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a b s t r a c t

The high-temperature mechanical properties of a newly developed silicate-based glass sealant, desig-
nated as GC-9, have been studied for use in planar solid oxide fuel cell (pSOFC). Four-point bending tests
were conducted at room temperature, 550 ◦C, 600 ◦C, 650 ◦C, 700 ◦C and 750 ◦C to investigate the variation
of flexural strength, elastic modulus, and stress relaxation with temperature for the given glass sealant.
Weibull statistic analysis was applied to describe the fracture strength data. The results indicated that
the flexural strength was increased with temperature when the testing temperature was below the glass
eywords:
lanar solid oxide fuel cell
our-point bending test
igh temperature
eibull statistic analysis

transition temperature (Tg, 668 ◦C). This was presumably caused by a crack healing effect taking place
at high temperatures for glasses. However, with a further increase of temperature to a level higher than
Tg, significant stress relaxation was observed to cause extremely large deformation without breaking the
specimen. When the controlled displacement rate was increased by an order of magnitude, the stress
relaxation effect at 750 ◦C became less effective. However, the mechanical stiffness of the given glass was

temp
echanical properties
lass transition temperature

significantly reduced at a

. Introduction

Planar solid oxide fuel cell (pSOFC) is a high temperature
600–1000 ◦C) device to convert chemical energy to electricity.
ealant is a critical material in a pSOFC to maintain its operation
nd performance. It is needed to join components and form gas-
ight seals to separate both the oxidant and fuel chambers. Sealants
n pSOFC must provide necessary adherence, mechanical integrity,
hemical stability and compatibility, electric insulation, and ther-
al expansion match during operation [1–4]. These requirements

reate a major challenge in development of a suitable sealant
or use in pSOFC. During the fabrication and operation stages,
hermal, chemical and mechanical properties of sealants might
e changed leading to degradation in performance of a pSOFC.
he influence of such properties of sealant cannot be ignored in
esign of a pSOFC stack. Areas of application of sealant in a pSOFC
tack include: (a) cell to metal frame, (b) metal frame to metal
nterconnect, (c) frame/interconnect to spacer (for electric insu-
ation), and (d) stack to base manifold plate [5]. A sealant should
e selected in accordance with operation temperature, application
ocation, and stack design and be compatible with other com-
onents. Different sealing designs have been proposed, such as
igid sealing, compressive sealing, and compliant sealing [5,6]. Up
o now, glass and glass ceramic materials are the primary can-
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E-mail address: t330014@cc.ncu.edu.tw (C.-K. Lin).
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erature higher than Tg.
© 2008 Elsevier B.V. All rights reserved.

didates in the type of rigid sealing for use in pSOFC stack. Their
thermal [1–4,6–18], chemical [4,7,9–21], and mechanical proper-
ties [4,14,15] have been investigated for applications in pSOFC. They
even could act as compliant seals if an appropriate viscosity range
at operation temperature is controlled [5]. However, there is no a
specific sealant which can offer a great promise for various pSOFC
applications with different ranges of operation temperatures and
cell designs.

The sealant must offer sufficient viscosity and good wetting
behavior to form well adherent bond during joining process, but
it should not soften and flow during operation in order to form a
gas-tight seal. Therefore, the glass system used as a sealant material
in pSOFC must have a glass transition temperature (Tg) below the
operating temperature [2,6]. In addition, significant stresses may
develop in pSOFC due to mismatch of coefficient of thermal expan-
sion (CTE) between components and temperature gradients during
cyclic thermal operation [22–24]. Therefore, Tg and CTE are two of
the important factors need to be taken into account for selection of a
suitable glass sealant in pSOFC [6]. Many compositions of glass and
glass ceramic sealants for pSOFC use have been developed and their
thermal and chemical properties have been extensively studied in
[1–21]. For example, phosphate, borosilicate, boroaluminosilicate,
silicate glasses and glass-ceramics have been developed and evalu-

ated for use in pSOFC [1–21]. There are volatilization and chemical
interaction problems in both phosphate and boron-based glass sys-
tems [2,4,5,7,8]. Silicate glasses exhibit less interaction with other
SOFC components [4,5]. Unfortunately, their CTE is lower than other
SOFC components. Among the silicate-based modifiers developed,

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.2008.12.102
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of deformation rate on the high-temperature mechanical proper-
ties. The load–displacement relationship was recorded for each test
to calculate the flexural strength and other properties. After four-
point bending testing, fracture surfaces of broken specimens were
094 H.-T. Chang et al. / Journal of P

lkaline-earth modifiers were used to increase the CTE and improve
he adhesion ability [4,6].

For those glasses and glass-ceramics developed for use in pSOFC,
heir characteristics such as glass composition, crystallization ten-
ency, thermal properties, ratio of glass and binder of paste, joining
emperature profile, operation condition, and long-term stabilities
ere widely investigated [1–21,25–27]. However, there are limited

tudies focused on the mechanical properties of the glass and glass-
eramic sealants in literature [4,14,15]. Even though a commercial
lass sealant, G-18, has been investigated and discussed extensively
4,14,15,28–32], there is still lack of a comprehensive study on the
igh-temperature mechanical properties of such a glass and glass-
eramic sealant used in pSOFC. However, it is necessary to study
he high-temperature mechanical properties of the glass and glass-
eramic sealants so as to assess the structural integrity of a pSOFC
tack during cyclic operation.

A new glass sealant of the BaO-B2O3-Al2O3-SiO2 system for use
n intermediate-temperature pSOFC (IT-pSOFC) at 700–750 ◦C has
een recently developed at the Institute of Nuclear Energy Research
INER). This new glass sealant is a kind of silicate-based glass
nd is one of the promising glasses to be used in IT-pSOFC. The
TE, viscosity, and crystallization of this sealant, and the chemi-
al interaction between this sealant and other pSOFC components
electrolyte, electrode, interconnect, and frame) have been inves-
igated [33–35]. Based on the results in those studies [33–35], this
ew glass showed good thermal properties and chemical compat-

bility with other components and is to be used in a prototypical
SOFC stack being developed at the INER. Therefore, it is important
o study its high-temperature mechanical properties so as to pro-
ide necessary information for design and development of a reliable
SOFC. The mechanical properties of this newly developed glass
ealant at various temperatures are studied in the present work.
he aim of this study is to investigate the variation of the elas-
ic modulus, mechanical strength, and stress relaxation behavior
ith temperature for this glass by systematic four-point bending

ests.

. Experimental procedures

.1. Material and specimens

The glass sealant used in the present work was developed at the
NER for use in IT-pSOFC. Its major composition includes BaO, B2O3,
l2O3, and SiO2. The sealant, designated as GC-9, was prepared
rstly by melting appropriate amounts of reagents in a powder
ixture. The powder mixture was melted at 1550 ◦C for 10 h and

ubsequently poured into a mold preheated to 650 ◦C to produce
ngots. The glass ingots were then annealed at 650 ◦C and cooled
own to room temperature. The thermal properties, such as Tg, soft-
ning temperature (Ts), crystallization temperature (Tc), and CTE,
ere measured by differential scanning calorimetry (DSC) and a
ilatometer at the INER [33–35]. Fig. 1 shows the DSC curve of the
C-9 glass. The thermal expansion data for the GC-9, sintered GC-9,
positive electrode-electrolyte-negative electrode (PEN) assembly,
nd Crofer 22-APU steel are shown in Fig. 2 [35]. The Tg, Ts, Tc1,
nd Tc2 of the GC-9 glass are 668 ◦C, 745 ◦C, 820 ◦C, and 864 ◦C,
espectively. The GC-9 glass shows good CTE match with the PEN
nd Crofer 22-APU steel. Note that Crofer 22-APU is a steel com-
only used as an interconnect material in an IT-pSOFC. According

o ASTM C1211 [36] for preparing four-point bending specimens,
he glass ingots were cut into rectangular bars with dimensions

f 3 mm × 4 mm × 45 mm. The four edges in the cross-section of
ach specimen were beveled to prevent the stress concentration
ffect of a right-angle corner. Machining direction was along the
5-mm-length longitudinal direction and the tensile surfaces of the
pecimens were finally polished by 0.3-�m Al2O3 powders.
Fig. 1. DSC thermograms for the GC-9 glass.

2.2. Four-point bending test

Four-point bending tests of the GC-9 specimens were conducted
as per ASTM C1211 [36] to characterize the mechanical properties of
this glass sealant at various temperatures. The four-point bending
tests were performed by using a commercial closed-loop servo-
hydraulic 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 tem-
peratures. As the Tg, Ts, and expected operating temperature for the
GC-9 are 668 ◦C, 745 ◦C, and 700–750 ◦C, respectively, the testing
temperatures 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 specified temperature at a heating rate of 6 ◦C min−1. The spec-
imen 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 test-
ing temperatures. Additional tests at 750 ◦C were conducted under
another displacement rate of 0.05 mm s−1 to observe the effects
Fig. 2. Thermal expansion curves of GC-9, sintered GC-9, Crofer 22-APU, and PEN
[35]. The heat treatment condition for the sintered GC-9 was 850 ◦C for 1 h followed
by 750 ◦C for 4 h.
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bserved with scanning electron microscopy (SEM) to identify the
racture origins and mechanisms.

.3. Weibull statistic analysis

The Weibull statistics [37] is widely applied to describe the
racture behavior of brittle materials. Based on a weakest-link
ypothesis, it is assumed that the most severe flaw controls the
trength. When subjected to an applied stress, �, the cumulative
robability of failure for a brittle material can be expressed by [37]

= 1 − exp

[
−
(

� − �u

�o

)m
]

(1)

here F is the failure probability for an applied stress �, �o is a
ormalizing parameter, �u is the threshold stress (below which no

ailure will occur), and m is the Weibull modulus. Here, the Weibull
odulus 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,
s shown below [37]

= 1 − exp

[
−
(

�

�o

)m
]

(2)

his two-parameter Weibull probabilistic equation was applied to
nalyze the scattering and reliability of the strength data generated
n the current study. In order to have enough data points for Weibull
nalysis, seventeen or eighteen specimens were tested at each given
esting condition.

.4. Determination of Young’s modulus

According to the flexural theory in mechanics of materials, a
inear force–displacement relationship at the inner loading point
an be obtained and applied to determine the Young’s modulus
f the given glass. Thus, the Young’s modulus can be determined
hrough the following equation [38]:

= 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 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 GC-9 glass at
arious temperatures were determined.

. Results and discussion

.1. Influence of environmental temperature on fracture strength

Typical force–displacement curves for the given GC-9 glass
nder a displacement rate of 0.005 mm s−1 at various temperatures
re shown in Fig. 3. Arrows in this figure indicate the speci-
ens were not broken when the tests were terminated. The data

ould be divided into two groups by the testing temperature, i.e.,
bove or below Tg (668 ◦C) of the GC-9 glass. At temperatures of
5 ◦C, 550 ◦C, 600 ◦C, and 650 ◦C, the force–displacement curves
emained almost linear until final fracture. On the other hand, the
orce–displacement curves for 700 ◦C and 750 ◦C were non-linear

nd the specimens were deformed considerably without fracture.
n fact, Tg of a glass material is the critical temperature at which
he material changes its behavior from a glassy state to a super-
ooled liquid. A glass is defined as a material that has no long-range,
eriodic atomic and molecular order arrange. Below Tg, large-scale
Fig. 3. Typical force–displacement relationship for the GC-9 glass subject to four-
point bending under a displacement rate of 0.005 mm s−1 at various temperatures.

molecular motion is not possible because the material is essentially
frozen and it can be treated as a brittle material. Above Tg, molecular
motion takes place. Therefore, the fracture behavior of a glass would
change from brittle to ductile fracture at a temperature around and
above Tg [39].

It is clearly shown in Fig. 3 that the GC-9 glass behaved as a brittle
material at a temperature below its Tg (668 ◦C), and became viscous
when the testing temperature was higher than its Tg. Similar trends
were also found in four-point bending tests for a commercial G-18
glass from room temperature to 800 ◦C [15]. The load–displacement
curves for G-18 glass were linear until fracture at temperatures up to
700 ◦C, while the responses were non-linear at temperatures higher
than 700 ◦C [15]. Moreover, another study [4] also found that G-18
failed in a linear elastic manner at room temperature, but exhibited
a brittle fracture pattern with non-linear elastic behavior at 750 ◦C.
Since the Tg of G-18 is 630 ◦C [4], both studies [4,15] showed a similar
trend to that of the present work in which the force–displacement
relationship was controlled by the Tg of glass. Nguyen et al. [15] indi-
cated that the non-linear response of G-18 glass at high temperature
(>700 ◦C) might be attributed to viscoelastic behavior of porous and
glassy phases, void initiation and growth, crystallite/glass phase
decohesion, microcracking and/or plasticity of the glassy phases. In
the current study, the GC-9 glass was barely crystallized during the
short testing period at the given test temperatures. The non-linear
response was considered to be caused by viscoelastic and/or plastic
flow of the glassy phase when placed at a temperature above Tg of
the GC-9 glass. Apparently, viscosity of the GC-9 glass at 700 ◦C was
significantly reduced to enhance the viscoelastic and/or plastic flow
so that fracture did not take place when the force reached a maxi-
mum value of 47 N. After reaching the peak value of 47 N, the force
was continuously relaxed even though a constant displacement
rate of 0.005 mm s−1 was still applied. Stress relaxation effect obvi-
ously became effective at 700 ◦C under such a displacement rate. At
750 ◦C, the stress relaxation effect became more pronounced such
that the load was almost immediately relaxed to a very small value
of 2.5 N with a continuous increase of deformation. Therefore, stress
relaxation effect started to play a role in influencing the mechan-
ical performance when the testing temperature was increased to
700 ◦C. When the testing temperature was further increased to
750 ◦C, which is greater than the softening temperature (745 ◦C)

of the GC-9 glass, the viscosity dropped to a greater extent so that
the specimen could not take too much load for a given deformation
rate.
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ig. 4. Two-parameter Weibull distribution of flexural strength for the GC-9 glass.

Fig. 4 shows the two-parameter Weibull distribution of flexu-
al strength for the given GC-9 glass at different temperatures. As
hown in Fig. 4, for a given failure probability, the flexural strength
as increased with temperature from room temperature to 650 ◦C.

able 1 lists the mean values of the flexural strength for the given
C-9 glass at various temperatures. Note the data for 700 ◦C and
50 ◦C in Table 1 are not the fracture strength but the mean values of
he maximum flexural stress applied during test. It is indicated that
he flexural strength was increased with temperature from 25 ◦C to
50 ◦C. The increase of flexural strength with temperature at tem-
eratures below Tg was presumably attributed to a crack healing
ffect [40,41]. Such a crack healing effect also caused an improve-
ent in the strength of other glasses [40,42,43]. Because 650 ◦C is

till below Tg of the GC-9 glass, the GC-9 glass behaved as a brit-
le material. Therefore, the flexural strength of the GC-9 glass is
xpected to be controlled by the nature and concentration of the
aws present in the specimens. Glass, glass-ceramic and ceramic
omponents or devices tend to have surface defects caused by pro-
essing, machining, grinding, thermal shock and/or impact. The
rack healing kinetics may take place in glasses and ceramics by
nnealing at high temperature and is dependent on temperature
nd aging time. The strength of glasses and ceramics at a certain
igh temperature can be recovered through this process. The crack
ealing process in a glass can be divided into four stages: (1) relax-
tion of residual stress and blunting of crack tip, (2) receding and
reaking of crack outlines, (3) rounding and grooving of crack edges,
nd (4) smoothing and complete healing [40]. When a glass sample
s placed in a high-temperature environment, the stress concentra-
ion effects of irregularly shaped flaws and cracks might be relaxed
ue to such a high-temperature healing effect which could cause
lunting of crack tips and sharp corners [40,41]. Such a healing
ffect might take place in the GC-9 bending specimens tested at

50 ◦C, 600 ◦C, and 650 ◦C and change the flaw geometry to a less
evere type. At the same time, these three temperatures were below
g and the testing period was very short so that the viscous effect
as not so pronounced. In this regard, the flexural strength of the

able 1
he mean values of flexural strength for GC-9 glass at various temperatures.

emperature 25 ◦C 550 ◦C 600 ◦C 650 ◦C 700 ◦C 750 ◦C

lexural strength (MPa) 63 73 82 83 40a 4.5a

a Maximum flexural stress applied during test.
ources 189 (2009) 1093–1099

GC-9 glass was increased with temperature from room temperature
to 650 ◦C.

The value of the Weibull modulus, m, was also increased with
temperature from room temperature to 650 ◦C, except 600 ◦C. In
mechanical failure of a brittle material, the Weibull modulus is
related to the shape, size, and distribution of strength-controlling
flaws. A higher value of m implies a less scattering in strength
data and a smaller range of distribution in flaw size and shape.
Accordingly, outlines of the surface defects in the GC-9 samples
at high temperatures might be different from those at room tem-
perature. Such a difference in the surface defect outline could be
attributed to the aforementioned crack healing effect taking place
at high temperatures in the GC-9 specimens. Based on a weakest-
link hypothesis, the most severe flaw controls the strength of a
brittle material. As the crack healing process could relax the stress
concentration around surface flaws and change the flaw outlines,
the population of the strength-controlling flaws thus became less
scattering in the GC-9 specimens tested at high temperatures. In
this regard, the m values of 550 ◦C (m = 9.7) and 650 ◦C (m = 10)
are greater than that at room temperature (m = 7.7). However, the
Weibull modulus at 600 ◦C (m = 7.5) was comparable with that at
room temperature. The reason for this exception at 600 ◦C is not
certain at this moment.

When the testing temperature was set greater than Tg, the sharp
cracks and surface defects might be healed to a greater extent due
to the capillarity-driven viscous flow of glass [40,41,44]. However,
a glass starts to flow at a temperature above Tg and brittleness
becomes disappearing. It becomes more difficult to activate crack
propagation from a preexisting flaw because energy dissipation
occurs through viscoelastic and/or plastic flow in the vicinity of
the flaw. Eventually, the glass could not be broken and it cannot
maintain the mechanical properties as those obtained at lower
temperatures. Hence, the maximum applied stress significantly
dropped at 700 ◦C and 750 ◦C for the GC-9 glass and fracture did
not take place at both temperatures. Similarly, Meinhardt et al. [4]
showed that for an annealed G-18, which was heat treated for 4 h
at 850 ◦C in ambient air, the flexural strength at room temperature
and 750 ◦C were 85 and 48 MPa, respectively. It is obvious that the
viscous flow would relax the high-temperature strength of a glass
at a temperature above Tg.

In order to confirm existence of the crack healing effect in the
GC-9 glass at high temperatures, a technique of healing Vickers
indentations used in [40] was applied in the current study. An
annealing treatment was conducted on artificially indented GC-9
specimens to observe the variation of indent outlines. The GC-9
glass samples with one side polished by 0.3-�m alumina powders
were indented with a Vickers hardness indenter (9.8 N) and then
heat treated at 650 ◦C for 5 min in air. These GC-9 specimens with
Vickers indents were observed with optical microscopy (OM) before
and after heat treatment. Outlines of indented subsurface cracks
were hardly detectable before heat treatment but became clearly
visible after heat treatment, as shown in Fig. 5. Similar phenomenon
was also observed in [40]. This change of visibility of subsurface-
crack outlines after heat treatment could be attributed to relaxation
of the residual stresses induced by indentation [40]. Since the heat
treatment time is very short, the Vickers indents on the GC-9 spec-
imens only underwent the first stage of the crack healing process
without blunting of the sharp crack tips, as shown in Fig. 5. How-
ever, it was enough to change the stress state around a flaw/crack
in GC-9 specimens at high temperatures and improve the strength.
3.2. Influence of temperature on Young’s modulus

The calculated Young’s moduli based on Eq. (3) and measured
load–displacement relation at various temperatures are shown in
Fig. 6. In this figure, the circle symbol represents the average value
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Fig. 5. OM micrographs of a Vickers indent (a) before and (b) after heat tre

f the Young’s modulus and the ends of the error bar represent
he highest and lowest values obtained at a given temperature.
lthough the Young’s modulus data scattered to different extents
t all the given temperatures, they may be seen as comparable at
oom temperature to 600 ◦C. A slight decrease in the Young’s modu-
us was found at 650 ◦C, while the Young’s modulus value decreased
ignificantly at 700 ◦C. Apparently, the Young’s modulus of the given
C-9 glass was temperature dependent at temperatures around and
bove Tg. In other words, the GC-9 glass could maintain its stiffness
nd behaves almost as a brittle material at temperatures blow Tg,
s also indicated by the linear force–displacement curves shown in

ig. 3. When a temperature is close to Tg and above, the viscosity of a
lass material decreases and a solid state starts to change to a liquid
tate such that the stiffness decreases with increasing temperature.
s the GC-9 glass is expected to be used at 700–750 ◦C, understand-

ig. 6. Young’s modulus of the GC-9 glass under a displacement rate of 0.005 mm s−1

t different temperatures.
t. The crack outlines under surface become distinct due to heat treatment.

ing of its stiffness at such high temperatures is needed. However, its
Young’s modulus at 750 ◦C could not be evaluated under a displace-
ment rate of 0.005 mm s−1 due to a significant stress relaxation
effect. Liu et al. [32] measured the Young’s moduli of the G-18 glass
at various temperatures by a dynamic resonance technique. The
Young’s modulus of the G-18 glass was decreased with increasing
temperature from 20 ◦C to 600 ◦C [32]. However, the dynamic res-
onance technique cannot determine the Young’s modulus of the
G-18 at 700 ◦C and 800 ◦C [32]. This might have been caused by
the softening of the glass phase in the G-18 specimens at such
high temperatures [32]. However, from the linear portion of the
load–displacement curve obtained by a four-point bending tech-
nique, the Young’s modulus of the GC-9 glass could be determined
at 700 ◦C in the current study.

3.3. Fractography analysis

Fracture surface observation with SEM was undertaken for the
GC-9 specimens fractured at 25 ◦C, 550 ◦C, 600 ◦C, and 650 ◦C. Differ-
ent fracture patterns and morphologies were observed from room
temperature to 650 ◦C, as shown in Fig. 7. These SEM micrographs
all show that fracture of each broken specimen was initiated from
a chipping zone at a beveled edge on the tensile surface. The sur-
face flaws in this area induced a stress concentration so that the
specimens were fractured preferentially at these locations. Appar-
ently, the fracture strength of the GC-9 specimens at a temperature
below Tg was controlled by such surface flaws. Although the sur-
face flaws could not be fully healed for a short period of testing

time at the given high temperatures, the accompanied stress con-
centration could be relaxed to different extents and the fracture
strength was improved. This might explain why the Young’s modu-
lus was barely changed but the flexural strength was increased from
room temperature to 600 ◦C for the given GC-9 glass. The fracture
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Fig. 7. Typical fracture surfaces of GC-9 specimens teste

urfaces showed different morphologies among the given testing
emperatures and they could be divided into two fracture patterns.
ne exhibited a smooth fracture surface and the other showed a

ough fracture surface. The specimens fractured at room tempera-
ure, 550 ◦C, and 600 ◦C (Fig. 7(a–c)) had smoother fracture surfaces
ith a smaller rough area, but the specimens broken at 600 ◦C and

50 ◦C (Fig. 7(d and e)) had larger rough areas. A GC-9 specimen
ith a greater flexural strength accompanied with a rougher frac-

ure surface due to a higher fracture energy and a less severe surface
aw population. As mentioned above, propagation of a preexisting
aw becomes more difficult at high temperatures because energy
issipation through viscoelastic and/or plastic flow takes place in
he vicinity of the flaw [39]. Hence, a larger rough area was observed
n the fracture surface of the GC-9 glass tested at 600 ◦C and 650 ◦C.

There are two types of fracture surface morphology exhibited at
00 ◦C. One (Fig. 7(c)) had a smaller rough area like that at room

emperature or 550 ◦C (Fig. 7(a and b)), the other (Fig. 7(d)) had a
reater rough zone similar to that at 650 ◦C (Fig. 7(e)). This might
xplain why the flexural strength data at 600 ◦C were more scat-
ering than those at 550 ◦C and 650 ◦C and had a smaller value of

eibull modulus.
) 25 ◦C, (b) 550 ◦C, (c) 600 ◦C, (d) 600 ◦C, and (e) 650 ◦C.

3.4. Effect of displacement rate at high temperature

As shown in Fig. 3, the GC-9 specimens did not break under a
displacement rate of 0.005 mm s−1 at 700 ◦C and 750 ◦C due to a
lower viscosity. The GC-9 glass is expected to be used at a tem-
perature range between 700 ◦C and 750 ◦C, so characteristics of
the viscous behavior in such a glass sealant at this temperature
range need to be further investigated. It is generally known that
the viscous behavior of a glass material at high temperature is
dependent on the loading or deformation rate. An additional set of
four-point bending tests at 750 ◦C were thus conducted by increas-
ing the displacement rate from 0.005 to 0.05 mm s−1. Fig. 8 shows
the force–displacement curves at 750 ◦C under two displacement
rates, 0.005 and 0.05 mm s−1. It is shown in Fig. 8 that the specimen
still could not be fractured at 750 ◦C even though the displacement
rate was increased by an order to a value of 0.05 mm s−1. Similar

to that of a force–displacement curve for a displacement rate of
0.005 mm s−1 at 700 ◦C (Fig. 3), the force–displacement curve for a
displacement rate of 0.05 mm s−1 at 750 ◦C (Fig. 8) shows no con-
tinuous increase in force when applying a constant deformation
rate on the specimen. Instead, once the force reached a maximum
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ig. 8. Typical force–displacement relationship for the GC-9 glass at 750 ◦C under
wo different displacement rates.

alue, it almost remained constant at this level until the four-point
ending test was terminated. However, this maximum force level
as increased from 2.5 to 19 N when the displacement rate was

ncreased from 0.005 to 0.05 mm s−1 at 750 ◦C. Apparently, the
tress relaxation effect became less effective when the deformation
ate was increased by an order of magnitude. The correspond-
ng Young’s modulus can be estimated from the linear portion of
he force–displacement curve. In this way, the Young’s modulus
f the GC-9 glass sealant at 750 ◦C under a displacement rate of
.05 mm s−1 was determined as 22 GPa. Such a value is even greater
han the average Young’s modulus value (17 GPa) at 700 ◦C under a
isplacement rate of 0.005 mm s−1. Apparently, the stiffness or the
lope of the linear portion of the load–displacement curve is depen-
ent on strain rate and the Young’s modulus of the given glass at a
emperature above Tg and Ts can be determined by the four-point
ending technique under an appropriate deformation rate.

. Conclusions

The glass transition temperature (Tg, 668 ◦C) and the softening
emperature (Ts, 745 ◦C) of the GC-9 glass are the two important
emperature indices for mechanical properties. At a temperature
elow Tg, the flexural strength of the GC-9 was increased with tem-
erature, but its Young’s modulus did not significantly change with
emperature. When placed at a temperature close to or above Ts,
oth the flexural strength and Young’s modulus of the GC-9 glass
ere significantly reduced.

Weibull distribution of the flexural strength of the GC-9 glass
t various temperatures was obtained. For a given failure probabil-
ty, the flexural strength of the given glass material was increased
rom room temperature to 650 ◦C, presumably, due to a crack heal-
ng effect. Such a crack healing effect was also responsible for the
ariation of Weibull modulus with temperature below Tg.
At 750 ◦C, which is higher than the softening temperature
745 ◦C), fracture of the GC-9 specimens did not take place
ven though the displacement rate was increased from 0.005 to
.05 mm s−1. This was caused by an in situ stress relaxation effect
aking place during the four-point bending test.
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