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Abstract

Thermal behaviors and stability of glass/glass—ceramic-based sealant materials are critical issues for high temperature solid oxide fuel/electrolyzer
cells. To understand the thermophysical properties and devitrification behavior of StO-La,03—Al,03—-B,03-Si0; system, glasses were synthesized
by quenching (25 — X)SrO-20La, 05—(7 + X)Al,0;—40B,05;-8Si0, oxides, where X was varied from 0.0 mol% to 10.0 mol% at 2.5 mol% interval.
Thermal properties were characterized by dilatometry and differential scanning calorimetry (DSC). Microstructural studies were performed by
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), and X-ray diffraction (XRD). All the compositions have a glass
transition temperature greater than 620 °C and a crystallization temperature greater than 826 °C. Also, all the glasses have a coefficient of thermal
expansion (CTE) between 9.0 x 1070 K~! and 14.5 x 10° K~! after the first thermal cycle. La,O; and B,0O; contribute to glass devitrification by
forming crystalline LaBOs. Al,O5 stabilizes the glasses by suppressing devitrification. Significant improvement in devitrification resistance is

observed as X increases from 0.0 mol% to 10.0 mol%.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFC) convert chemical energy into
electrical energy using hydrogen or hydrocarbon as fuel. When
a SOFC is used in a reverse manner, a clean synthetic fuel
such as hydrogen can be generated by splitting water/steam
at high temperatures, and such cells are called solid oxide
electrolyzer cells (SOEC). As an alternative for clean power
and hydrogen generation, solid oxide cells (both SOFC and
SOEC) have attracted great attraction [1]. Currently, the pre-
ferred SOFC/SOEC designs are planar mode. While the planar
design offers high energy/fuel generation efficiency, it also
requires stable, gas-tight seals to prevent mixing of fuel gas
and oxygen at high temperatures [2—4]. A lack of suitable high
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temperature seals hinders long-term reliability and durability of
planar SOFC and SOEC [5,6].

Glass and glass—ceramic viscous sealant materials are most
promising in fulfilling SOFC/SOEC requirements due to their
superior thermophysical properties than metals, metal-ceramic
composites, and compressive seals [7]. To be used as a
SOFC/SOEC seal, glass and glass—ceramic have to meet the fol-
lowing criteria. Coefficient of thermal expansion (CTE) should
be greater than 9.0 x 1079 K~ in order to match with other cell
components, such as zirconia, stainless steel, and lanthanum
manganate. Glass transition temperature (7) should be less
than the cell operating temperatures (800-900 °C), and glass
softening temperature (73) should be high enough to avoid
excessive glass flow at cell operation temperatures. Also, contin-
uous and/or excessive devitrification of glass or glass—ceramic
sealant should not occur; this requires that glass crystallization
temperature (7.) be much higher than the cell operation tem-
peratures. Chemical stability and interfacial compatibility with
other cell components should be sufficient to sustain reducing
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and oxidizing atmospheres at high temperatures for long peri-
ods of time (such as 40,000 h) without failure. In addition to the
above demands, sealant must be electrically insulating.

Several glasses and glass—ceramics have been studied as solid
oxide cell seals [7,8]. Among them, BaO containing sealants are
the mostly reported one. For BaO containing sealants, the main
disadvantages arise from deleterious interfacial reactions with
other cell components (such as interconnect) and formation of
celsian (BaAl,Si»Og) and its polymorph hexacelsian crystalline
phases. Both phases have low CTE. Also, the difference between
the CTE values of celsian phase (2.29 x 107°K~1) and hex-
acelcian phase (8.0 x 107 K~!) develops thermal stress and
degrades performance [9,10]. Because of these shortcomings,
there is a need to search new glass or glass—ceramic systems as
sealant materials.

A new composition based on lanthanum-aluminium—
alkaline earth borosilicate system has been reported [11,12].
In this system, BoO3 and SiO; act as glass formers, LayO3
modifies viscosity [11], StO modifies CTE [13], and Al,O3
retards devitrification [14]. Even though prior studies indicate
that such glass system has desirable thermophysical properties
[11,12], there have been conflicting reports on the Ty and CTE
values. Also, the glass stability of this system has not been
assessed.

To explore the potential of the lanthanum-aluminium—
alkaline earth borosilicate system as a SOFC/SOEC sealant, this
work focuses on the effect of SrO and Al, O3 contents and ther-
mal cycling on the devitrification behavior and thermophysical
properties of the glass system. The stability and microstruc-
tural evolution of different glass compositions are evaluated.
The study also suggests strategies for further optimization of
the sealant glass composition.

2. Experimental procedure
2.1. Preparation of glass

Glass samples were prepared based on (25— X)SrO-—
20Lay03—(7 + X)Al,03—40B,03-8S10; compositions, where X
was varied from 0.0mol% to 10.0mol% at 2.5mol% inter-
val. The base composition was reported in the literature [11].
The corresponding oxide powders were ball milled for 5h. The
mixed powders were heated and melted at 1400 °C for 4h in
a box furnace (Lindberg, model no. 51314, Watertown, WI) at
20°C min~! heating rate before being quenched into a graphite
mold.

2.2. Differential scanning calorimetry

Differential scanning calorimetry (DSC) studies were
conducted in a simultaneous TG-DTA/DSC apparatus
(STA449C/3/G Jupiter, Netzsch Instruments Inc., Burlington,
MA). The glass samples were thermally cycled three times at
the same heating and cooling rates of 10 °C min~! up to 900°C
and a dwell time of 2 h at 900 °C for thermal behavior analysis.
The Ty and T. temperatures were determined from the DSC
data.

2.3. Dilatometry

Softening temperature and CTEs of the glass samples
from room temperature to 700°C were measured with a
push rod dilatometer (Model 1600R, The Edward Orton Jr.
Ceramic Foundation, OH). This technique also provided another
approach of measuring glass transition temperature T,. The sam-
ples were 27 mm in length and 5 mm in diameter. During the
dilatometry study, the samples were heated at 3°C min~! heat-
ing rate to 700 °C for 2 h and then cooled to room temperature
at 5°Cmin~! cooling rate. Each sample was thermally cycled
three times under this condition. Linear regression from room
temperature to 7, was carried out for each thermal cycle curve
to obtain the reported CTEs.

2.4. Microstructural characterization

Microstructural studies were carried out in a field emis-
sion scanning electron microscope (SEM) (LEO 1550, Carl
Zeiss Microlmaging Inc., Thornwood, NY) for the as-quenched
samples and the thermally cycled samples from the DSC exper-
iments. Energy dispersive spectroscopy (EDS) (Helios 600
NanoLab, FEI, Hillsboro, OR) was used to analyse the composi-
tions of the glass phase and the crystalline phase of the samples
after the thermal cycling.

2.5. Phase analysis

X-ray diffraction (XRD) studies were carried out in an X’ Pert
PRO diffractometer (PANalytical B.V., EA Almelo, The Nether-
lands) to identify the crystalline phases in the thermally cycled
samples. The scan rate was 0.0020° s~! with Cu Ko radiation
(»=1.5406 A) and a Ni filter.

3. Results and discussion
3.1. Glass transition and crystallization temperatures

For the studied glass system, the DSC peak temperature was
900 °C. Before 900 °C, there are two heat flow changes on the
DSC curves. One is endothermic and the other is exothermic.
The endothermic position indicates the glass transition tempera-
ture Ty and the exothermic position indicates the crystallization
temperature T¢. The T, and T for all the glass compositions are
extracted as given in Fig. 1. All the glasses have T, greater than
620 °C. The effect of increasing Al,O3 content on raising T
is modest and dependent on the Al;O3 content. T, increases
by 10°C as the Al,O3 content increases from 7.0mol% to
17.0 mol%. From Fig. 1, it can also be seen that T is 826 & 1 °C
for X=0.0-5.0mol% and 850+ 1°C for X=7.5-10.0 mol%.
One important observation is that T, decreases after the first
heating cycle and remains the same for the remaining cycles.
This T, decreases after the first thermal cycle is most likely due
to the devitrification of the glass matrix. It also indicates that
the remaining glass phase after devitrification has a lower T.
The change in the composition of the residual glass has been
confirmed by EDS and will be discussed later. 7. reflects the
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Fig. 1. Tg and T, change vs. Al;O3 content increase (X) from DSC experiments.

temperature at which some of the glass transforms into one or
more crystalline phases and is a direct representation of glass
stability. No T peaks are observed during the second and the
third heating cycles in any of the compositions studied. This
indicates that the glasses mainly devitrify during the first heat-
ing cycle. This thermally induced phase change is supported by
the presence of crystalline/secondary phases in the SEM study.

3.2. Dilatometric softening temperature and thermal
expansion coefficient

From the dilatometry study, the dilatometric softening
point (Ty), glass transition temperature Tg/ (in differentia-
tion from the DSC glass transition temperature 7Tg), and
CTE can be determined. The reading points for the Ty
and Tg’ are shown in Fig. 2. However, the (25— X)SrO-
20La03—(7 + X)Al,03-40B,03-8Si0, glass at X=0.0 mol%
has very limited glass forming ability. Transparent and crack
free dilatometry sample cannot be obtained after six attempts of
quenching. Consequently, no thermal expansion data are avail-
able for the X=0.0 mol% composition. The dilatometry curve
for the (25— X)SrO-20La;03—(7 +X)Al,03-40B,03-8Si0,
glass at X=2.5mol% is shown in Fig. 2 and other compositions
show similar trend. Ty and Té changes versus Al,O3 content
increase are shown in Fig. 3.

In Fig. 2, it can be seen that the percent linear change curves
shift downwards after each thermal cycle. This is due to a change
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Fig. 2. Percent linear change vs. temperature for the (25 — X)SrO-20La;O3—
(7+X)Al,03-40B,03-8Si0; glass at X=2.5 mol% from dilatometry.
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Fig.3. T; g/ and T4 change vs. Al O3 content increase (X) from dilatometry study.

inthe sample length. Although no visual deformation is observed
in the samples after the thermal cycles, the change in the sam-
ple dimension, however small it may be, may arise from the
deformation of the glass under the compressive load applied by
the push rod. This artificially changes the absolute percent lin-
ear change value since the initial dimension was used in all the
dilatometric calculation.

From Fig. 3, it can be observed that the softening temper-
ature 7y is greater than 660 °C for all the compositions. As
X increases from 0.0 mol% to 10.0mol%, T4 increases from
661 °C to 676 °C. For all the thermal cycles, Tg/ and Ty values
and the differences between T, and Ty are very consistent, dif-
fering by less than 40 °C for all the compositions. This suggests
that there is no phase separation occurring in the glass during
the dilatometry study [15]. After the three thermal cycles, the
physical appearance of the samples remains unchanged. This
observation also indicates that the glass is stable up to at least
660 °C.

Tg’ increases with Al,O3 content for all the glass compo-
sitions. From X=2.5mol% to X=10.0mol%, T, increases by
20°C. This result is consistent with the DSC results (Fig. 1).
However, the value of Té obtained from the dilatometry is about
30 °C lower than that from the DSC experiments. The difference
between Tg/ and T, from these different experimental methods
has been reported [16]. There are two possible reasons for this
difference. First, the heating rates are different: 10°C min~!
in the DSC experiment and 3 °C min~! in the dilatometry. This
may cause the difference between Tg’ and T since glass transition
temperature is thermal history dependent. Second, Té depends on
the viscoelastic properties of the glass. In the dilatometry exper-
iment, the samples were subjected to a compressive load by the
push rod. This load may affect the viscoelasticity of the glass,
shift the Té to lower temperatures, and thus cause difference
between 7, and T.

CTE decreases with Al,O3 content increase X. Also, the CTE
during the first thermal cycle is lower than those of the remain-
ing thermal cycles at the temperatures below Tg/. After the first
heating cycle, the CTEs remain consistent, demonstrated by
the low CTE standard deviation. To illustrate the difference,
Fig. 4 shows the CTE changes for the first thermal cycle and the
remaining cycles. The CTE values obtained from the first heating
cycle are 14.10 x 107K~ at X=2.5mol%, 9.73 x 1070 K~!
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Fig. 4. CTE variation vs. Al,O3 content increase (X) from dilatometry.

at X=5.0mol%, 6.86x107°K~! at X=7.5mol%, and
6.47x 107°K~! at X=10.0mol%. Average CTE after the
first heating cycle is 16.74 x 107K~ for X=2.5mol%,
1537x 107 °K~! for X=5.0mol%, 9.58 x 1076K~! for
X=7.5mol%, and 9.30 x 10~ K~! for 10.0 mol%. This differ-
ence between CTEs between the first and the remaining heating
cycles may be explained as follows. The samples used in the
dilatometry have been obtained by quenching. Structural rear-
rangement toward equilibrium glass state is incomplete as the
glass melt quickly solidifies. Residual stress is likely to be
created during the first thermal cycle. During the dilatometry
measurements, the slower heating rate and the peak temper-
ature dwell remove the residual stress in the quenched glass
while the peak temperature is low enough to avoid devitrifica-
tion. Since the cooling rate is also slower, no further thermal
stress develops during cooling. Thus after the first heating cycle
structural rearrangement of the glass is complete or nearly so.
As aresult, molar free volume of the sample decreases and CTE
increases to a consistent value after the first heating cycle. This
prediction is supported by the consistent CTEs in the annealed
(25 — X)SrO-20Lay03—(7 + X)Al;03—40B,03-8Si0, sample
at X=7.5mol% (Fig. 4). It should also be noted that there is
a sharp CTE decrease when Al,O3 content increases (Al,O3
has lower CTE than glass). For the as-quenched glass, this hap-
pens at lower Al,O3 content. For the glass that was thermally

20um Signal A = SE2

cycled once, the glass phase is more stable so the CTE transi-
tion happens at slightly higher Al,O3 content. This is why the
change in CTE at X =5.0 mol% is significantly larger than those
at other values.

After the first thermal cycle, the CTEs of all the glass compo-
sitions are greater than 9.0 x 1076 K~! and show good potential
to match with the CTEs of other cell components [17]. Good
thermal expansion match with other SOFC/SOEC components
such as zirconia electrolyte and stainless steel interconnect [18],
moderate T, and stability of these compositions make them suit-
able as sealant materials below 800 °C SOFC/SOEC operation
temperatures.

3.3. Microstructural evolution

SEM micrographs of the as-quenched glass samples for all
the compositions show absence of crystalline phase or phase
separation. The images at the two limits of the studied com-
position range, X=0.0 mol% and X=10.0 mol%, are shown in
Fig. 5. This observation is supported by the XRD patterns to be
shown in Fig. 8. The cracks observed in the SEM micrographs
were created during SEM sample preparation. This means all
the samples studied start with pure glass phase.

The SEM micrographs of the samples after the DSC ther-
mal cycling are given in Fig. 6. The dark phases are glass phase
and the bright phases are crystalline phase. There are drastic
microstructure differences among glass compositions ranging
from X=0.0mol% to 10 mol%. When the Al,O3 content is at
X =0.0mol% (Fig. 6(a)), irregular shaped, equiaxed crystallites
appear in the glass matrix. The crystal sizes are about 20 pm.
When X increases to 2.5 mol% (Fig. 6(b)), elongated crystallites
appear and have a dendritic morphology. Even though the short
dimension of these elongated crystallites is less than 20 pm, the
long dimension is mostly greater than 20 wm. When X increases
to 5.0 mol% (Fig. 6(c)), the crystal phase morphology becomes
more needle-shaped. These needles form long strands that are
separated by a small amount of glass phase. However, the indi-
vidual crystallite size is much smaller, mostly in the sub-micron
to single micron range. When X is further increased to 7.5 mol%

20um Signal A = SE2

Fig. 5. SEM micrographs of as-quenched glasses: (a) X=0.0mol% and (b) X=10.0 mol%.
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Fig. 6. SEM micrographs of thermally cycled glasses: (a) X=0.0 mol%, (b) X=2.5mol%, (c) X=5.0mol%, (d) X=7.5mol% and (e) X =10.0 mol%.

(Fig. 6(d)) and 10.0 mol% (Fig. 6(e)), the crystallites are only
~1 wm size, still with elongated shape. Sizes of the crystallites
for X at 10.0mol% are smaller than those for X at 7.5 mol%.
More importantly, these crystallites uniformly distribute in the
glass matrix.

From the SEM observation, it clearly demonstrates that
Al,O3 is effective in suppressing glass devitrification. This

means Al,O3 has the function of retaining the vitreous phase
in the glass, preventing/delaying a glass matrix with large
crystallites, and shifting the glass softening process to higher
temperatures. Nevertheless, complete suppression of crystalline
phase formation is not possible for the glass compositions stud-
ied. Also, Al,O3 content cannot be excessively increased for
glass forming purpose.
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Fig. 7. Comparison of (a) the nominal compositions of the as-quenched glasses, (b) the glass phase compositions and (c) the crystalline phase compositions of the

DSC thermally cycled samples.
3.4. Energy dispersive spectroscopy

The results of EDS are shown in Fig. 7 for the designed glass
compositions, and the residual glass phase and the crystalline
phase of the thermally cycled glasses. With the understanding
that the EDS technique is not well suited for absolute quan-
tification of sample compositions, the thermally cycled sample
compositions are determined by using the as-quenched glass
compositions as standard. The composition analysis obtained by
this procedure is very consistent as shown in Fig. 7. The larger
standard deviation at high X values is a result of decreasing
crystalline size to the detection limit of the EDS technique.

From Fig. 7(a) and (b), it can be seen that the composition
of the glass matrix after the thermal cycling is very different
from that of the nominal composition of the as-quenched glass.
The main difference is the substantially reduced La and B in the
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glass matrix after the thermal cycling. Significant increase in Sr,
Al and Si contents is observed in the residual glass phase. The
crystalline phase has the highest percent of B followed by La as
shown in Fig. 7(c). Very small amount of Sris also present. Small
amounts of Al and Si concentrations in the crystalline phases are
present except for X at 0.0 mol% and 2.5 mol%. The presence
of La and B is supported by the LaBO3 phase detected from the
XRD patterns. The presence of very small amount of Sr, Al and
Si is also detected in the XRD patterns as minor phases.

3.5. X-ray diffraction

The XRD patterns of two as-quenched glass compositions
(X=0.0mol% and 10.0mol%) and the thermally cycled sam-
ples of all the glass compositions are shown in Fig. 8. For the
as-quenched samples (Fig. 8(a)), no crystalline phase is detected.
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Fig. 8. X-ray diffraction patterns of (a) as-quenched and (b) thermally cycled samples.
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Since X=0.0mol% and X =10.0 mol% cover the two limits of
the glass compositions studied, this confirms the SEM observa-
tion in Fig. 5 that all the compositions start with pure glass phase.
For the thermally cycled samples, devitrification is observed
(Fig. 8 (b)). From X=0.0mol% to 10.0 mol%, orthorhombic
LaBOs; is the main crystalline phase. At X=0.0 mol%, small
amount of orthorhombic SrB,0y is identified. In other compo-
sitions, SrpAl;Si07 is the minor phase. This observation also
supports the EDS result about the presence of small amount of
Sr, Al and Si. This means LayO3 and B,O3 devitrification into
LaBOs is the main process during the thermal cycling. When
the Al,O3 content is low (at X=0.0mol%), SrB,O4 crystal-
lization cannot be effectively suppressed. SrO participates in
devitrification at all conditions but the effect is small.

The devitrification tendency of the studied glass system can
be understood from the electrostatic bond strength point of view,
even though this explanation might somehow simplify the actual
process. The electrostatic bond strength of La>* ion is 0.375 and
Sr?* ion is 0.25. La®* tends to separate from the parent glass
phase due to its high electrostatic bond strength and bonds with
trigonally coordinated B3* to form LaBOs crystalline phase.
Electrostatic bond strength of 0.25 for Sr** ion is a transition
value for silicate glass. However, it can cause borate glass phase
separation since B>Oj3 is a weaker glass former [19]. Since the
glass compositions contain both B,O3 and SiO», Sr>* probably
plays a minor role in phase separation. This assumption is sup-
ported by the presence of SrB,O4 crystal phase in minor amount
for the composition at X =0.0mol% and very small amount of
Sr* in Fig. 7(c). AI** seems to display some unusual behavior.
In spite of the potential to have high electrostatic bond strength
(0.5 in octahedral coordination and 0.75 in tetrahedral coordi-
nation), AI** tends to be tetrahedrally coordinated in the glass
network [20]. This is supported by the enriched AI** concentra-
tion in the residual glass phase and small concentration of AI** in
the crystalline phase in the thermally cycled samples (Fig. 7(b)).
Absence of SrB,0O4 phase and appearance of SrAl,SiO7 phase
in all the compositions except for X=0.0mol% indicates that
there is a critical Al;O3 concentration to suppress the formation
of SrB,04. From XRD patterns it is also apparent that there is
more minor phase in the composition of X=0.0mol% than in
all other compositions. Based on these observations, LayO3 and
B,0s3 will be modified in future studies. BoO3 change should
be made carefully because of its essential role in forming glass
and increasing CTE. Although SrO participates in devitrifica-
tion, reducing SrO will likely decrease CTE as seen from Fig. 4.
From EDS and XRD analyses it indicates that AlO3 should be
lowered since it decreases CTE (Fig. 4) and forms minor phase
at X=10.0mol%.

4. Conclusions

Seal glasses are synthesized based on (25— X)SrO-—
20LayO3—(7 + X)Al,03—40B,03-8S10; system and X has been
varied from 0.0 mol% to 10.0 mol%. All the compositions have
glass transition temperatures 7y above 620 °C and crystallization
temperatures 7. above 826 °C. Also, the glasses have ther-
mal expansion coefficients CTE between 9.0 x 107 K~! and
14.5 x 1070 K~ ! after the first thermal cycle. Suitable increase
of Al,O3 stabilizes the glass by suppressing devitrification.
La; 03 and B, O3 contribute to devitrification by forming LaBO3.
The role of other oxides on the stability of this system is not sig-
nificant. While this sealant has many desirable properties, future
glass composition improvement for stable sealant material will
focus on reducing La; O3 and B,0s3.
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