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a b s t r a c t

Effects of crystallization on the high-temperature mechanical properties of a newly developed silicate-
based glass sealant (GC-9) are investigated for use in planar solid oxide fuel cell (pSOFC). The aged,
crystallized GC-9 glass is produced by heat treatment of the original GC-9 glass at 900 ◦C for 3 h. Not only
crystalline phases are formed but the residual glass is also changed in the aged GC-9 glass after the heat
treatment. Mechanical properties of the aged GC-9 glass are determined by four-point bending technique
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at temperature from 25 C to 750 C. The glass transition temperature of the given glass is reduced but
the softening temperature is increased by such a crystallization heat treatment. The aged GC-9 glass
exhibits a greater flexural strength and Young’s modulus than the non-aged one at temperature below
650 ◦C due to the existence of crystalline phases. At temperature of 700 ◦C and 750 ◦C, a greater extent
of stress relaxation is found in the aged GC-9 glass such that its strength and stiffness are much lower
than those of the non-aged one. The changes in the thermal and mechanical properties through the given

able
aging treatment are favor

. Introduction

Solid oxide fuel cells (SOFCs) offer a potential technology of
nvironment-friendly power generation with high efficiency and
uel flexibility. They are expected to function as standalone power
eneration units with 5–250 kW [1]. Among the SOFCs developed,
he planar SOFC (pSOFC) has lower manufacturing cost and higher
ower density as compared to the tubular SOFC, but it requires
ermetic sealants to maintain gas tight. Due to a high operating
emperature of 600–1000 ◦C, selection of components is a crucial
hallenge for pSOFC applications. The operating temperature of
pSOFC is restricted by electrochemical reaction that affects the

fficiency of cell performance. High operating temperature is an
dvantage for fuel utilization and for performance of a pSOFC sys-
em. On the other hand, disadvantages for cost of materials and
ong-term stability of components in pSOFC arise. An intermedi-
te operating temperature between 600 ◦C and 800 ◦C is a recent
rend of development of pSOFC to reduce system cost and enhance

ong-term stability [2].

A pSOFC stack is a multi-layer structure consisting of repeated
nits of ceramic anode–electrolyte–cathode assembly and metal-

ic components for a higher voltage. During the stacking process

∗ Corresponding author. Tel.: +886 3 426 7340; fax: +886 3 425 4501.
E-mail address: t330014@cc.ncu.edu.tw (C.-K. Lin).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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for application of the GC-9 glass sealant in pSOFC.
© 2009 Elsevier B.V. All rights reserved.

and operation, a suitable sealant used for adherence is needed.
Selection of a proper sealant is dependent on stack configuration,
assembling condition, and operating temperature. Low leakage,
sufficient viscosity, good wetting ability, no chemical reactions
with adjacent components, and small thermal expansion mismatch
are the important characteristics of a sealant to be used in pSOFC
stacks. There are generally two types of seals for pSOFC stacks:
compressive seals and rigid seals [3,4]. Compressive seals suffer
from problems of oxide scaling and chemical stability in addition
to the drawback of an externally applied force [1,3–5]. Rigid seals
are therefore more popular than compressive seals [1,3–5]. Among
the rigid seals developed, glasses and glass ceramics are the most
promising ones to be used in pSOFC systems. However, thermal
stress in pSOFC due to mismatch of coefficient of thermal expansion
(CTE) and temperature gradient during operation have been recog-
nized as an issue in selecting suitable rigid seals [1,6–9]. Some glass
systems rarely crystallize at high temperatures so that they may
have an overflow problem. Others may partly or completely crys-
tallize during high-temperature operation. Such crystallized glass
seals can offer better physical properties but will cause more seri-
ous CTE mismatch [3,10,11]. Crystallization of a glass is sometimes
dependent on its composition and thermal events. If a rigid seal is

to be used in a pSOFC stack, it must overcome the CTE mismatch
issue. Therefore, flowability and crystallization of glass sealants are
two important factors related to thermal stress distribution and
mechanical integrity in a pSOFC stack. On the other hand, chemical
stability of seals is also an important issue. If vaporization of seals

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:t330014@cc.ncu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.12.008
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ccurs during operation, weight loss can lead to sealant collapse
12,13]. A large number of studies on the chemical interactions
etween sealants and adjacent components and their vaporization
eactions in operating atmosphere have been carried out [11–19]
nd most of them were focused on the chemical stability and com-
atibility of crystallization process of glasses and glass ceramics in
OFC operating environment. Changes of material properties in the
lass sealant due to crystallization might influence its compatibility
ith other components and the long-term stability and mechan-

cal integrity of a pSOFC stack. Therefore, crystallization of glass
ealants during fabrication and cyclic thermal operation is neces-
ary to be investigated. To date, only a few studies [1,10,11] have
nvestigated the complex crystallization effect on the mechanical
roperties and mechanism behavior of glass sealants.

Different glass systems have been studied for application in var-
ous ranges of operating temperature and cell designs of SOFC [3,4].
ecently, a self-healing feature of some glass systems, which have
he ability to heal cracks or defects in material at high tempera-
ures, has attracted more attention [1,5,20]. Such seals can meet
he long-term operation requirements. A BaO–B2O3–Al2O3–SiO2
lass (designated as GC-9 glass) recently developed for use in
ntermediate-temperature (700–750 ◦C) pSOFC is one kind of these
elf-healing glass systems [20]. This glass showed good thermal
nd chemical properties [21–23] and high-temperature mechanical
roperties [20]. Such a glass system can repair the defects produced
uring fabrication and/or operation due to a self-healing ability
20]. However, it might crystallize at high temperatures leading
o changes of its mechanical properties. There are limited stud-
es [1,10,11] on the effects of crystallization on the mechanical
roperties of glass sealants for use in pSOFC stacks. This issue is

mportant to design a reliable pSOFC stack and evaluate its long-
erm structural durability. As part of a series of studies [20] on
he high-temperature mechanical properties of glass sealants for
SOFC, the aim of this study is thus to investigate the mechanical
roperties of the crystallized GC-9 glass and make a comparison
ith those in its uncrystallized state. In this regard, the crystalliza-

ion effect on the mechanical properties of such a newly developed
lass sealant can be understood. A heat treatment was performed
n the GC-9 glass to generate crystalline phases in the material.
ystematic four-point bending tests were then conducted at the
emperature range of room temperature to 750 ◦C for the crystal-
ized GC-9 glass (hereafter called aged GC-9 glass) to investigate
ariation of the mechanical properties with temperature.

. Experimental procedures

.1. Glass forming and heat treatment

The chemical composition of the given GC-9 glass includes
–40 mol% BaO, 0–15 mol% B2O3, 0–10 mol% Al2O3, 0–40 mol% SiO2,
–15 mol% CaO, 0–15 mol% La2O3, and 0–5 mol% ZrO2. It was made
y mixing the constituent oxide powders and melting at 1550 ◦C for
0 h. After melting, it was poured into a mold preheated to 680 ◦C to
roduce glass ingots. The glass ingots were then annealed at 680 ◦C
or 8 h and cooled down to room temperature. The crystallization
emperatures of the as-cast GC-9 glass were determined as 820 ◦C
nd 864 ◦C [21–23]. In order to study crystallization effect, a crys-
allization heat treatment was conducted on the as-cast GC-9 glass
ngots. The as-cast GC-9 glass ingots were heated from room tem-

erature to 900 ◦C, held for 3 h, and subsequently cooled down to
oom temperature. Both the heating rate and cooling rate were set
s 5 ◦C min−1

. After such a heat treatment of crystallization, some
rystalline phases were formed in the glassy matrix. Such a material
tate was called aged GC-9 glass to distinguish it from the original,
on-aged GC-9 glass.
ources 195 (2010) 3159–3165

2.2. Measurement of thermal properties and phase identification

The glass transition temperature (Tg) and softening temperature
(Ts) of the original, non-aged GC-9 glass have been determined as
668 ◦C and 745 ◦C, respectively [20]. The Tg and Ts of the aged GC-
9 glass were determined by thermomechanical analysis (TMA). In
this way, Tg and Ts of the aged GC-9 glass were determined as 650 ◦C
and 826 ◦C, respectively. Crystalline phases of the aged GC-9 glass
were determined by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) was applied to observe the microstructure and
crystalline phases.

2.3. Measurement of mechanical properties

Four-point bending specimens of the aged GC-9 glass were pre-
pared according to ASTM C1211 [24]. The aged glass ingots were cut
into rectangular bars with dimensions of 3 mm × 4 mm × 45 mm.
In order to prevent the stress concentration effect, the four right-
angle corners in the cross-section of each specimen were beveled.
Machining direction was along the 45-mm-length longitudinal
direction and the tensile surfaces of the specimens were finally pol-
ished by 0.3-�m Al2O3 powders to minimize the effect of surface
defect. Four-point bending tests of the aged GC-9 glass speci-
mens were conducted as per ASTM C1211 [24] to characterize the
mechanical properties of this aged glass sealant at operating tem-
perature. The four-point bending tests were performed by using a
commercial closed-loop servo-hydraulic testing machine attached
with a furnace. The flexural loading fixture with a 20-mm inner
loading span and 40-mm outer loading span was made of alumina
in order to perform tests at high temperatures. The testing tempera-
tures were set at 25 ◦C, 550 ◦C, 600 ◦C, 650 ◦C, 700 ◦C, and 750 ◦C. For
each high-temperature test, the specimen was heated to the speci-
fied temperature at a heating rate of 6 ◦C min−1. The specimen was
then held at the specified temperature for 3 min before applying
the load. The load was applied under displacement control with a
displacement rate of 0.005 mm s−1 for all the given testing temper-
atures. The load–displacement relationship was recorded for each
test to calculate the flexural strength and related properties.

2.4. Weibull statistic analysis

The Weibull statistics [25] is widely applied to describe the
fracture behavior of brittle materials. Based on a weakest-link
hypothesis, it is assumed that the most severe flaw controls the
strength. When subjected to an applied stress, �, the cumulative
probability of failure for a brittle material can be expressed by [25]:

F = 1 − exp

[
−
(

� − �u

�o

)m
]

(1)

where F is the failure probability for an applied stress �, �o is a
normalizing parameter, �u is the threshold stress (below which no
failure will occur), and m is the Weibull modulus. Here, the Weibull
modulus m is a measure of the degree of strength data dispersion. If
�u is assumed to be zero, Eq. (1) becomes a two-parameter relation,
as shown below [25]:

F = 1 − exp

[
−
(

�

�o

)m
]

(2)
This two-parameter Weibull probabilistic equation was applied to
analyze the scattering of the strength data generated in the current
study. In order to have enough data points for Weibull analysis,
more than fifteen specimens were tested at each given testing con-
dition.
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ig. 1. XRD patterns of non-aged and aged GC-9. The solid squares represent the
eaks for Ba3La6(SiO4)6 according to JCPDS No. 27-0038.

.5. Determination of Young’s modulus

In order to determine the Young’s modulus of the given aged
lass sealant, equation of an elastic curve for calculating the deflec-
ion of a bending beam was applied in the current study. By
pplying the flexural theory in mechanics of materials [26], a linear
orce–displacement relationship at the inner loading point can be
btained as follows:

= a2(4a − 3L)
6I

· P

v
(3)

here E is the Young’s modulus, I is the moment of inertia for the
eam cross-sectional area, v is the vertical displacement at the inner

oading point relative to the outer loading point, P is the half of the
pplied force, a is the distance between the inner loading point and
he outer loading point on the same side, and L is the outer span
ength. By applying Eq. (3) to the obtained load–displacement data
or each tested specimen, the Young’s moduli for the aged GC-9
lass at various temperatures were determined.

. Results and discussion

.1. Microstructure of aged glass

Crystalline phases of the aged GC-9 glass were characterized by
RD. Fig. 1 shows the XRD patterns for the non-aged and aged GC-9

lass. As shown in Fig. 1, no phase peaks were found in the non-aged
C-9 glass indicating that it is a typically amorphous phase. How-
ver, there are several phase peaks present in the curve of the aged
C-9 glass indicating existence of certain crystalline phases in this
aterial. Apparently, holding the GC-9 glass at 900 ◦C for 3 h indeed

Fig. 2. Microstructure of aged GC-9: (a) overview and
Fig. 3. Thermal expansion curves of non-aged and aged GC-9.

induced a certain degree of crystallization in the given glass. The
major phase peaks in the XRD pattern of the aged GC-9 glass cor-
respond to a structure of Ba3La6(SiO4)6. Microstructure of the aged
GC-9 glass was observed with SEM and shown in Fig. 2. These SEM
micrographs showed the existence of crystalline phases embed-
ded in the glassy matrix containing microvoids. The white spots in
Fig. 2(b) are the crystalline phases while the residual glass is in the
grey region. The crystalline phases are arbitrarily and uniformly dis-
tributed in the glassy matrix. The amount of the crystalline phases
in the aged GC-9 glass was estimated by calculating the area pro-
portion in several SEM micrographs. As a result, the area proportion
of the crystalline Ba3La6(SiO4)6 phase was estimated as 38–41%.
This means that the residual glass is the major phase and, presum-
ably, occupies around 60% of the volume in the aged GC-9 glass.
The fine and uniform crystalline structure and microvoids through-
out the bulk of the aged GC-9 glass are important characteristics.
As glass–ceramic materials contain arbitrarily oriented crystals,
their properties are independent of orientation. The microvoids
observed in the aged GC-9 glass might be generated during glass
forming, machining, and/or grinding. They might even be formed
during heating or cooling step due to CTE mismatch between the
crystalline phases and residual glass of the GC-9 material.

3.2. Thermal properties
Thermal expansion curves of the non-aged and aged GC-9 glass
are shown in Fig. 3. CTE mismatch between the non-aged and
aged GC-9 glass can be seen in these two curves. Since the thermal
expansion curve is an averaged function of each phase in a sample,

(b) high magnification view of crystalline phase.
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he difference in these two curves implies that crystallization
ndeed changed the CTE of the given GC-9 glass. The thermal
xpansion curve of the non-aged GC-9 glass showed good CTE
atch with other SOFC component materials [20]. Although the

hermal expansion curve of the aged GC-9 glass is different from
hat of the non-aged state, the CTE of the aged GC-9 glass still
as a value in the range of (9–12) × 10−6 ◦C−1. Therefore, the
rystallized, aged GC-9 glass is expected to have good CTE match
ith other SOFC components even though the crystalline phases
ere generated through aging treatment of the GC-9 glass.

Note the sudden rise in the thermal expansion curve of a typical
lass corresponds to the onset of glass transition from solid to liquid
tate and this point is called Tg. The peak of the thermal expansion
urve represents the softening point (Ts). The Tg and Ts of the non-
ged and aged GC-9 glass are labeled in Fig. 3. As shown in Fig. 3,
he Tg and Ts points of the aged GC-9 glass can be clearly identified
ndicating existence of residual glass in this aged glass material.
urthermore, the Tg (650 ◦C) and Ts (826 ◦C) of the aged GC-9 glass
re different from those of the GC-9 glass, 668 ◦C and 745 ◦C, respec-
ively. Compared with the non-aged GC-9 glass, the Tg for the aged
C-9 glass is lower while the Ts is greater. It means the residual glass

n the aged GC-9 glass was different form the original GC-9 glass and
he glass phase was apparently changed during the crystallization
rocess. The chemical composition of the residual glass phase in a
lass ceramic is associated with the heat treatment and the initial
lass composition [27–29]. The crystallization heat treatment can
ot only produce crystalline phases but also change the composi-
ion of the glass remained in the material. Formation of crystals in
he glass can change the CTE of the glass material [30]. In addition,
he crystallization can also change the composition of the residual
lass such that the Tg and Ts of the material can be changed [30,31].
n this regard, the observed differences in the Tg and Ts between
he aged and non-aged GC-9 glass can be attributed to the change
f the residual glass in the aged state. Hill and Gilbert [31] studied
he variation of Tg with the crystallization and structure changes
n a lithium zinc silicate glass through controlled heat treatment. If
he network modifier is richer in the crystalline phase, compared
o the original glass, then the cross-link density of the residual
lass would be expected to increase, and, thereby increasing the
g [31]. On the other hand, if the network modifier concentration
s low in the crystalline phase formed, then the cross-link den-

ity of the remaining glass would be decreased such that the Tg is
ecreased [31]. Accordingly, the decrease of the Tg in the aged GC-9
lass, compared to the non-aged state, might be attributed to the
ecrease of the cross-link density of network bonds in the residual
lass.

Fig. 4. Typical force–displacement relationship under a displacement rate of 0.0
ources 195 (2010) 3159–3165

3.3. Influence of environmental temperature on mechanical
behavior

Typical force–displacement curves for the given non-aged GC-
9 glass [20] and aged GC-9 glass under a displacement rate of
0.005 mm s−1 at 25 ◦C, 550 ◦C, 600 ◦C, 650 ◦C, 700 ◦C, and 750 ◦C
are shown in Fig. 4(a) and (b), respectively. The arrows in these
figures indicate the specimens were not fractured when the tests
were terminated. Three phenomena and two types of mechanical
behavior could be observed in the force–displacement curves. Brit-
tle fracture took place at temperature below Tg and stress relaxation
occurred above Tg for both the non-aged and aged GC-9 glass. In
addition, linear fracture and fracture with a small portion of non-
linear deformation was observed when the testing temperature
was set below or around Tg, but there was no occurrence of fracture
at temperature above Tg. For the non-aged GC-9 glass, brittle and
linear fracture could be seen at temperature below Tg (668 ◦C), i.e.
at 25–650 ◦C. Similar phenomenon also occurred in the aged GC-9
glass at 25–600 ◦C. Note the Tg for the aged GC-9 glass is 650 ◦C.
However, the aged GC-9 glass exhibited a small portion of non-
linear deformation before fracture at 650 ◦C. As mentioned above,
the residual glass was changed during the thermal process such that
the Tg of the aged GC-9 glass was shifted to a lower temperature,
which is around 650 ◦C and different from that (668 ◦C) of the orig-
inal GC-9 glass. Tg is the temperature point where the glass starts
to transform from solid state into liquid state such that the resid-
ual glass in the aged GC-9 glass started to influence the mechanical
properties when the testing temperature is around its Tg, 650 ◦C.
Glass ceramics usually have a greater stiffness over glasses at high
temperature due to the existence of crystalline phase in the matrix
[27]. However, there was a different trend in the current study at
temperature of 650 ◦C and above. The main reason is the resid-
ual glass has a lower Tg and started to influence the mechanical
behavior around its Tg, 650 ◦C. Note that the volume portion of the
residual glass in the aged GC-9 glass is around 60% such that its
viscous behavior would play an important role in influencing the
mechanical behavior of the aged GC-9 glass at 650 ◦C and above.

As shown in Fig. 4(a), stress relaxation took place at 700 ◦C and
750 ◦C, which are above the Tg of the non-aged GC-9 glass, because
of softening of the glass phase. When the testing temperature was at
700 ◦C and 750 ◦C, the residual glass in the aged GC-9 glass showed
a greater extent of stress relaxation than did the original glass, as

shown in Fig. 4(b). This might help release more stress due to ther-
mal mismatch during SOFC operation. Ts is the temperature point
where viscosity of a glass reaches a sufficiently low value such that
the glass can not support its shape under its own weight. The Ts of

05 mm s−1 at various temperatures: (a) non-aged GC-9 and (b) aged GC-9.
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Fig. 5. Weibull distribution of flexural strength: (a)

he aged GC-9 glass was shifted to a temperature higher than that
f the original GC-9 glass, from 745 ◦C to 826 ◦C. Because of such
n increase of Ts, it is expected that the aged GC-9 glass sealant
ould not flow out at the targeted working temperature of an

ntermediate-temperature pSOFC. In this regard, the sealing func-
ion of the aged GC-9 glass can still be maintained at 700–750 ◦C
ven though a greater extent of deformation and stress relaxation
ould take place. From this point of view, control of the crystalline
hase and residual glass is important to develop a suitable sealant
or pSOFC.

In the present study, not only fracture with a small portion of
on-linear deformation but also a greater extent of stress relax-
tion for the aged GC-9 glass could be seen at temperature higher
han Tg. The residual glass in the aged GC-9 glass was the main
actor to control the high-temperature mechanical behavior at tem-
erature of 650 ◦C and above even though the crystalline phases
ere present in the aged GC-9 glass. Nguyen et al. [32] attributed

he non-linear response of a G-18 glass at high temperature to
iscoelastic behavior of porous and glassy phases, void initia-
ion and growth, crystalline/glass phase decohesion, microcracking
nd/or plasticity of glassy phases. In the current study, although the
ged GC-9 glass was crystallized during heat treatment, non-linear
esponse still took place at 650 ◦C and above. Such a non-linear
esponse was considered to be caused by viscoelastic and/or plas-
ic flow of the glassy phase at temperature of Tg or above for
he aged GC-9 glass. The Tg of the aged GC-9 glass was shifted
o 650 ◦C and, therefore, the non-linear response occurred at a

ower temperature than that in the non-aged GC-9 glass. As the
xpected working temperature for the given aged GC-9 glass is
etween 700 ◦C and 750 ◦C, the stress relaxation phenomenon is
avorable in reducing the stresses produced from thermal mis-

atch.

able 1
ean value of flexural strength and Weibull modulus for non-aged and aged GC-9 glass a

Material Temperature

25 ◦C 550 ◦C

Flexural strength (MPa)
Non-aged GC-9 glass 63 73
Aged GC-9 glass 73 95

Weibull modulus
Non-aged GC-9 glass 7.7 9.7
Aged GC-9 glass 4.5 10.7

a Maximum flexural stress applied during test.
ged GC-9 and (b) aged GC-9 (the unit of � is MPa).

3.4. Fracture strength and Weibull statistics

For a progress toward a more reliable sealant, the Weibull
statistics was applied to analyze the experimental data. The two-
parameter Weibull distribution (Eq. (2)) of flexural strength for
the non-aged [20] and aged GC-9 glass at different temperatures
is shown in Fig. 5. Table 1 lists the mean values of the flexural
strength and Weibull modulus, m, for the given non-aged and aged
GC-9 glass at various temperatures. The data for 700 ◦C and 750 ◦C
are not the fracture strength but the mean values of the maximum
flexural stress applied during test. Similar to the previous results
of the non-aged GC-9 glass [20], the flexural strength of the aged
GC-9 glass was also increased with temperature for a given failure
probability from room temperature to 650 ◦C. Note that the fracture
strength of the aged GC-9 glass at 550 ◦C and 600 ◦C can be seen
as comparable, as the data points of these two temperatures are
merged together. Such an increase of flexural strength with tem-
perature at temperature below the Tg of the non-aged GC-9 glass
resulted from a crack healing effect [20]. This self-healing effect
could repair cracks or defects at high temperatures and enhance
the mechanical properties of a glass or glass ceramic. Apparently,
a similar self-healing mechanism was present in the residual glass
of the aged GC-9 glass leading to the increase of flexural strength
with temperature from 25 ◦C to 650 ◦C.

The flexural strength of the aged GC-9 glass at temperature from
room temperature to 650 ◦C is greater than that of the non-aged
GC-9 glass, as shown in Fig. 5 and Table 1. Mechanical properties of

glass–ceramic materials generally depend on the mechanical prop-
erties of the main crystalline phases, which occupy a portion of the
volume in material [27]. In the current work, when the testing tem-
perature was below the Tg, such as room temperature to 650 ◦C, the
crystalline phase indeed enhanced the flexural strength of the aged

t various temperatures.

600 ◦C 650 ◦C 700 ◦C 750 ◦C

82 83 40a 4.5a

98 112 7.7a 0.1a

7.5 10 – –
11.3 7.2 – –
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Table 2
The average values of Young’s modulus and standard deviation for non-aged and aged GC-9 glass at various temperatures.

Material Temperature

25 ◦C 550 ◦C 600 ◦C 650 ◦C 700 ◦C

G
t
7
i
l
t
o
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a
a
d
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Young’s modulus (GPa)
Non-aged GC-9 glass 66 (7.9) 66 (8.3)
Aged GC-9 glass 68 (6.3) 71 (9.6)

C-9 glass, as compared to the non-aged one. However, when the
esting temperature was around or greater than Tg, such as 650 ◦C,
00 ◦C, and 750 ◦C, the viscous characteristics of the residual glass

n the aged GC-9 glass played a very important role to reduce the
oad-carrying ability of the given aged glass. As described above,
he residual glass in the aged GC-9 glass was different from the
riginal GC-9 glass. As shown in Table 1, the load-carrying ability
f the residual glass in the aged GC-9 glass at 700 ◦C and 750 ◦C was
nferior to that of the original GC-9 glass.

The values of the Weibull modulus at 550 ◦C, 600 ◦C, and 650 ◦C
re greater than that at room temperature for both the non-aged
nd aged GC-9 glass. A large Weibull modulus represents a less
egree of scattering in strength data, which was caused by a smaller
ange of distribution in flaw size and shape. It has been confirmed
hat outlines of the defects on the surfaces of the non-aged GC-9
lass specimens at high temperature could be modified or healed
ue to the aforementioned crack healing effect [20]. This self-
ealing effect presumably also took place in the aged GC-9 glass.
s the crack healing mechanism could relax the stress concentra-

ion around surface flaws, change flaw outlines or totally heal the
rack, scattering of the strength data at high temperature became
maller [20]. Note the improvements of the Weibull modulus at
igh temperatures over room temperature for the aged GC-9 glass
ere greater than those for the non-aged GC-9 glass. This implies

hat there was a superior crack healing effect acting on the aged GC-
glass from the residual glass in the aged GC-9 glass. The Weibull
odulus of the aged GC-9 glass at room temperature was smaller

han that of the non-aged GC-9 glass, while the values at high
emperatures were greater than those of the non-aged GC-9 glass
xcept at 650 ◦C. It is obvious that the strength-determining defects
t room temperature were different from those at high tempera-
ures. There are crystalline phases and microvoids in the aged GC-9
lass (Fig. 2(a)) so that the scattering of the strength data at room
emperature was greater than that of the non-aged GC-9 glass with-
ut any crystalline phase. However, the scattering of the strength
ata of the aged GC-9 glass at 550 ◦C and 600 ◦C was smaller than
hat of the non-aged one as the residual glass in the aged GC-9 glass

ore effectively healed the defects in the matrix. Apparently, the
esidual glass in the aged GC-9 glass had a better flowable ability
han did the glassy phase of the non-aged GC-9 glass. However, the
ged GC-9 glass at 650 ◦C shows a reduction of the Weibull modulus,
ossibly, due to a competition of deformation mechanism between
rittle fracture and viscous flow at temperature around Tg.

.5. Influence of environmental temperature on Young’s modulus

Table 2 lists the calculated Young’s moduli (averaged value and
tandard deviation) at various temperatures for the non-aged and
ged GC-9 glass. As there was significant stress relaxation at 750 ◦C
or both the non-aged and aged GC-9 glass, their Young’s modulus
ould not be determined at this temperature. The Young’s modulus
f the non-aged and aged GC-9 glass barely changed with temper-

ture form room temperature to 600 ◦C, as shown in Table 2. Note
hat the averaged value of the Young’s modulus for the aged GC-9
lass is slightly larger than the corresponding one of the non-aged
C-9 glass at the temperature range of 25–600 ◦C due to absence
f crystalline phase in the non-aged one. Above 600 ◦C, the Young’s
64 (6.8) 59 (5.4) 17 (7.0)
72 (4.3) 47 (12) 2.6 (1.6)

modulus for both the non-aged and aged GC-9 glass exhibited a
decrease with an increase in temperature and the Young’s modu-
lus of the aged GC-9 glass even showed a lower value than that of
the non-aged one. The non-aged and aged GC-9 glass behaved as
a brittle material at temperature below Tg so each of their Young’s
modulus remained comparable from room temperature to 600 ◦C.
These results are different from the variation of Young’s modu-
lus with temperature for a glass sealant which was measured by
a dynamic resonance technique [11]. Liu et al. [11] measured the
Young’s modulus of the non-aged and aged G-18 glass at temper-
ature from room temperature to 800 ◦C. The Young’s modulus of
the aged G-18 glass increased with temperature at temperatures
below 400 ◦C, exhibited a temperature-independent manner from
400 ◦C to 600 ◦C, and started to decrease with increasing tempera-
ture from 600 ◦C to 800 ◦C [11]. However, in the present work, the
aged GC-9 glass did not show an increase of Young’s modulus with
temperature at low temperatures. When the testing temperature
was around or above Tg, the Young’s modulus of the aged GC-9 glass
was temperature dependent due to a lot of residual glass present
in the material. For the aged GC-9 glass, the residual glass phase
at temperature around and above Tg became viscous and played
an important role in influencing the mechanical properties of this
material. Due to such viscous behavior of the residual glass, the
aged GC-9 glass at temperature around and above Tg started to lose
its structure stiffness and even showed a lower Young’s modulus
than that of the non-aged GC-9 glass at 650 ◦C and 700 ◦C. Again,
it is evidenced that the residual glass in the aged GC-9 glass was
different from the glass phase of the non-aged GC-9 glass.

4. Conclusions

Crystalline phases (Ba3La6(SiO4)6) were formed in the aged GC-
9 glass by a heat treatment at 900 ◦C for 3 h and the residual glass in
the aged GC-9 glass was also changed. Through such a heat treat-
ment, the Tg of the aged GC-9 glass sealant was reduced from 668 ◦C
to 650 ◦C while the Ts was increased from 745 ◦C to 826 ◦C. Appar-
ently, the residual glass in the aged GC-9 glass was different from
the original GC-9 glass in terms of such variation in thermal prop-
erties.

Tg and Ts are the two important temperature indices for the
high-temperature mechanical properties of the non-aged and aged
GC-9 glass. Both materials exhibited an increase of flexural strength
with temperature at temperature below their own Tg due to a
crack healing effect. At temperature above Tg, the flexural strength
and Young’s modulus of both the non-aged and aged GC-9 glass
were significantly reduced due to viscous characteristic of the glass
phases.

At temperature below 650 ◦C, the flexural strength and struc-
tural stiffness of the aged GC-9 glass were enhanced by formation of
crystalline phases in the glass matrix, as compared to the non-aged,
original GC-9 glass. However, when the testing temperature was
increased to 700 ◦C and 750 ◦C, the flexural strength and Young’s

modulus of the aged GC-9 glass was significantly lower than those
of the non-aged one due to a greater extent of stress relaxation
provided by the residual glass phase in the aged GC-9 glass.

The given crystallization heat treatment is favorable for apply-
ing the GC-9 glass sealant to intermediate-temperature pSOFC, as
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