating temperature,
the Si55B06 sealant predominantly contained walstromite, with a sig-
nificant proportion (approximately 30 %) of pseudowollastonite. This
observation aligns with the findings from isothermal aging experiments.
However, after 100 h at the operating temperature, the fractions of these
phases substantially decreased, and itsiite emerged as the dominant
phase, exceeding 60 %. Unlike Si52B09, where itsiite crystallized
directly from a nearly fully amorphous matrix after sealing, itsiite in
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Fig. 7. Points at which EDS spectra were taken on the samples. Pink rectangles indicate the spectra collected over area. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

Si55B06 developed through the recrystallization of walstromite and
pseudowollastonite crystals, as well as the amorphous matrix. This shift
in crystalline composition cannot be attributed to misinterpretation of
the XRD patterns, as itsiite exhibits distinct and intense X-ray reflections
that do not overlap with those of walstromite and pseudowollastonite.
While the precise quantitative determination of phase fractions may be
subject to some uncertainty, the qualitative assessment of itsiite’s
dominance is considered reliable.

The impact of substantial itsiite formation on the suitability of these
sealants for SOFC applications is currently uncertain, primarily due to
the limited availability of thermal expansion data for this phase. We
attempted to measure CTE of itsiite. For this purpose we tried to syn-
thesize a single-phase itsiite sample through heat treatment of a

stoichiometric glass composition, but the presence of secondary phases
precluded us from obtaining reliable dilatometric measurements.
Despite the lack of definitive thermal property data for itsiite, it can be
concluded that the rapid crystallization observed in Si52B09 and
Si55B06 likely compromises their performance in SOFC systems, at least
at the simulated operating temperatures investigated in this study.

The crystallization behavior of Si58B03 and Si61B00 sealants con-
trasted significantly with that of Si52B09 and Si55B06. Following the
sealing process, the amorphous phase fraction in these sealants was
already slightly below 50 %. However, unlike Si52B09 and Si55B06,
subsequent crystallization occurred at a considerably slower rate. Spe-
cifically, after a 100-h exposure, the amorphous phase fractions were
approximately 38 % and 45 % in Si58B03 and Si61B00, respectively.
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Table 3
Elemental compositions of microstructural features in the heat-treated sealants
(oxygen excluded, unnormalized).

Sample Spectrum collection region Element content, at. %
Ba Ca Si Al

Si52B09 1. Featureless gray area 6 10 17 3
1h 2. Dark crystalline inclusion 2 20 17 3
Si52B09 1. Gray region 4 8 18 4
100 h 2. Light-colored region 8 7 17 3
3. Dark needle-shaped crystal 2 18 17 1
Si55B06 1. Dark needle-shaped crystal 2 22 18 1
1h 2. Dark crystalline inclusion 1 22 18 2
3. Featureless gray area 6 10 19 3
Si55B06 1. Gray region 6 3 23 4
100 h 2. Light-colored region 9 6 19 4
3. Dark needle-shaped crystal 0 22 17 1
Si58B03 1. Gray area, small crystals. 7 10 19 3
1h 2. Dark crystalline inclusion 2 19 17 1
Si58B03 1. Gray area, small crystals 6 8 20 3
100 h 2. Dark crystalline inclusion 2 19 18 1
Si61B00 1. Gray area, small crystals 7 8 22 4
1h 2. Dark crystalline inclusion 3 15 21 2
Si61B00 1. Gray area, small crystals 6 9 20 3
100 h 2. Dark crystalline inclusion 2 18 16 2

Furthermore, the phase composition of the crystalline phases in these
sealants exhibited minimal change upon prolonged exposure. Walstro-
mite remained the dominant crystalline phase in both compositions,
with minor quantities of hexacelsian observed in Si58B03.

The slow crystallization rate observed at the operating temperature
makes the Si58B03 and Si61B00 compositions promising candidates for
SOFC applications. This potential is further supported by the favorable
thermomechanical compatibility of the original amorphous sealant, as
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previously reported [36] and by the suitable CTEs of the crystalline
phases formed in these compositions with other components of SOFC
systems. Specifically, CTE of hexacelsian BaAl,Si;Og has been reported
in the context of SOFC applications to be in the range of 9-13 x 10 ®K?
[25]. We determined the CTE of walstromite using the same method we
previously employed for itsiite, obtaining a value of 10.8 + 0.3 x 107°
K1 in the 100-600 °C range.

SEM combined with EDS provides qualitative support for the XRD
results. Following a 1-h exposure to the operating temperature, Si52B09
and Si55B06 sealants exhibit a homogeneous gray matrix with minor
(Si52B09) to moderate (Si55B06) amounts of dark crystalline forma-
tions. In Si52B09, these crystalline formations are generally below 3 pm
in size and possess relatively uniform dimensions. By contrast, Si55B06
displays predominantly needle-like crystals, reaching lengths of up to
10 pm, alongside smaller dark crystalline areas similar to those observed
in Si52B09. Quantitative analysis of EDS spectra acquired from all three
types of crystalline regions revealed no significant compositional dif-
ferences. Notably, these crystalline regions are barium-deficient
compared to the surrounding amorphous matrix. Given the finite sam-
pling area of EDS, the detected barium signal may originate from the
surrounding matrix rather than from within the crystals themselves. By
correlating the compositional data from Table 2 with the phase
composition determined by XRD (Fig. 5), we can reasonably conclude
that these crystals correspond to walstromite (in both sealant composi-
tions) and pseudowollastonite (in Si55B06).

After a 1-h exposure, microstructures of Si58B03 and Si61B00
exhibit a gray amorphous matrix interspersed with darker crystals.
These dark crystalline formations, like those in the previous composi-
tions, are barium-deficient. Combining this observation with the XRD
results, we can confidently identify these formations as walstromite
crystals. By comparing the morphology of walstromite crystals in
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Fig. 8. In-situ Raman spectra of the sealants after sealing and exposure to operating temperatures (0-100 h).
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Si58B03 and Si61B00 with the two distinct types of crystals present in
Si55B06, we can infer that the elongated crystals displaying a darker
SEM contrast in Si55B06 are CaSiO3 (pseudowollastonite) crystals.

SEM images of Si58B03 and Si61B00 following a 100-h exposure
reveal no discernible differences compared to images of the 1-h exposed
sealants. There are no new microstructural features or significant
changes in the proportion of existing features. This consistency aligns
well with the XRD data obtained for these sealants. From a long-term
phase stability perspective, Si58B03 and Si61B00 appear to be the
most promising compositions among those studied.

In contrast to Si58B03 and Si61B00, the Si52B09 and Si55B06
sealants exhibit a significantly more complex microstructure after a 100-
h exposure. The dark-contrast, elongated crystals previously identified
as CaSiO3 (pseudowollastonite) remain visible, with their proportion
being notably higher in Si55B06, though visually the fraction appears to
have decreased compared to the 1-h exposure. In the previously uniform
amorphous matrix, a new crystalline phase with a light SEM contrast has
emerged. This phase is enriched in barium compared to both the initial
amorphous matrix (as seen in the 1-h SEM images) and the darker,
presumably amorphous areas present after the 100-h exposure (Spec-
trum 1 for both Si52B09 and Si55B06). The high proportion of this
barium-rich phase, in conjunction with the XRD data, strongly indicates
that it is itsiite (BapCa(BSi2O7)2). The itsiite crystals form large,
contiguous regions, seemingly devoid of any residual amorphous phase.
This rapid formation of a new phase after only 100 h of operation raises
concerns about the long-term phase stability and thermomechanical
compatibility of Si52B09 and Si55B06 sealants under operating condi-
tions, despite the favorable CTEs of the initial sealant compositions [36].
Another factor potentially impacting the long-term stability of the
Si55B06 sealant is the presence of metastable pseudowollastonite.
Because this phase is only stable above 1125 °C [47], it is likely to un-
dergo a transformation to the stable wollastonite structure during
extended exposure to the lower operating temperatures.

Raman spectroscopy was initially employed in this study to provide
in-situ insights into the crystallization processes occurring during expo-
sure of the sealants to operating temperatures, as demonstrated in pre-
vious work [48]. However, it yielded an unexpected outcome, exhibiting
a surprisingly low sensitivity to the crystallization processes identified
by XRD and confirmed by SEM and EDS techniques. Despite the signif-
icant crystallization observed via these other methods, the Raman
spectra showed only subtle changes over the course of the 100-h expo-
sure experiments, even for the rapidly crystallizing compositions
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Si52B09 and Si55B06. To ensure the validity of the experimental con-
ditions, the furnace used for these measurements was validated to
maintain the target temperature with an accuracy of +5 °C.

While the Raman spectra proved to be insensitive to long-term
crystallization, they did accurately reflect the extent of crystallization
that occurred upon sealing and during the initial 1-h exposure to the
operating temperatures. The spectra for Si58B03 and Si61B00 exhibited
prominent peaks that were consistent with previously reported data for
the walstromite phase [41]. The Si55B06 spectra showed less pro-
nounced peaks, while Si52B09 displayed only a broad line in the
850-1100 cm ™! range. This spectral region is associated with vibrations
of Si-O bonds in silicate tetrahedra with varying numbers of bridging
oxygens (BOs) [39,40]. Deconvolution of this peak in Si52B09 yielded
an intensity ratio of Q%/Q% = 0.3/1, which is in good agreement with
the composition of the initial glasses. Although it did not provide
additional insights into the sealant’s structural evolution during pro-
longed exposure, the Raman spectroscopy provided adequate data on
the samples after sealing and short exposure.

The unusual insensitivity of the Raman spectra to crystallization
occurring at operating temperatures, combined with their adequate
reflection of crystallization at sealing temperatures and the relatively
low penetration depth of Raman spectroscopy (0.5-1 pm), suggests a
significant difference in crystallization kinetics between the sealant’s
surface layer and its bulk. Specifically, it appears that surface crystalli-
zation proceeds at a considerably slower rate than bulk crystallization at
the operating temperature. This represents a novel insight into the
crystallization behavior of SOFC sealants, derived from the combined
application of Raman spectroscopy, XRD, and SEM techniques. Further
investigation into the spatial distribution of crystallization within bulk
sealants for SOFC applications is therefore of considerable importance
from both practical and scientific perspectives.

5. Conclusions

The key findings of this study include:

Isothermal heat treatment induced notable crystallization in all
studied sealants, with the exception of Si61B00, starting at 850 °C.
The extent of crystallization increased with decreasing BoO3 content.
Walstromite was the major crystalline phase. Hexacelsian BaAl,.
Si;Og was also present as a minor phase in all compositions except
Si61B00. Notably, the Si55B06 sealant composition uniquely con-
tained significant quantities of pseudowollastonite;

Heat treatment simulating sealing and exposure to operating tem-
peratures resulted in markedly different phase compositions. After
the 100-h exposure, the high-boron compositions Si52B09 and
Si55B06 exhibited extensive crystallization and the formation of a
new major phase, itsiite (BapCa(BSi2O7)2). In contrast, Si58B03 and
Si61B00 exhibited only very slight further crystallization, with
walstromite as the major phase and only minor hexacelsian present
in Si58B03;

DSC analysis at a fixed heating rate revealed only weakly discernible
crystallization heat effects for all investigated sealants, indicating a
slow crystallization rate;

In-situ Raman spectroscopy measurements were insensitive to crys-
tallization during long-term exposure of the sealants to operating
temperatures. Combined analysis by XRD and Raman spectroscopy
data indicates that surface crystallization proceeds at a considerably
slower rate than bulk crystallization.

Based on the crystallization data obtained in this study for 0.17BaO-
0.17Ca0-0.05A1503-(0-0.09)B203-(0.61-0.52)SiO2 compositions,
higher-boron sealant compositions may have limited applicability in
SOFC systems due to their propensity for extensive crystallization and
the formation of continuous crystalline regions within the bulk material.
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Conversely, lower-boron compositions appear more promising for SOFC
applications from both a thermomechanical compatibility and long-term
stability perspective.
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